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Preface

When we came up with the idea of writing this book, the authors told Prof.
Rodríguez-Reinoso that we were working on this idea, which he loved, feeling
honored. Later during the development of this work, he unfortunately passed away.

This book has been written in honor of the memory of Doctor Francisco
Rodríguez-Reinoso (R.I.P.), Chemist, Doctor of Chemistry, Professor and Emeritus
Professor at the University of Alicante.

Professor Reinoso was and will continue to be a world leader in the area of
adsorption and porous materials. Anyone who has worked in this area has surely
come across his countless publications in high-impact books and journals, where he
published the results of his research. He was Editor of CARBON, the most
important journal in the area of carbonaceous materials. He received several awards
that recognized his work as a researcher, including the American Carbon Society
(2010) and the Japan Carbon Society Prize (Japan Carbon Society, 2008).

His generous personality led him to collaborate with scientists around the world,
transmitting his knowledge. Today, many research groups owe the basis of their
work to him, such as in Latin America.
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The industrial development of recent decades, seeking to obtain technological
advances, has led to altered ecosystems breaking the existing balance, with serious
consequences for the subsistence of living things. Scientists have strived to propose
solutions to eliminate a great diversity of pollutants that are present both in water
and in the atmosphere.

Worldwide, environmental regulation standards are established day by day,
which requires different industries to decrease their limits for the generation of
waste from their industrial processes and greater control over said waste.

Initially, the regulations sought to control emissions once produced to correct
their polluting effects. However, in many countries, these regulations are not
respected, particularly in developing countries. Consequently, pollutants from an
industrial process are not adequately treated within industries and become a pol-
lutant that eventually begins to accumulate, generating a problem in the environ-
ment that can be increasingly dangerous over time.

That is why the development of new materials to reduce pollutants has now
become one of the priorities of science, which, together with industry, have made
progress in this important area.

This book presents advances in the area of porous materials at the nanomaterial
level, ranging from the detailed description of their preparation, characterization,
mathematical modeling and application, to the removal of contaminants both in
aqueous solution and in the vapor phase.

The book Porous Materials: Theory and its Application for Environmental is
divided into 13 chapters.

• The first chapter was written by Profs. Tanay Kundu, Leisan Gilmanova, Wai
Fen Yong, Stefan Kaskel entitled “Metal-Organic Frameworks for
Environmental Applications”, who very clearly illustrate this type of modern
materials and their use in environmental applications. The authors show a
comparison between functionalized porous materials such as activated carbons
and zeolites. In the chapter is discuss MOFs proved their selectivity or prefer-
ence to adsorptive removal of various toxic components. High surface area,
varying geometries and various functional groups result in a high degree of
functionality. Increasing the stability of MOFs for the environmental application
purpose remains an actual concern. Studies in this regard showed that appro-
priate approach to MOFs design helps to solve this problem and allows to
synthesize materials applicable in real-world conditions.

• The second chapter is a contribution by Prof. Teresa Bandoz, entitled “Porous
Carbons as Oxygen Reduction Electrocatalysts”, where it shows the develop-
ment of “flat” heteroatom-doped carbons for oxygen reduction electrocatalysis,
followed by a discussion of the role of defects as a general driving force,
through porous carbons doped with heteroatoms. The emphasis is on the
importance of porosity.

• The third chapter written by Profs. Lumeng Liu, Shiliang (Johnathan) Tan and
D. D. Do presents an interesting topic entitled “Computer Simulation and
Experimental Studies of Various Environmental Gases (NH3, CH2O, SO2, H2S,
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Benzene, Water) on Carbon Materials”, where they present a detailed analysis of
adsorption studies of a series of gases as well as performing computer
simulations.

• The fourth chapter was written by Profs. Artur P. Terzyk, Monika Zięba,
Stanisław Koter, Emil Korczeniewski, Wojciech Zięba, Piotr Kowalczyk,
Joanna Kujawa, who present in this book a chapter entitled “Recent
Developments in the Electrophoretic Deposition of Carbon Nanomaterials”,
who describe in this chapter basic concepts of the electrophoretic deposition
process (EPD) in relation to carbon nanomaterials and analyze recent devel-
opments in the deposition of carbon nanomaterials, mainly graphene, nanotubes,
nanohorns, fullerenes and nanodiamonds.

• The fifth chapter is presented by Profs. S. Reljic, E.O. Jardim, C.
Cuadrado-Collados, M. Bayona, M. Martinez-Escandell, J. Silvestre-Albero, F.
Rodríguez-Reinoso, entitled “CO2 Adsorption in Activated Carbon Materials”,
where they present the selective capture of CO2 in different types of industrial
streams to reduce actual emissions to the atmosphere and minimize environ-
mental concerns. They focus on activated carbon materials and the effect of
porous structure and surface chemistry on selective CO2 adsorption.

• The sixth chapter is written by Profs. Shuwen Wang and Katsumi Kaneko,
entitled “Graphene-Based Carbons of Tuned Nanoporosity and Crystallinity”,
who present an interesting review on the adjustment of porosity and crystallinity
of graphene-based porous carbons through a series of methods such as the
activation of chemical reagents (with KOH, ZnCl2 and H3PO4), physical acti-
vation (with CO2), compression and heat treatment.

• The seventh chapter was written by Profs. Nuno S. Graça, Ana M. Ribeiro,
Alexandre Ferreira and Alírio E. Rodrigues, entitled “Application of Adsorption
Processes for the Treatment of Diluted Industrial Effluents”. It presents an
analysis of how the use of a cyclic adsorption process, such as parametric
pumping, where the mobile phase is filtered through the adsorption bed alter-
nately up and down, associated with a simultaneous change in a thermodynamic
variable (temperature, pressure, pH, etc.), enables the continuous purification of
a contaminated stream avoiding the use of chemical regenerants and allows the
recycling of the concentrated stream back to the industrial process.

• The eight chapter is written by Profs. Sebastião Mardonio Pereira de Lucena,
Daniel Vasconcelos Gonçalves, José Carlos Alexandre de Oliveira, Moises
Bastos-Neto, Célio Loureiro Cavalcante Jr. and Diana Cristina Silva de
Azevedo, who shows their contribution entitled “Activated Carbons for H2S
Capture”, which describes the main variables to guide the choice or synthesis of
a suitable activated carbon for H2S retention. The most recent studies of textural
characterization and learning about the structure–property relationship in the
capture of H2S capture are presented. They also illustrate the promising
molecular simulation technique, still weakly explored for this specific applica-
tion, detailing how it can be useful.
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• The ninth chapter (“The Immersion Calorimetry as a Tool to Study of the
Adsorbate-Adsorbent Interactions on the Adsorption of Emerging Pollutants
onto Activated Carbon from Water: Case Methylparaben and Paracetamol”) is a
contribution by Profs. Juan Carlos Moreno-Piraján, Liliana Giraldo, Fernando
Gómez-Granados and Valentina Bernal who present the use of immersion
calorimetry to determine the affinity between activated carbon and a pharma-
ceutical compound (emerging pollutant) and its correlation with adsorbate
uptake. They present a thermodynamic study of adsorbate–adsorbent interac-
tions by calculating two enthalpies: the enthalpy of immersion and interaction.

• The tenth chapter is presented by Profs. M. R. Gonzalez, A. M. Pereyra,
E. I. Basaldella, entitled “Conversion of Nonconventional Aluminosiliceous
Sources into Microporous Adsorbents for Water Remediation”, who present in
this writing the reuse of two distinctive industrial wastes: the discarded catalysts
from the cracking units used in the oil industry and the fly ash generated in the
production of energy from coal. Both materials are high-volume waste produced
by the industrial energy sector. Its use as a negative cost raw material in the
synthesis processes of microporous materials containing zeolites and its possible
applications as adsorbents.

• The eleventh chapter is a contribution of the Profs. Nahum Andres
Medellin-Castillo, Miguel Mauricio Aguilera-Flores, Bridinette Thiodjio Sendja
entitled “Removal of Pollutants from Water by Adsorbents Prepared from
Animal Bone Wastes” where the professors present an analysis on the impor-
tance of water, the types of pollutants present in the water and their sources of
contamination. Likewise, they highlight the importance of adsorption processes
as an easy-to-implement and low-cost technology in water treatment that uses
various adsorbent materials such as bone carbon.

• The twelfth chapter is a contribution of the Profs. Kaihang Shi, Erik E. Santiso
and Keith E. Gubbins, entitled “Current Advances in Characterization of Nano-
porous Materials: Pore Size Distribution and Surface Area”, who present
methods for characterizing the most important textural properties of porous
materials; particularly, pore size distribution (PSD) and specific surface area,
using theoretical models to analyze standard experimental physisorption iso-
therms, are reviewed. For PSD analysis, we explain the basics of the classical
methods, including those based on the Kelvin equation and adsorption potential
theory, as well as the modern molecular methods based on the density functional
theory (DFT) and molecular simulation.

• The thirteenth chapter closes this book with a contribution of the Profs. Roberto
Leyva-Ramos, Aracely Jacobo-Azuara, Jesus Ivan Martínez-Costa, entitled
“Organoclays. Fundamentals and Applications for Removing Toxic Pollutants
from Water Solution”; they analyze adsorption capacity of the organoclay is
highly dependent upon the properties of the precursor clay, the surfactant
loading of the organoclay and the physicochemical properties of the surfactant,
such as the size. The authors discuss the physicochemical properties of the
pollutant considerably affect the adsorption capacity of the organoclays. Also,
the organoclays have successfully applied for removing organic compounds,
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metallic cations and anions, inorganic anions and pharmaceutical compounds
from water solution. In this chapter, the adsorption capacity of the organoclay
can be influenced by the operating conditions such as temperature and solution
pH. The degree and tendency of the variation depend on the interactions
between the organoclay and the contaminant in the solution.

This completes a material that will be very useful to both students and
researchers in the area of materials for environmental protection. This book is the
product of the collaboration of renowned scientists from different parts of the world,
who decided to make a valuable contribution to pay tribute not only to the scientist
and the professor, but also to the friend.

Bogotá, Colombia Liliana Giraldo-Gutierrez
Juan Carlos Moreno-Piraján
Fernando Gómez-Granados
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Metal-Organic Frameworks
for Environmental Applications

Tanay Kundu, Leisan Gilmanova, Wai Fen Yong, and Stefan Kaskel

Abstract Environmental remediation is a worldwide concern to reverse the impact
of rapid urbanization. Outstanding porosity, tunable pore structure and unique flex-
ibility render metal-organic frameworks (MOF) and MOF based separation tech-
nologies as promising for air and water filtration. In this chapter, we summarize the
design of MOF based adsorbents for pollutant removal. A special emphasis is given
on their stability, membrane and fixed bed forming ability, role, performance and
mechanism. In addition, limitations and further improvement scopes are discussed
in comparison with the current state of the art systems.

1 Introduction

The rapid urbanization and industrial revolution mark the unprecedented growth
of human civilization. On the other hand, ever-growing release of toxic pollutants
into the environment poses a worldwide risk on flora and fauna. Excessive use of
fossil fuels, chemical processes and industrial discharges are major sources for the
contamination of air and water [1, 2]. For example, gases of NOx and SOx family
cause respiratory diseases and when combined with water create inorganic acids that
corrode and disrupt soil pH balance. Water pollution is mostly caused by discharge
of dyes and personal care products [3]. As a result, air filtration and water purifica-
tion became one of the major concerns and research highlights for global scientific
communities.
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Currently, the state of the art air and water purification technologies are inciner-
ation, oxidative degradation and membrane/fixed-bed separation [4]. Among them,
separation is the most environmentally benign option, with the advantage of low cost
of operation, low energy penalty and no secondary product generation. The adsorp-
tive capture and removal process of harmful chemicals rely on the total uptake,
size/shape selectivity and polarity of the adsorbent bed. Based on the interaction
energy, the process can be classified as physisorption (mainly van der Waals force)
or chemisorption (chemical bond formation between the adsorbate and adsorbent).
The physisorption capacity is dependent on the surface area, pore size and aperture,
whereas the chemisorption depends on the surface functionality of the adsorbent
[5]. Till date, activated carbon, porous silica and zeolites are the main porous mate-
rials that have been used in industry as adsorbents for pollutants owing to their
inexpensiveness, availability and good capacity.

Metal-organic frameworks (MOF) are a relatively new class of hybrid porous
materials, made of inorganic secondary building units (SBUs, can be ions or clusters)
coordinatively joined by organic ligands. They feature ultrahigh porosity, control-
lable pore size/shape and homogeneously dispersed functional groups and active
sites for suitable applications. Such advantages make MOFs very attractive candi-
dates for uptake and separation of toxic chemicals, which have outperformed the
traditional porous materials in terms of adsorption capacity and selectivity [6]. Both
physisorption and chemisorption interactions have been utilized for designing next
generation MOF-based adsorbents for environmental remediation [5].

This chapter deals with the different MOF designs and their processing as
membranes and fixed bed for pollutant removal. Firstly, several necessary features of
MOFs such as open metal sites and specific host guest-interaction have been intro-
duced and their use in different chemical capture in pure or competitive environments
has been discussed. Then, fixed bed design criteria and breakthrough measurements
are introduced and various shaping technologies that facilitate the industrial transi-
tion of MOF research for lab-scale have been outlined in the light of air and water
purification capabilities. Finally, MOF based mixed matrix membranes has been
discussed in detail for water and gas treatment. At the end, we conclude the findings
and future design perspectives of MOF based adsorbent for pollutant removal.

2 Design Strategies of MOFs

2.1 Structural MOF Building Blocks

Linker design, diversity of metal nodes and topologies allow to create MOFs
with predetermined functions. For the environmental application of MOFs, such
as sensing, filtration, adsorption and degradation of toxic gases and vapours, suit-
able materials have to be explored thoroughly. The most important features of the
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adsorbent for those tasks are pore size, capacity, selectivity and stability in ambient
conditions.

Economic and ecologic synthesis of target MOFs and their easy scalability
are highly important for the industry concerning applications such as adsorption
and degradation of hazardous gases [7]. Therefore, using inexpensive and stable
systems is reasonable. Thus, a number of MOFs with commercially available linkers
(benzenedicarboxylate, biphenyldicarboxylate, terephthalic acid, dihydroxytereph-
thalic acid etc.) and various metal sites was examined for efficient and selective
toxicants adsorption [1, 7, 8].

Specific interactions of the absorbent with pore walls (π-stacking, Van der Waals
interactions, hydrogen bonding, Lewis acid-base complexes etc.) enhance adsorption
efficiency. Such interplays are provided by MOFs, containing coordinatively unsat-
urated sites (CUS) or functionalised pore surface. The latter can be achieved using
linkerswith additional functionalities such as amino or hydroxyl groups [9, 10].More
efficient and widespread environmental application foundMOFswith coordinatively
unsaturated secondary building units (so called open metal sites). Unsaturated metal
sites enhance physisorption properties by the attractive forces occurring due to the
partial positive charged on metal sites [11].

Active site creation and characterization were described in detail in a very recent
review by Hall and Bollini on the example of three prototypical MOFs with open-
metal sites—Cu-BTC, UiO-66, MIL-100/101 (Fig. 1) [12].

Fig. 1 Creation of open-metal sites in Cu-BTC, UiO-66 and MIL-100/101 [12]
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2.2 Stability Under Operation Conditions

It is common knowledge that poor stability of MOFs brings limitations for their
application. It remains a sophisticated task and challenge to synthesize MOFs with
resistance to degradation under thermal and humid conditions, and chemically and
mechanically stable MOFs [13]. De novo synthesis and post-synthetic modification
are promising approaches to improve the stability of MOFs. Latest advances in the
design and synthesis using these methods were discussed in the review of Ding et al.
[14]. Stability tests against air, water, acid/base were reported and reviewed within
the last decade to reveal highly stable MOFs such as MIL-53(Al, Cr), Al-fum, MIL-
96(Al), MIL-100(Cr, Fe), MIL-101(Cr), ZIF-8, UiO-66, MOF-74, NOTT-300 and
some others [3, 15–20] (Fig. 2).

Water stability of MOFs is perhaps the main concern for the real-world environ-
mental applications among all other dimensions. Weak coordination between the
metal and organic linkers in MOFs lead to easy interaction of water molecules with
metal clusters through different degradation mechanisms [3]. Using high-oxidation
metal ions, water-protective groups on ligands [20] and hydrophobicity enhancement
[21] improve the stability of MOFs in aqueous environment and expand the range of
their application [22–24].

Fig. 2 Steam stability map for some MOFs. The position of the structure for a given MOF repre-
sents its maximum structural stability by XRDmeasurement, while the activation energy for ligand
displacement by a water molecule, determined by molecular modelling, is represented by the
magenta number in kcal/mol. Reprinted with permission from [21]
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Anothermatter of concern is reusability. SomeMOFs showgreat pollutant adsorp-
tion and degradation, but are only usable in a very limited number of cycles. Thus,
the fresh HKUST-1 shows 92% of CEES degradation in the first cycle, but this value
is decreased to 45% in the 4th cycle. It cannot be reactivated fully afterwards due to
the strong host-guest interactions and the partial irreversible collapse of the structure
[11]. Despite regeneration of adsorbents is not necessarily required for respiratory
filters, a general drawback of MOF adsorbents is poor recyclability as compared to
activated carbons. Probably, only chemical recycling (recovery of linker and metal)
is reasonable.

2.3 Specific Host-Guest Interactions and Selective
Adsorption of Toxicants

Specific interactions between the hazardous guests and the host are essential for
adsorption selectivity. Adsorption of certain pollutants and groups of toxicants was
discussed comprehensively in reviews byWoellner et al. and Bobbit et al. Due to the
configurable reactivity of pore walls ofMOFs, both physisorption and chemisorption
are possible for these materials [1, 7, 25].

The importance of open metal sites (OMS) in MOF structures for adsorption
properties was mentioned above. OMS act as Lewis acid and bind base molecules
such as NH3 and PH3. Ammonia adsorption was studied extensively on a number
of MOFs, since it is a common toxic industrial chemical (TIC) [26, 27]. MOF-74
was found to adsorb ammonia very effectively due to the high density of Cu (II)
sites [28]. However, loss of crystallinity in humid conditions limits reusability of
the material after one cycle. The same MOF exhibits high phosphine capacity at
low pressure regimes [29]. MOF-74(Mn) in particular can be recycled and reused
after mild room temperature evacuation. The presence of OMS in a coordination
polymer has a particularly pronounced effect on the NO adsorption [30]. Nitric
oxide adsorption was tested on several MOFs (HKUST-1, MOF-74(Zn, Mg, Co, Ni)
[31, 32]. M(II)-NO complex formation was spectroscopically observed and binding
energies were calculated [33]. Sun et al. reported the removal of SO2, NOx, and
CO2 from flue gases. Mg-MOF-74 was recommended as the only potential material
for this separation due to its high density of open-metal sites which provide strong
interactions with dipole and quadruple molecules [34].

The availability of open metal sites is not always the one and only circum-
stance for efficient toxicant adsorption. Additional amino-group functionalities on
linkers show great results in terms of hazardous gas adsorption. Hereby UiO-66-NH2

removes nitrogen dioxide at extraordinary levels in both – dry and humid conditions,
by diazonium ion formation [4]. Also, UiO-66-NH2 improves pyridine adsorption
parameters in both vapor and liquid phases in comparison with unfunctionalized
UiO-66, because of hydrogen bonding interaction between the pyridine and the
amino group of the MOF [35]. NH2-MIL-53(Al) was reported recently showing
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high adsorption efficiency and good selectivity towards toxic Hg2+ due to the strong
coordination between amino groups and Hg2+ [36]. MFM-300(In) was reported as
highly selective MOF material with respect to SO2 in a presence of CO2, CH4 and
N2 under ambient conditions (i.e., 50:50 mixture at 1 bar and 298 K) [10]. The
MFM-300(In) structure consists of [InO4(OH)2] chains and tetracarboxylate linkers.
A study revealed, that adsorbed SO2 forms multiple specific supramolecular inter-
actions with the free hydroxyl groups and aromatic rings on the pore surface of this
material. Much higher strength of those interactions in comparison with CO2 and N2

gives observed selectivity.
For volatile organic compound (VOC) adsorption, for example aromatics or toxic

dyes [37] π–π interactions are significant. Selective or preferential adsorption of
benzene in comparison to water was found for HKUST-1 [38]. Higher isosteric
heat and activation energies of desorption of benzene and stronger interactions with
surface led to reported results.

2.4 Water Adsorption and Competitive Adsorption

Since interaction of the coordination polymer with water is a matter of concern for
environmental application, water adsorption was studied on a high number ofMOFs,
including stable, promising ones such as MOF-74, UiO-66 and its analogues MOF-
801 series, MIL-100 and MIL-101 [17, 18, 39–44]. Burtch et al. concluded that
OMS play a crucial role in water adsorption for microporous rigid MOFs, attracting
water molecules in lower pressures and giving type I isotherms [17]. Microporous
MOFs without OMS behave slightly hydrophobic, filling up pores with water in
the pressure range of 0.2–0.4 p/p0. Macroporous rigid MOFs undergo capillary
condensation in a different pressure range depending on pore size and result in a
type-V isotherm. Water adsorption studies help to get better understanding which
MOFs can be used in aqueous environment adsorption and which MOFs are suit-
able for water competitive adsorption. For example, for VOC adsorption, the sorbent
should have low water uptake ate least below 60–70% RH. Otherwise, the capacity
for VOC under ambient conditions will be quite limited. Competitive multicom-
ponent adsorption was discussed in detail by Burtch et al. [17]. Carbon dioxide
gas adsorption is the most studied pollutant, since it is a major source of global
warming. In cabin air, CO2 regulation significantly improves the productivity and
human concentration ability. Interestingly, water vapour presence can influence CO2

adsorption not only in negative, but also negligible or in particularly cases positive
way [45]. Thus, MOFs having OMS show high affinity to water, may show reduced
CO2 capacity due to competitive adsorption with water vapour. However, carbon
dioxide uptake increasing phenomena after water pre-adsorption was observed for
HKUST-1 (Fig. 3) [46]. It was concluded from GCMS simulations, that electrostatic
interactions between the quadrupole moment of CO2 molecules and the electric field
gradient of the sorbent increases, after occupation ofCu(II)OMSbywatermolecules.
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Fig. 3 Simulated and experimental adsorption isotherms for CO2 at 298 K in Cu-BTCwith varying
water contents. Reprinted with permission from American Chemical Society [46]

3 MOFs in Fixed Bed Filter Applications

3.1 Background

Adsorptive removal of analytes in large scale by fixed bed filters attract increas-
ingly worldwide attention for challenging yet relevant systems, like polluted air and
wastewater treatment [2, 47–49]. Conventional adsorbents such as porous carbon,
mesoporous silica and zeolites offer easy synthesis, processing, stability and good
performance for air and water purification. For example, natural zeolites (e.g.
mordenite, chabazite, laterite), single and binary oxides (e.g. alumina, Fe–Mnoxides)
can capture harmful gases from air and heavy metals from wastewater, by adsorption
and/or ion-exchange mechanism [50–52]. Porous carbons have also been extensively
explored, especially derived from natural resources (e.g. coconut shell, wood, fruit
stones, rice husk, dry leaf, saw dust), providing inexpensive yet effective solutions
for thriving economies [53]. Mechanical properties of these adsorbents have been
utilized for different shaping (granular beads, tablets etc.), suitable for application
needs [54]. Modern purification requirements demand filtration down to ppb level,
long lifetime, able to trap multiple analytes with different polarity, selectivity and
recyclability, which is difficult to obtain by traditional adsorbents. Wood derived
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carbons are used widely for the removal of mercury from coal power plant emissions
in China.

MOFs with their ultrahigh surface area and ordered pore space lined with tailor-
made active sites, able to provide enhanced adsorption capacity over a range of
analytes with size/shape exclusion [5] but their price is not competitive yet for large
scale applications. However, they are slowly entering commercialization in specialty
applications. A similar scenario emerges for the development of porous organic
polymers and covalent organic frameworks for aforementioned applications [55, 56].

3.2 Fixed-Bed Adsorber Design and Breakthrough
Measurements

A fixed bed filtration process comprises a cylindrical column-packed MOF bed in
fixed position [57]. It is a cyclic system, meaning the column gets saturated and then
regenerated periodically. The simplicity and inexpensiveness of setupmakes it one of
the most used processes for adsorbent screening. Fixed bed adsorber size and design
depends on adsorbent bed profile, expected lifetime, loading capacity, pressure drop
and reaction kinetics. Three regions define the profile of a fixed bed, viz. equilibrium
zone (part of the column in equilibrium with feed flow), mass transfer zone (where
active adsorption takes place) and active zone (where bed is untouched by feed).
Regeneration of MOF bed can be performed either by heating (temperature swing
adsorption) or pressure change (pressure swing adsorption), while the former is more
effective.

Breakthrough experiments are essential for evaluating the adsorption efficiency
of MOFs. Typically, packed adsorbent beds or columns of MOFs are eluted with
analytes, and the efficacy is determined by the time the analyte reaches a certain limit
at the other end, termed as breakthrough time (T b). Adsorbents for air purification
are evaluated against their total capacity (measured from adsorption isotherm using
analyte) and T b.

When a gas stream containing analyte is passed through the adsorbent column, it
first interacts with peripheral layers (stage 1, Fig. 4). Then, the mass transfer zone
moves forward (stage 2, Fig. 4) until breakthrough is detected. Further gas flow
results in gradual exit of the analyte through bed (stage 3, Fig. 4), and after complete
saturation reaches an exhaustion limit (stage 4, Fig. 4). The adsorption capacity is
dependent on gas flow rate, temperature, concentration and shaping of the MOF,
while the gas diffusion rate being the rate determining step [58]. Breakthrough time
can be calculated from modified Wheeler equation,

Tb =
(
W.Ca

Q.C0

)
−

(
D.Ca

R.C0

)
ln

(
Ca − C1

C0

)
(1)
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Fig. 4 Schematic representation of processes inside a breakthrough apparatus

W=weight of theMOF, Ca = analyte adsorption capacity of theMOF, Co = analyte
inlet concentration, Q= flow rate, D=MOFdensity, R= adsorption rate coefficient,
C1 = breakthrough concentration.

For trace gas toxic gas adsorption channelling is also a critical issue. In this case
the concentration before breakthrough reaches a critical threshold value. Channelling
may occur if the bed is inhomogeneous, the flow distribution deviates significantly
from ideal plug flow (ill defined front), or adsorption is partially kinetically hindered.

3.3 Transport Mechanism

In MOFs, the rate of mass transfer within different pores and with the outer space
are the key factors for determining transport mechanism. The diffusion or transport
phenomena in MOFs can be modelled by molecular dynamic simulation studies
and quasi-elastic neutron scattering experiments [59]. These measurements can take
weeks for example in case of sorption hysteresis dynamics over femtosecond scale.
The main phenomena of mass transfer occur first from bulk to the solid surface by
diffusion or convection and then gets adsorbed in the inner surface-by-surface diffu-
sion with heat release. The flow rate may not be the same throughout the MOF bed,
due to temperature gradient generated by adsorption and role of bed-wall interphase.
An estimation of mass transfer rate through fixed-bed of MOF can be obtained from
the following equation,

Db = 1

3
u.l (2)
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Where Db = bulk diffusivity, ū = mean thermal speed and l = mean free path.
A number of mathematical models have been employed to model the efficacy

of fixed bed columns, based on the assumption including axial dispersion, mass
transfer, intraparticle diffusion etc. Most common being Thomas and Yoon-Nelson
models [60, 61]. The Thomas model is based on Langmuir kinetics of adsorption-
desorption, following second-order reversible reaction kinetics without axial disper-
sion. Adsorbate concentration on adsorbent and rate constant data can be obtained
by Thomas model. Yoon-Nelson model states that decreasing rate of adsorption
is directly proportional to analyte adsorption and breakthrough on the adsorbent,
irrespective of type of adsorbate and adsorbent.

Mass transfer resistances occur from macropore diffusion (require bulk diffu-
sivity correction as contortion happens by intraparticle voids), micropore diffusion
(induced by potential field of the adsorbent) and obstruction near micropore open-
ings. Dispersion can be caused by flow diversion around particles, mixing in inter-
particle regions, axial diffusion, packing defects etc. Diffusion and mass transfer
characteristics are measured by different techniques e.g. pulsed field gradient NMR,
quasi-elastic neutron scattering, microimaging by IR (interference microscopy) and
frequency response [62]. Smaller particle sizes overcome transport limitations by
offering higher molecular exchange rate. Hierarchical MOFs are also emerging as
they can be considered as fused crystallites or pelletized MOFs with a network of
transporting pore spaces to enhance mass transfer [63].

3.4 MOF Granulation and Shaping

Conventional large-scale MOF synthesis results in fluffy low-density powder after
activation, unsuitable for engineering processes due to pressure drops in packed beds,
abrasion etc. Thus, MOFs must be pre-processed into granules, pellets or monoliths
for standard industrial operations (Materials Center, 2020). However, such mechan-
ical treatment and binder additives lead to trade-off regarding porosity, asmostMOFs
show 20–30% loss in uptake capacity upon compaction, along with changes in pore
volumes, crucial for separation applications [64]. Moreover, use of binder in most
cases impart another level of complexity in the resulting properties of the composite.
Thus, optimisation of such treatments must be performed on a case to case basis.
For example, separation applications require good crushing strength and hardness,
while devices and sensors need high wear resistance and Young’s modulus.

In this section, we will briefly discuss different parameters for MOF shaping and
a few examples with reported values. A detailed discussion can be found in recent
reviewarticles [65, 66].Although shaping is suitable formany industrial applications,
we will limit our discussion to the separation aspect based on the relevance of this
chapter.
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3.4.1 Mechanical Properties

Elastic Moduli

Based on the direction of elastic force and stress-strain curve, three most important
parameters inMOF research are Young’s, bulk and shear modulus. Young’s modulus
(Y) is defined as the ratio of applied stress and generated strain along a defined axis.
It is expressed as, Y = (F/A)(dL/L), where F = applied force, A = stress area, dL =
length change and L = original length. Bulk modulus (B) is the ratio of volumetric
strain and stress, defined as B = V * (dP/dV) where V = initial volume, dP =
differential pressure change and dV = differential volume change. Shear modulus
(S) is similar to Young’s modulus applied parallel to the surface, and defined as
S = (F/A)(dx/L) where F = shear force, A = area parallel to shear force, dx =
displacement and L = unit length of sample. In addition, strength or deformation
resistance of MOF pellets are measured in terms of ultimate tensile strength, which
comprise the highest value in the stress-strain curve. In industry the most practical
parameter is the crushing strength. It is determined by placing a defined load on a
spherical granule. Typical crushing strength values range from 30 to 70 N for zeolites
and 10–30 N for MOFs.

Attrition

The attrition resistance is the measure of stability of MOF pellets or granules against
different forces in packed bed columns. Shaped MOFs are rolled in a cylinder at
fixed rpm and the breakage/deformations are recorded over a certain time.

Attriction(A) = I ni tial weight − weight recovered

Ini tial weight
× 100% (3)

3.4.2 Different Techniques for Shaping of MOFs

Shaping techniques depend on the specific requirement of adsorption process, such
as mass transfer, diffusion kinetics and pressure drop. Granulation process can be
either wet or dry (presence or absence of solvent during the compaction process).
Wet granulation typically done in shear mixer or extruder, while dry granulation
is achieved using tablet or pellet press. Extruded monoliths were first reported
by Küsgens (2010). Both granulation methods are compared using three prototyp-
ical MOFs, viz. CPO-27(Ni), MIL-100(Fe), and HKUST-1 for ammonia capture
in respiratory filters, where wet granulation shows higher attrition resistances [67].
Regarding tensile strength, a linear relationship with pellet density can be observed
in common MOFs below 80% relative density, then decreases readily with decrease
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Fig. 5 Photographs of shaped granules of MOFs with 5 wt% alumina binder: a MIL-100(Fe),
bMIL-101(Cr), c UiO-66(Zr), and d UiO-66(Zr)-NH2. Reproduced with permission from [68]

in specific surface area. For example, 2–2.5 mm MIL-100(Fe), MIL-101(Cr), UiO-
66(Zr), and UiO-66(Zr)-NH2 granules with 5% mesoporous alumina binder was
prepared using wet granulation (Fig. 2), showing good NH3 and CO2 adsorption
performance (Fig. 5) [68].

3.5 Application of MOFs Fixed Bed for Air Purification

Maintaining air quality is a critical aspect in the modern world. Continuous release
of pollutants [NOx, SOx, COx, H2S, NH3, volatile organic compounds (VOCs) and
polycyclic aromatic compounds (PAHs)] in airstream leads to respiratory illness,
lower immunity, neurological damages and death in many cases [69, 70]. The versa-
tility of MOFs such as regular adsorption sites, selectivity and high thermochemical
stability made it a promising choice for air purification application.

Carbon monoxide is a lethal gas, mostly generated from incomplete combustion.
Iron based MOF, Fe-BTTri shows high CO uptake and IAST selectivity of 7400
for CO/H2, due to unique spin-transition of Fe that is not possible with another gas
[71]. For 0.05 mol fraction of CO in N2 and CO2, the IAST selectivity reaches 1750
and 193 for 1 bar, respectively. The CO/N2 selectivity of Cu(I) loaded MIL-100(Fe),
denoted as 0.8Cu(I)@MIL-100(Fe) was 169 at 1 bar, 112 times higher than pristine
MIL-100(Fe) [72].
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Fig. 6 aMOF-74 structurewith unsaturatedmetal sites (inset photograph of the pellets of Ni-MOF-
74). b Breakthrough measurement in low concentration of CO2 to assay CO2 affinity of different
state-of-the-art MOFs and carbon, demonstrating highest affinity for Mg-MOF-74. Permission
obtained from [57]

Modern industrialization led to extensive use of fossil fuels, elevating CO2 levels
in air that spark CO2 capture research. Adsorptive removal of CO2 from air is conven-
tionally done by amine scrubbing, which attracts high regeneration cost. MOF relies
mainly on unsaturated metal sites, and polar interactions for high CO2 uptake [73].
Unsaturated Mg-sites endow Mg-MOF-74 a high CO2 uptake capacity of 8.9 wt%
(Fig. 6) and low regeneration temperature of 80 °C [6, 57]. In order to capture ultra
low concentration of CO2 from air (407 ppm) or flue gas, diamine incorporation
inside Mg-MOF-74 leads to steep uptake at very low partial pressure of CO2 at
1 bar [74]. Analogous diamine loaded Mg-DOBPDC exhibit 13.7 wt% CO2 uptake
at 1 bar air with 400 ppm CO2 [75]. Carbamic acid formation and cooperativity
within the appended diamines are responsible for such high affinity [76]. Similar
high uptakes were also observed for two azolate based Cu-MOF, viz. Cu-BTTtri and
Cu-BTTtri(en) [77]. Optimizations are being carried out to tune heat of adsorption in
between physisorption and chemisorption (30–50 kJ mol−1) to balance affinity and
regeneration temperature [57]. Another MOF, Ni-MOF-74 demonstrated excellent
pellet formation (Fig. 6a inset) and useful characteristics in fixed-bed breakthrough
studies [78]. High CO2 uptake, selectivity (CO2/N2 and CO2/CH4) and performance
under competing agents (3 wt% water) was also tested.

For ammonia capture, acidic functional groups (–OH, –COOH) and metal ions
(Cu(II), Ag(I) etc.) are advantageous for high uptake. Zr-based MOFs (UiO-66)
are widely tested for air purification, due to their high thermal, chemical and
mechanical stability. Functional varieties of UiO-66 [e.g. UiO-66-OH, UiO-66-
(OH)2, UiO-66-NO2, UiO-66-NH2, UiO-66-SO3H and UiO-66-(COOH)2] were
probed for ammonia removal from air [79]. Ammonia breakthrough measurements
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under dry and humid (80% RH) air conditions demonstrate that the ammonia capac-
ities follow the surface area trend [UiO-66-OH > UiO-66-NH2 > UiO-66-SO3H and
UiO-66-(COOH)2]. The -OH group being the least bulkier, interacts favorably with
ammonia to reach a dry capacity of 5.7 mmol g−1. However, competition between
water and ammonia molecules led to reduced capacity under 80% RH in all cases.
Another MOF, hydroxyl functionalized DUT-6, exhibit enhanced ammonia uptake
compared to non-functionalized one [80, 81]. The volumetric uptake of HKUST-
1 for ammonia was determined to be 5.1 mmol g−1 from breakthrough test with
packed-bed, with loss of porosity and crystallinity over cycle [82]. Azolate based
MOFs [M2Cl2 (BTDD)(H2O)2 (M = Mn, Ni, and Co; BTDD = bis(1H-1,2,3-
triazolo [4,5],[4’,5’])dibenzo-[1,4] dioxin] show necessary stability and capacity
(15.4 mmol g−1) to trap ammonia [83]. Another inexpensive MOF Zn(INA)2 (INA
= isonicotinate) exhibit promising uptake of 6 mmol g−1 with operational stability
[84]. Finally, for real-world gas separation and air filtration applications, a robust
yet pliable support is necessary for MOFs incorporated, which was demonstrated
by Kaskel and co-workers [85]. They have used chitin networks derived from
marine sponge as a support material for MOF impregnation. A continuous depo-
sition of HKUST-1 particles onto the network was observed (Fig. 7a, b), without
loss in crystallinity and specific surface area. Ammonia breakthrough measure-
ments showed NH3 capacity of the composite being 39.3 mg g−1 (Fig. 7c). In
another instance, HKUST-1 coated on polypropylene mat shows 36 times higher
NH3 capacity compared to pristine polypropylene [86].

Nitrogen oxides aremajor pollutants, causing acid rain, smog and ozone depletion.
NO2 removal potential from air has been measured through breakthrough setup.
Among BPL carbon, UiO-66 and UiO-66-NH2, later show the longest elution time
and saturation capacity of 0.9 g g−1, which further increases to 1.4 g g−1 in 80%

Fig. 7 a Microscopic and b SEM images of HKUST-1 coated on chitin network. c Breakthrough
measurement with NH3 for pure HKUST-1 (black), composite (dashed gray), and for composite
normalized with the amount of HKUST-1 (gray). Reproduced with permission from [85]
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humidity due to reaction with the framework [9]. Urea modified UiO-66 afforded
high NO2 adsorption capacity of 101 mg g−1, which further increases to 154 mg g−1

in humid condition [87]. Oxalic acid modification in UiO-66 also doubled NO2

uptake (8.4 mmol g−1) compared to unmodified UiO-66 [88].
SO2 removal from air is important, as it is a major component for acid rain,

corrosion and respiratory illness. Schröder group synthesized In-basedMOF, NOTT-
202a for highSO2 uptake of 13.6mmol g−1 at 1 bar and 268K followedby irreversible
phase change to NOTT-202b [89]. Another MOF, MFM-300(In), shows SO2 uptake
of 8.28 mmol g−1 at 298 K and 1 bar [10]. The IAST selectivity of MFM-300(In)
for 1:1 binary mixture of SO2/CO2, SO2/N2, and SO2/CH4 are 60, 5000 and 425,
respectively. The free hydroxyl groups and aromatic rings interact with SO2 to afford
molecular level selectivity and framework robustness. Another important candidate
is SIFSIX-1-Cu, showing high SO2 capacity of 11mmol g−1 is achieved at 298K and
1 bar, and high uptake at very low partial pressure due to electrostatic dipole-dipole
interaction [90]. SIFSIX-2-Cu-i shows high SO2/CO2 IAST selectivity of 86 within
0.1–0.9 mol fraction of SO2, while the SO2/N2 selectivity of SIFSIX-1-Cu is 2510
[90].

H2S is corrosive and flammable gas, and can be poisonous even at ppm level.
Gallium based MOF, Ga-soc-MOF shows highly selective H2S retention (40 min)
over CO2 (5 min) and CH4 (<1 min), evident by breakthrough tests [91]. Another
rare earth MOF, Y-1,4-NDC-fcu-MOF showed a much higher retention time for
H2S (70 min) over CO2 (11 min) due to smaller pore aperture [92]. Similarly, a
tetrazolate MOF kag-MOF-1, shows high uptake of H2S, CO2 and H2O, and rejects
organic molecules [93].

3.6 Application of MOFs Fixed Bed for Wastewater
Treatment

Drinking water quality maintenance is one of the major challenges for modern
society.Affordablewater purification technology requires easy setup, economic oper-
ation and good filtration capability [4]. Arsenic, iron, lead, cadmium and fluoride
are main inorganic contaminants, while pharmaceuticals and personal care products
(PPCPs), dyes and pesticides are common organic pollutants [2, 3]. Reverse osmosis,
membrane filtration, precipitation and adsorption are most common techniques for
water purification. Among them, adsorption is the most commonly used, in the form
of zeolite and activated carbon adsorbents.

MOFs with their uniform pore window, high surface area, structural and func-
tional tunability, offer a unique and efficient design platform for adsorptive removal of
diverse contaminants [2]. MOFs have greater promise for trapping different contami-
nants than conventional adsorbents due tomultiple interaction possibilities (e.g. elec-
trostatic, hydrophobic, ionic,π-π and hydrogen bonding interactions) (Fig. 8d) [94].
For example, ZIF-8 (surfactant assisted synthesized) exhibits adsorption capacity
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Fig. 8 a Proposed mechanism of a Arsenate removal by substitution at Zr-oxo/hydroxido clusters
and b fluoride containment by substitution at hydroxo-bridged Al-chains in MOFs. c Awood/UiO-
66 composite for column purification of water. d Schematic diagram of different interactions
operating for pollutant removal involving MOFs. Permission obtained from [94, 115]

up to 91 mg g−1 for As(V), exceeding activated carbon (3 mg g−1) and zeolite
(13 mg g−1) filters [95]. Similarly, MIL-53 (Al), MIL-88A, MIL-88B and Fe/Mg
MIL-88B shows good uptake of 106, 145, 156 and 303 mg g−1 respectively for
As(V) from aqueous solution [96]. Zn-MOF-74 shows adsorption capacity up to
325 and 211 mg g−1, while mixed-metal MOF-74 viz. Fe2Co-MOF-74 exhibit 266
and 292 mg g−1, respectively for As(V) and As(III) [97]. CoFe2O4@MIL-100(Fe)
composite can remove As(III) and As(V) (144 and 115 mg g−1, respectively) by
forming Fe-O-As complexes via -OH groups [98]. Zr-based MOF (UiO-66) demon-
strates excellent stability and adsorption capacity of 205 and 68 mg g−1 for As(III)
and As(V), respectively employing similar mechanisms (Fig. 8a) [99].

Fluoride is another common contaminant present in ground water and difficult to
remove [100]. The main mechanism of fluoride removal by MOF is replacement of
framework anions or hydroxyl groups (Fig. 8b). MOF-801, a Zr-based MOF, shows
moderate adsorption capacity of 40mg g−1, with excellent pH tolerance, temperature
range of 293–323 K and effective in presence of other counteranions [101]. UiO-
66(Zr) shows similar performance of 41 mg g−1 [102]. Aluminium-fumarate MOF
shows excellent adsorption capacity of 600 mg g−1, but small particle size of the
MOF hinders fixed-bed operational perspective [103]. MIL-96, another Al-MOF,
demonstrates 31 mg g−1 removal of fluoride [104].

Iron and other inorganic species (Al,Hg,Cd etc.) are also present in trace level, and
can be toxic above a certain level upon daily usage. Co-TATAB, a MOF having both
carboxylate and secondary amine site, shows common metal ion impurity removal
[Al(III), Hg(II), Fe(III), Cd(II)], a wide pH range (2–6) and enhanced capacity for
Al(III) and Fe(III) at elevated exposure time and pH [105]. Another Cu-terephthalate
MOF composite with graphene oxide and mordenite zeolite also shows heavy metal
removal with similar pH dependence as Co-TATAB [106].



Metal-Organic Frameworks for Environmental Applications 17

Organic pollutants are an increasing menace to the environment and water due
to their functional diversity and limited knowledge about proper treatment. Various
interaction modes of MOFs enable adsorption of a wide range of contaminants from
water. For example, diamine functionalized MIL-101(Cr) can adsorb naproxen and
clofibric acid by acid-base interaction, and can be regenerated by ethanol wash
[107]. Tetracycline, a potent antibiotic, can be trapped by an In-based MOF with
tetrafluoroterephthalate linker viaπ-π interaction [108]. Another mesoporous MOF,
PCN-222(Fe) can exhibit uptake capacities of 854, 812 and 417 mg g−1 for bril-
liant green, crystal violet, and acid red dyes, respectively, which is much higher
than conventional activated carbons [109]. Ion exchange is another common mech-
anism, where anionic MOFs prefer cationic dyes and vice versa. For example, a
dimethylammonium ion containing Cu-MOF, FJU-C2 shows high methylene blue
capture of 1.3 g g−1 [110]. ZIF-8 (Zinc imidazolate), another well studied MOF,
shows high congo red adsorption of 1.25 g g−1, while its Co counterpart ZIF-67
adsorb 3.9 g g−1 [111, 112]. UiO-66 exhibits 400 mg g−1 uptake for alizarin S [113].
Finally, particle size tuning in MIL-68(In) shows four times higher congo red uptake
by nanosized particles as compared to microsized samples [114]. A good example
of MOF composite is wood-UiO-66 composite, where UiO-66 particles grow inside
wood bulk and exhibit efficient removal of water contaminants upon filtration via
the composite column (Fig. 8c) [115].

3.7 Limitations

Above mentioned examples demonstrate excellent future promise for MOF based
fixed-bed adsorbents as an environmental remedy. Till date, there are few stumbling
blocks for realizing these potential candidates into the market. Firstly, among the
vast majority of MOFs, extended water stability is of prime importance for envi-
ronmental applications, and only limited MOFs can surpass these stringent criteria.
Secondly, MOF’s production cost is still high compared to conventional adsorbents,
posing threat to future widespread use. While activated carbons are available for few
EUR/kg, zeolites and specialty adsorbents reach prices 10–100 EUR/kg depending
on composition and application. The market price of most MOFs is still above that
value (100–1000 EUR/kg) however mostly, because of the small scale of produc-
tion (typically <50 kg). Finally, large scale fixed-bed testing is still scarce for MOFs
(batch screening still prevails), and further optimization of cost and setup is still
at infancy. However, companies, university spin-offs and start-ups worldwide have
been successful to commercialize MOFs by large-scale production (which eventu-
ally lowers cost) and find interesting real-world special applications to catalyse the
economic boost for future research and development (MOFs for Industry, 2020).
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4 MOFs in Membranes

4.1 Background

Membrane separation has received increasing attention as one of the most compet-
itive alternative separation technologies for energy and environmental applications
including wastewater treatment, CO2 capture and storage because of its low foot-
print, continuous process and energy efficiency without the requirement of any phase
change or addition of chemicals during separation [116]. The membrane is a key
component in the separation system. It acts as a semipermeable thin film that allows
selective components to permeate through it from a feed stream when a driving force
for instance, pressure difference, concentration difference, temperature difference,
the difference in gravity or magnetic fields is applied across the membrane [117].
A number of continuous and self-supporting membranes made of porous materials
have been developed [118]. It is challenging in preparing mechanical robust and
defect-free continuousmembranes from porousmaterials. Polymeric membranes are
attractive because of their advantages of cost effectiveness and ease of processability.
However, there is a well-known trade-off between permeability and selectivity where
a membrane with high permeability comes with low selectivity and vice versa. The
trade-off for a gas separation membrane is depicted as the Robeson Upper Bound
[119, 120].

To overcome this limitation, mixed matrix membranes (MMMs) containing
inorganic or organic fillers as a dispersed phase in a polymer matrix have been
substantially developed and reported in numerous reviews [121–126]. A broad
range of nanoporous fillers including carbon molecular sieves, zeolites, silica,
polyhedral oligomeric silsesquioxane (POSS), graphene oxides (GOs), carbon
nanotubes (CNTs), covalent organic frameworks (COFs) and metal-organic frame-
works (MOFs) have been explored [121, 118]. Nevertheless, the poor compatibility,
especially between the polymer and the inorganic filler, leads to the evolution of
non-selective voids between the interface of polymer and filler, thus decreasing the
selectivity of the membrane. Also, the aggregations of fillers remain as one of the
current challenges inMMMs.Among the aforementioned fillers,MOFs have tremen-
dous potential as one of the promising fillers in the fabrication of MMMs owing to
the large surface areas, large pore volume, selective adsorption of gases, regular and
tuneable pore structures, and customizable chemical functionalities, which allow
MOFs possess better compatibility and dispersity in the polymer matrix. In addition,
MOFs have a greater impact on the membrane separation properties in a givenMOFs
loading because of the higher pore volumes and lower density in MOFs than that of
zeolites [127]. The selection of MOFs possessing suitable pore size, shape and func-
tional groups is important to tailor with the polymer to form appropriate membranes
for efficient separation.
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4.2 Transport Mechanism for Membrane Gas Separation

Dense polymeric membranes are commonly used in commercial gas and vapor sepa-
ration. The separation through a dense membrane occurs by a solution-diffusion
model where the gas penetrants dissolve in the membrane and then diffuse through
it at a concentration gradient (Fig. 9). In the solution-diffusion model, it is assumed
that there are no permanent pores that appear in the dense selective layer of the
membrane where the separation is achieved through the differences in the amount of
gas penetrants which dissolve in the membrane (e.g., gas solubility) and the rate of
the gas penetrants that diffuse through the membrane (e.g., gas diffusivity) [128].

Fick’s first law was derived from the studies of gas transport through the non-
porous membrane [129]. The amount of gas transport through a dense membrane at
a cross-section area and a given time is expressed as:

J = −D
dc

dx
(4)

where J is the flux (mol/cm2.s),D is the gas diffusion coefficient (cm2/s), dc/dx is the
concentration gradient, c is the concentration (mol/cm3) and x is the position (cm).

The concentration is proportional to the applied pressure in the gas phase. A
solubility coefficient is a constant which is defined by Henry’s law is introduced in
the equation.

c = S × Pi (5)
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Fig. 9 A schematic diagram for the solution-diffusion mechanism in a dense membrane
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where S is the solubility coefficient (cm3(STP)/(cm3.atm)) and Pi is the applied
pressure (atm).Thus, Eq. (4) is rearranged as follows:

J = −DS
�P

l
(6)

where �P is the pressure difference applied across the membrane and l is the
membrane thickness (cm).

Generally, permeability and selectivity are the important gas separation perfor-
mance indicators for a membrane. The permeability or the rate of gases permeating
through the membrane is a product of diffusion coefficient and solubility coefficient.

P = D × S (7)

where P is the gas permeability expressed as Barrer (1 Barrer = 1 × 10−10

cm3(STP)cm/(cm2s.cmHg)), D is the gas diffusion coefficient (cm2/s) and S is
the solubility coefficient (cm3(STP)/(cm3.atm)). The permeability for MMMs is
predicted using the Maxwell model by considering the volume fraction of fillers into
the polymermatrix, permeabilities in the continuous phase anddispersed phase [130].
The Maxwell model for MMMs is expressed according to the following equation:

Pef f = Pc

[
Pd + 2Pc − 2∅d(Pc − Pd)

Pd + 2Pc + ∅d(Pc − Pd)

]
(8)

where Peff is the effective permeability (Barrer), Pc is the permeability in the contin-
uous phase (Barrer), Pd is the permeability in the dispersed phase (Barrer), ∅d is the
volume fraction of the dispersed phase.The ideal permselectivity in a membrane is
the ratio of gas permeabilities described as below:

∝A/B= PA

PB
= DA

DB
× SA

SB
(9)

where ∝A/B is the selectivity in a binary gas A and B.

4.3 Transport Mechanism for Membrane Wastewater
Treatment

Pressure-driven membrane separation processes including reverse osmosis (RO),
nanofiltration (NF), ultrafiltration (UF) and microfiltration (MF) are widely applied
in wastewater treatment to effectively remove suspended particles, bacteria, viruses,
multivalent ions and monovalent ions [131]. The membrane pore size is tailored
accordingly for removing a wide range of components towards targeted water quality
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economically. Generally, the membranes used in pressure-driven wastewater treat-
ment are asymmetric which consist of a porous support and an ultra-thin selective
layer. Water flux and salt rejection are the two main parameters in analyzing the
membrane performance for wastewater treatment.

The water flux across a membrane is determined based on the following equation.

Jw = V

A · �t
(10)

where Jw is the water flux (L/m2 h),V is the volume of permeate (L),A is the effective
membrane area (m2), and �t is the testing duration (h). The separation efficiency or
solute rejection is determined as follows:

R =
(
1 − Cp

C f

)
× 100% (11)

where R is the solute rejection (%), Cp and Cf are the permeate and feed solu-
tion concentrations, respectively. Other than the water flux and solute rejection, the
membranes should possess good antifouling properties. Therefore, variousmodifica-
tion strategies onmaterials have been employed in tailoring the desirable membranes
with high water flux, solute rejection and antifouling properties.

4.4 MOFs for Membrane Preparation

Thin film composite (TFC) membrane is a typical structure membrane favourable in
industries for gas and liquid separation. Figure 10 shows the TFC structure where
the bottom layer is a porous structure acting as the mechanical support and the top
layer is an ultra-thin selective layer. A gutter layer is coated optionally to enhance the
compatibility between the selective layer and support layer which is usually made

Fig. 10 Schematic diagram of the cross-section of thin film composite membrane [123]. Copyright
2017. Reproduced with permission from American Chemical Society
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from the highly permeable polymer. For gas separation using polymeric membrane, a
densedefect-free selective layer is needed to achievehigh separationproperties. Thus,
a protective coating layer which consists of highly permeable polymer is applied on
top of the selective layer if there are any defects on the selective layer.

On the other hand, the TFC membranes used in liquid separation applied the idea
of interfacial polymerization, which was initially reported by Morgan in 1965 [132].
The interfacial polymerization process occurs when the reactive monomers such
as aliphatic or aromatic diamine in aqueous phase contact with the acid chloride
monomers in the organic phase and thus form a polyamide layer. The commonly
used diamines are m-phenylenediamine (MPD) and piperazine (PIP), while the acid
chloride monomer is trimesoyl chloride (TMC). Nanofillers such as MOFs could
be incorporated into the polyamide layer for liquid separation to improve the water
flux and/or solute rejection. Depending on the hydrophilic or hydrophobic nature
of the MOFs, they could be added in the aqueous phase or organic phase. The TFC
membranes incorporatedwith nanofillers is known as thin film nanocomposite (TFN)
membranes. Since the thickness of a desirable selective layer is about 0.1–1.0 μm,
thus the size of the MOF particles should be less than 100 nm [133]. Jeong et al.
developed TFN membranes by incorporating molecular sieve nanoparticles in the
polyamide layer for RO [134]. Inspired by this invention, Sorribas et al. were the
first to embed the MOFs in TFN membranes [135]. Figure 11 illustrates a typical
TFN fabrication process consists of UiO-66 in the polyamide selective layer on top
of a polysulfone (PSF) support.

Fig. 11 Schematic diagram of fabricating thin film nanocomposite (TFN) membrane [124].
Copyright 2019. Reproduced with permission from Elsevier
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4.5 Application of MOFs Membrane for Gas Purification

Among the four main gas separation areas including air purification, hydrogen
recovery, CO2 capture and propylene separation [136, 137], the potential of MOF-
based membranes for CO2 removal from natural gas and biogas have emerged to
mitigate the challenges of global warming and climate change. HigherMOFs loading
could be incorporated in polymers to form MMMs because of the better interaction
betweenMOFs and polymer. In contrast, the optimal loading of inorganic fillers such
as zeolite in MMMs is less than 10 wt% [138]. A variety of MOFs such as HKUST-1
(i.e., Cu3(BTC)2 or MOF-199) [139–141], manganese (II) formate (Mn(HCOO)2)
[140], Cu–4,4-bipyridine–hexafluorosilicate (Cu–BPY–HFS) [142], MOF-5 [143],
MOF-74 (i.e., Mg2dobdc) [144], copper and terephthalic acid (CuTPA) [127], MIL-
53 [139], Fe(BTC) [145, 146], MIL-101(Cr) [141] and many other MOFs have been
incorporated in polymer to form MMMs.

To enhance the compatibility between MOFs and polymer chains, MOFs with
various functional groups have been tailored. Couck et al. functionalized the NH2-
MIL-53(Al)MOFswith amino groups and investigated the adsorption and separation
of CO2 [147]. The CO2 adsorption and CO2/CH4 selectivity of the NH2-MIL-53(Al)
were increased significantly. This was attributed to the presence of the additional –
NH2 functional groups together with –OH groups increased the CO2/CH4 selectivity.
Inspired by this work, Zornoza et al. synthesized NH2-MIL-53(Al) using microwave
and incorporated them in polysulfone (PSF)Udel® P-3500 [138].MMMswith homo-
geneous dispersion of fillers were observed even at a high NH2-MIL-53(Al) loading
up to 40 wt%. An increase in the loading of NH2-MIL-53(Al) led to an improvement
in CO2 permeability and CO2/CH4 selectivity of the PSF/NH2-MIL-53(Al) MMMs.
A two-fold increment in CO2/CH4 selectivity was observed when the NH2-MIL-
53(Al) was at 25 wt%. This synergistic effect was ascribed to the hydrogen bonding
between the amine of NH2-MIL-53(Al) and sulfone groups of PSF which promote
the interaction between fillers and polymer. It is worth mentioning that the CO2/CH4

selectivity of the PSF/NH2-MIL-53(Al) MMMs increased with pressure, which was
noticeably different from the conventional MMMs. This was mainly due to the intro-
duction of the amino groups that enhanced the flexibility in the NH2-MIL-53(Al)
compared to the MIL-53(Al). However, a further increase in the CO2 permeability
and a dramatic decrease in the CO2/CH4 selectivity was observed then the NH2-
MIL-53(Al) loading was at 40 wt%. Thus, the results suggested that there was an
optimal loading of MOFs in the polymer matrix.

In another similar study, Rodenas et al. reported the NH2-MIL-53(Al)-based
MMMs, using Matrimid as a continuous phase for CO2 capture [148]. The synthe-
sized MMMs showed homogenous dispersion of fillers at 25 wt% NH2-MIL-53(Al)
loading but with the presence of interphase voids. Figure 12 depicts the influence
of MOFs loading on the gas transport properties of the Matrimid/NH2-MIL-53(Al)
MMMs. The CO2/CH4 selectivity of Matrimid/NH2-MIL-53(Al) MMMs increased
marginally with increasing theMOFs loading. However, it was noticed that lowNH2-
MIL-53(Al) loadings of 8 and 15wt% reduced the CO2 permeability compared to the
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Fig. 12 CO2/CH4
separation performance as a
function of MOF loading of
Matrimid/NH2-MIL-53(Al)
MMMs at 35°C in a binary
CO2:CH4 = 1:1 mixture
[148]. Copyright 2014.
Reproduced with permission
from John Wiley and Sons

pristine Matrimid. Similar to the PSF/NH2-MIL-53(Al) MMMs [138], the MMMs
with a 25 wt% NH2-MIL-53(Al) content doubled the CO2 permeability.

Venna et al. reported an extensive study on surface-functionalized the MOFs to
promote a better interaction between polymer-fillers [149]. Among the four types
of surface functionalized UiO-66-NH2 (e.g., polar, non-polar or aromatic functional
groups), the phenyl acetyl group modified UiO-66-NH2 inMatrimidMMMs showed
the best separation performance with CO2 permeability and CO2/N2 selectivity of
MMMs increased by 200 and 25%, respectively. The synergistic improvement in the
MMMs was attributed to the formation of π–π interactions and hydrogen bonding
between imide groups of Matrimid and phenyl acetyl groups of the surface-modified
UiO-66-NH2. Also, the CO2/N2 selectivity of all the MMMs incorporated with 23
wt% loading of MOFs improved, suggesting the presence of a defect-free interface
between polymer-filler.

Notably, a subclass of MOFs namely zeolitic imidazolate frameworks (ZIFs)
exhibit exceptional thermal and chemical stability, aswell as zeolite chemistry, which
the transition reviews on the ZIF-based membranes for gas separation, pervaporation
and fuel cells have been reported [150]. A diversity of ZIFs such as ZIF-7 [151–
157], ZIF-8 [154, 158–169], ZIF-11 [170], ZIF-67 [171], ZIF-71 [172–175], ZIF-
90 [127, 160, 162] and ZIF-301 [176] have been added into polymer to fabricate
MMMs for gas separation. TheMMMs consisted of ZIFs demonstrated a remarkable
improvement in permeability and/or selectivity.

Bae et al. synthesized submicrometric ZIF-90 using the nonsolvent-induced crys-
tallization method and incorporated them in polyimide to develop MMMs [127].
They crystallized ZIF-90 particles at ambient temperature by supersaturating the
solution with the addition of nonsolvents (e.g., methanol and deionized water) to the
reagent solution (e.g., N,N-dimethylformamide (DMF)). The submicrometric ZIF-
90 demonstrated good compatibility with polyimide in the MMMs. Interestingly,
the ZIF-90 embedded MMMs showed promising CO2/CH4 separation performance,
which was believed to be accredited to the pore windows of 0.35 nm of ZIF-90 acted
as size exclusion of CH4 from the gas mixtures [177].
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Fig. 13 Morphology of ZIF-71 particles synthesized in different volumetric ratios of DMF/MeOH
with various particlesa 30nm,b200nmand c 600nm.Copyright 2016.Reproducedwith permission
from American Chemical Society

Besides that, the effects of particle sizes of MOFs namely ZIF-71 on the N2

adsorption and gas separation of MMMs have been investigated by Japip et al. [174].
ZIF-71 with three distinct particle sizes (i.e., 30, 200 and 600 nm) were synthesized
using varying volume ratios ofMeOH andDMF solvents (Fig. 13). The adsorption of
these ZIF-71 particles in different sizes followed the typical type I isotherm pattern
of microporous materials. It is interesting to note that the smallest particle size of
ZIF-71 (i.e., 30 nm) showed the lowest surface area, total pore volume and volume of
adsorbed N2, which was attributed to the particles had the highest outer surface area
to volume ratio and they were at their nucleation stage. In addition, the incorporation
of ZIF-71 in 6FDA-Durene MMMs increased the gas diffusion coefficient signifi-
cantly. Noticeably, there was a significant gas separation performance enhancement
in MMMs consisting of ZIF-71 particle sizes of <200 nm compared to that of the
MMMs with the particle size of >200 nm.

In contrast to the obvious increment of permeability of MMMs at high MOFs
loading, Yong et al. observed a significant increment in the CO2 permeability even
at a low loading (e.g., less than 10 wt%) of ZIF-71 in a rubbery polymer namely
poly(ethylene oxide) terephthalate and poly(butylene terephthalate) (PEOT/PBT)
MMMs [175]. The ZIF-71 nanoparticles were synthesized at room temperature with
the particle sizes less than 100 nm. Interestingly, the CO2 permeability increased by
48% at an optimal loading of MMMs composed of 1 wt% ZIF-71 (Fig. 14a). This
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Fig. 14 a CO2 permeability and CO2/N2 selectivity of PEOT/PBT/ZIF-71MMMs as a function of
ZIF-71 content. b Solubility coefficients and c diffusion coefficients of CO2 and N2 of PEOT/PBT
(open symbols) and PEOT/PBT composed of 1 wt% ZIF-71 (filled symbols). Copyright 2018.
Reproduced with permission from John Wiley and Sons

was mainly due to the enhancement of ZIF-71 on the fractional free volume of the
PEOT/PBT matrix, as evidenced by the positron annihilation lifetime spectroscopy
(PALS). Moreover, the resultant MMMs showed improvement in the CO2 diffusion
and solubility coefficientswith the incorporation of ZIF-71 (Fig. 14b–c). It is believed
that the altered chain packing caused an increase in CO2 diffusion coefficient, while
the high CO2 affinity toward ZIF-71 increased the CO2 solubility coefficient.

4.6 Application of MOFs Membrane for Wastewater
Treatment

The incorporation of MOFs in membranes for wastewater treatment has been enthu-
siastically explored. Since themembraneswill be in contactwith a liquid solution, the
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important characteristic of the MOFs membranes for wastewater treatment is their
stability in water. In other words, the structure of MOFs should not decompose, and
do not experience losses in overall porosity and crystallinity when exposed to water
moisture [178]. Generally, water molecules favour to transport through hydrophilic
MOFs such as MILs and UiO-66 [178–181].

Amongvarious studies onMOFs, Zr-basedMOFs exhibited the highest stability in
aqueous solutions and has emerged as a potent candidate forwater-based applications
[182–184]. UiO-66 is one of zirconium (IV)-carboxylate MOFs with pore size of
about 6.1 Å, possesses excellent chemical and thermal stabilities. UiO-66 is able to
facilitate water permeation while selectively excluding hydrated cations attributed
to the intrinsic sub-nanometer pores [124, 137, 184–188]. Owing to its superior
properties, UiO-66 has been employed as nanofiller in the TFN for a wide range of
wastewater treatments includingUF [188], NF [186], forward osmosis [184], and RO
[187]. For example, Chung and co-workers developed TFN membranes comprising
UiO-66 to remove toxic components such has selenium (Se) and arsenic (As) from
the wastewater [186]. The developed TFN comprising of UiO-66 displayed excellent
water flux and rejections. This is because the aperture size of UiO-66 is identical
to those of the diameters of Se and As [189]. Moreover, high solute rejections were
also reported in the mixed ions feed of Se and As.

Apart from the UiO-66 nanoparticles, a chromium based porous MOFs material
named MIL-101(Cr) with large surface area and pore size of 30–35 Å, which able
to provide broad water channels have gained much attention [190]. MIL-101(Cr)
has been embedded in the TFN membranes for organic solvent nanofiltration (OSN)
[135, 191, 192], NF [193, 194] and RO [195]. Other than the pristine MIL-101(Cr),
the amino modification on MIL-101 namely NH2-MIL-101 has been conducted and
added in TFN membranes for NF [196]. Navorro et al. embedded a monolayer of
MIL-101 on top of the cross-linked polyimide support by employing the Langmuir-
Schaefer (LS) method [193]. Subsequently, the polyamide layer was formed on top
of the MIL-101. The resultant TFNmembranes showed a homogenous dispersion of
MIL-101 and a superior NF performance. The exceptional high separation perfor-
mance in the TFN membranes compared to TFC membranes was due to the higher
roughness in the former which lead to an increased in the effective surface area of
the membrane. Moreover, it is noteworthy that the LS method required only a very
mere loading of MOFs (e.g., 3.8 μg/cm2) to form a defect-free MOF layer without
any loss of filler.

Different from the hydrophilic MOFs, hydrophobicMOFs such as ZIF-8 could be
incorporated in the selective layer of TFN for ROmembranes [197–199]. Wang et al.
studied the effect of particle sizes of ZIF-8 on the water desalination performance
of TFN membranes [199]. Among three particle sizes such as 50, 150 and 400 nm,
the TFN membranes incorporated with the particle sizes of 50 nm showed the most
promising water flux and salt rejection properties, suggesting the importance of
particle sizes on promoting the dispersion in the polyamide layer.

To fabricate large scale defect-free membranes with high surface area, MOFs can
be incorporated into the bulk polymer matrix or the selective layer in the typical
membrane configurations including tubular, hollow fiber and spiral-wound modules.
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Tubular modules are made of ceramic as the support while a pure-MOF layer can
be deposited on top of the support as the selective layer. Hollow fiber membranes
are normally formed by polymers and fabricated using solution or wet spinning. In
the hollow fiber membranes, MOFs can be incorporated onto the polymer matrix
as MMMs in the bulk structure or in the TFC as the selective layer. Spiral-wound
modules consist of flat membrane and space in membrane envelopes that wound
around a perforated tube.MOFs can be embedded onto the polymermatrix asMMMs
in spiral-wound modules.

4.7 Limitations

Excellent MMMs and TFN comprising of MOFs with unprecedented high sepa-
ration performance have been developed. Despite these significant advances, there
are still critical challenges that need to be addressed for the further development
of MOFs based membranes. To be technologically attractive, the MMMs of TFN
containing 2D or 3D MOFs should be processable, reproducible and mechanically
robust in actual industrial conditions. Besides, approaches including improving inter-
face compatibility should be seriously taken into consideration. The selection of
appropriate pairs of polymer and MOFs in MMMs remains imperatively important
in designing next-generation defect-free MMMs to cope with the vast and diverse
applications. As stated by Merkel et al., ultrahigh membrane selectivity is not neces-
sary for economical and large-scale CO2 capture from natural gas or flue gas because
the process is pressure-ratio-limited, where the downstream of the more permeable
gas plateaus when the selectivity continues to rise [136]. Thus, a membrane with
ultrahigh permeability and modest selectivity may be efficient and practical for the
industry in handling enormous volumetric flow rate of the feed gas. Other than having
exceptional separation properties, the MOFs should also be stable in moisture or
water especially when used in membranes for water application.

5 Conclusion and Future Perspectives

In comparison to other functional porous materials such as activated carbons and
zeolitesMOFs proved their selectivity or preference to adsorptive removal of various
toxic components. High surface area, varying geometries and various functional
groups result in a high degree of functionality. Increasing the stability of MOFs for
the environmental application purpose remains an actual concern. Studies in this
regard showed, that appropriate approach to MOFs design help to solve this problem
and allow to synthesize materials applicable in real-world conditions.

MOF based fixed bed adsorbents may play a vital role in air and wastewater
purification in future, and lead to a paradigm shift from batch method to larger
scale breakthrough setup highlight the great potential of MOFs for as industrial
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standards. The stability, regeneration and mechanical properties of MOFs need to
be further explored for widespread trials with different separation applications. The
tradeoff between density and surface area of the shaped MOFs is crucial for the
development of better MOF based adsorber. FutureMOFs need to combine ultrahigh
porosity, high packing density, operational longevity and functional diversity to cater
the commercial development of the field. In current technologies they should not be
regarded as competitors to zeolites or activated carbonbut used as functional additives
for increased removal of small polar molecules that can not be effectively treated
with traditional adsorbents. Promising targets are aldehydes and other TICs.

MOF-based membranes have great potential in diverse energy and environmental
applications.Many efforts have been dedicated to overcome the trade-off between the
permeability and selectivity as well as the interfacial compatibility of MOFs based
membranes. However, the interfacial chemistry of polymer and MOFs in membrane
applications have not been fully understood. The correlations of the molecular level
properties of the MOFs on the separation properties and feasibility of membranes
scale-up are important to commercialize the MOFs-based membranes. Taking a step
further towards sustainable development, green MOFs and membranes synthesis
methods which are environmentally benign, recyclable and low cost should be one
of the important milestones for MOFs membranes.
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Porous Carbons as Oxygen Reduction
Electrocatalysts

Teresa J. Bandosz

Abstract In search for new alternative sources of energy carbon materials placed
themselves as a valuable alternative to replace efficient noble metal- or transition
metal-based catalysts. Even though the search for this kind of efficient catalysts
started from the discovery and wonders of graphene, soon it has been established
that to bring a catalytic activity for oxygen reduction to graphene an introduction of
heteroatoms to its matrix or defect engineering is a must. The intent of this review is
to present a brief journey on the development of heteroatom -doped “flat” carbons for
an oxygen reduction electrocatalysis, followed by an indication of the role of defects
as a general driving force, through heteroatom-doped porous carbons to heteroatom-
free porous carbons. The emphasis is on importance of porosity, no necessary that 3-D
engineered. The development of that concept is presented in the chronological order.
Since to summarize all works on this topic sounds as a rather impossible task, and
numerous reviews on the specific aspects of carbon-based metal-free ORR catalysts
have been published recently, our intention is to stress the works where other factors
than an alteration in the electronic/structure affect or could affect the ORR efficiency.
These other factors include oxygen accessibility to small pores and its adsorption
there. Even though the development of pores certainly is associated with an increase
in the level of defect, the pore- influenced oxygen reduction mechanisms addressed
here differs from that on the electronic defects-based catalytic sites.

Keywords Porous carbons · Oxygen reduction reaction (ORR) · Oxygen
adsorption · Surface chemistry · Heteroatoms ·Microporosity

1 Introduction

Oneof themajor tasks facing a contemporary society is the development of renewable
energy sources being able to replace fossil fuels. There are some specific requirements
concerning the feasibility of these new sources/technology implementations. Thus,
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their costs should be low and they should not cause any further damage to our
environment. Therefore, there is an extensive search for inexpensivematerials, which
would be able to produce photocurrent in photovoltaic devices, split water to produce
H2 with minimum or zero fossil energy requirements, reduce oxygen for fuel cell
applications, or convert CO2 released from fossil fuel into hydrocarbons.

The efficiency of the processes mentioned above is based on the application of
efficient catalysts promoting target reactions and enhancing their yield. Here noble
metals are considered as the best catalysts. Even though they provide a high effi-
ciency, their drawbacks are scarcity and high costs. Therefore, as a natural path
of a research development, transition metals as catalysts in energy related applica-
tions have started to be extensively explored. In their case detrimental environmental
effects are an disadvantage. Considering the above, the efforts of materials scientists
have focused on searching for non-metal-based catalysts. The obvious candidates
are those carbon-based [1, 2], graphitic carbon nitride [3–5] or, quite recently, boron
nitride [6].

The usage of the carbon materials as direct catalysts was boosted by the discovery
of carbon nanotubes and graphene. The advantageous assets of these materials are a
high electrical conductivity and easiness of surface modifications. Extensive efforts
on thosemodifications and the discovery of an enhanced activity owing to heteroatom
doping directed the attention of scientists to carbon nitride [3–5] or boron nitrides [6].
Nevertheless, they need carbon doping in order to increase an electrical conductivity.
Since, in catalysis, a surface area is an important factor, there are also extensive efforts
towards modifications of these 2-D materials leading to the development of porosity
[7] and 3-D structures. All of these efforts result in some cost increase for materials,
technology and thus for consumers.

In many strategically important applications of nanoporous carbons, such as an
energy storage, the porosity of supercapacitor electrodes is very important. It provides
space for an electric double layer, which is the main mechanism for a charge storage.
For this, not only the volume of pores but also their sizes are of critical importance [8–
10]. It was found that pores similar in size to electrolyte ions enhance the capacitance
in an “abnormal way” [11]. This directed scientists to look for reasons explaining
this behavior. One of the hypotheses that have been recently taken into consideration
is that ions in pores behave similarly to the adsorbed phase on the surface of solids
[12, 13]. The molecular dynamic simulations suggested that to better explain the
properties of an electrolyte-solid interface physical adsorption forces should be also
taken into account [12], besides Coulombic interactions.

The discovery of graphene changed carbon science, and opened other, unfore-
seen applications, mainly in energy-related fields, such as optics and electronics.
This, combined with growing interest in an importance of an interface for various
processes and with advancements in instrumentation, especially in the resolution of
microscopes, directed carbon scientists to take another look at nanoporous carbons
and to reach beyond adsorption to better understand and further explore the new
applications of these materials [14, 15]. Recent studies have shown that indeed the
pores of carbons are built of distorted graphene layers [16] and those “poor person-
graphenes” can exhibit similar properties to those of graphene [14]. Moreover, a
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developed porosity is a very unique asset of porous carbon, either amorphous or
with 3-D carbon structures. In fact, for many applications of graphene the specific
porous structure has to be built, and often the target chemistry is the same chemistry
common to all carbon-based solids [17].

Recently, owing to growing scientific interests, numerous review papers have
been published summarizing the results on the oxygen reduction reaction (ORR)
activity of various carbon-based materials [1, 18–25]. Therefore, the objective of
this chapter is not reintroducing the well -described findings but rather to focus on
an aspect, which we consider has not been addressed sufficiently yet, and which has
been recently found as important for ORR—on the role of carbon pores, especially
microporeswhere adsorption forces are the strongest ones.Even thoughone can argue
that the oxygen reduction is a purely catalytic process, interactions of the oxygen
molecule with a catalyst surface cannot be neglected (Scheme 1) [20, 26–29]. Only
very recently, the review paper by Jorge et al. addressed the 3-D carbon structures
as ORR catalysts but it rather focuses on more “exotic” carbons such as hard-and
soft-templated, self-sacrificial templated, assembly of 3D carbon nanostructures,
or 3D porous carbons macrostructures [24] than on amorphous and microporous
carbons. Thus, in this review, ORR on “classical” platinum catalysts and the findings
on “flat” 2-D carbon materials such as graphene are addressed very briefly as an
introduction to the role of a surface chemistry-induced catalytic activity. Then, based
on those findings, the role of pores, especially micropores in ORR is discussed in
a detailed summary of very recent reports. Of course, one has to remember that
the pores in carbons do not exist in isolation and the complexity of the system
includes also surface chemistry/doping and defects. Therefore, as another objective,
the excellent performance of porous carbons as electrocatalysts for ORR is linked to
the combination of all these features with emphases on porosity, as a co-determining
feature.

Scheme 1 The associative (1) and dissociative (2) ORR mechanism in alkaline electrolyte.
Reprinted with permission from Ref. [20]. Copyright 2011, Elsevier
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2 ORR on Pt Catalysts Supported on Carbon Materials

Important catalysts in energy fields are those promoting oxygen reduction in fuel
cells. Fuel cells convert chemical energy from a fuel into electric energy [30]. The
oxygen reduction reaction occurs on a cathode. The reaction is very slow and the
application of a catalyst is a necessity. In aqueous solutions, the reaction goes through
two differentmechanisms, depending on the chemical nature of amedium/electrolyte
[31]. The oxygen reduction through a 4e− pathway, producing either water or OH−,
in an acidic or basic electrolyte, respectively, is the desired reaction in the fuel cells.
Besides a high energy production, it prevents the formation of sub-products, such as
H2O2, that can be harmful to the cell and to the catalyst.

The most commonly used electrocatalyst is platinum supported on carbon mate-
rials [31–35]. Nowadays, all scientific efforts focus on enhancing several aspects of
platinum-based catalysts, trying to increase the efficiency of platinum through forma-
tion of various alloys [34, 35], or using different facets in the platinum surfaces [36,
37]. The replacement of platinum in the ORR catalysts targets either the use of other
metals of higher availability and lower costs, or the development ofmetal-free carbon
materials doped with various heteroatoms and functional groups [1, 38]. The first
approach proposes the use of metals such as iron, cobalt and copper. In recent years
there has been a great development in non-noble metal or non-metal electrocatalysts,
which could have a sufficient performance in ORR and could be used as replacement
for Pt/C materials [19, 39–50].

3 Fundamentals of ORR on Nonporous/Flat and 2-D
Carbon Materials

3.1 Effects of Heteroatoms in the Carbon Matrix

The most common carbon catalysts used in ORR are those based on nanoforms
of carbons, such as CNT, graphite oxide or graphene [39–52]. To increase the effi-
ciency of the catalytic processes, their surfaces have been modified with heteroatoms
such as nitrogen [43, 51–55], sulfur [52], phosphorus [44, 45] or boron [44]. These
heteroatoms have been indicated as providing catalytically active sites for oxygen
electro-sorption and reduction [49, 50]. Either a direct doping or introduction of
functional groups have been explored [41–47, 56–61].

So far, the most extensively studied metal-free ORR carbon-based catalysts have
been those doped with nitrogen or co-doped with nitrogen and sulfur. Qiao et al.
[50] did their experiments on materials considered as mesoporous graphene. They
were a silica templated assembly of defectous graphene sheets doped with nitrogen
and sulfur. As heteroatom precursors, melamine and benzyl disulfide were used,
respectively. The co-doped materials contained 2% of S, 4.5% of N and 4.6% of
O. Even though doping only with nitrogen resulted in a similar number of electron
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transfer as that on nonmodified graphene and equal to 3, a slight increase in a kinetic
limited current upon doping was found. That effect was more pronounced for the
sulfur doped sample on which the number of electron transfer increased to 3.3. On
the other hand, the co-doped with N and S graphene sample exhibited the kinetic
limited current higher than that on Pt/C (32 mA cm−2) with the number of electron
transfer reaching 3.6. To explain their findings, the authors used density functional
theory (DFT) calculations. Thus, the activity on the N-doped sample was linked to
the incorporation of N atom to the carbon matrix, which is more electronegative than
the carbon atom is (3.04 vs. 2.55). It resulted in a high charge density of surrounding
carbon atoms. The incorporation of sulfur, owing it its similar electronegativity to that
of carbon (2.58) resulted in a very small effect on the charge transfer and the catalytic
effect was linked to a mismatch of the outer orbitals of sulfur and carbon, which
caused that sulfur was positively charged and thus was a catalytic center for oxygen
reduction.On the other hand, dopingwithN and S resulted in asymmetrical spin and a
positive charge density on surrounding carbon atoms, which are the catalytic centers
for ORR [49, 50]. Thus, the introduction of heteroatoms to the carbon rings changed
the electronic state of the carbon matrix, resulting in the formation of catalytic sites,
on which the oxygen reduction took place. On such catalysts, the number of electrons
transfer was close to 4 [48], and the kinetic current reached almost 30 mA/cm2 [39].
Nevertheless, the onset potential was still much less positive that that on the platinum
catalysts. Co-doping with S and N heteroatoms was reported to bring a very good
activity for ORR. Such promising results as n= 3.8e− and Jk = 27.0 mA cm−2 at−
0.70 V versus Ag/AgCl (0.28 V vs. RHE), or n= 3.3e− [41] and Jk = 24.5 mA cm−2

at −0.50 V versus Ag/AgCl (0.48 V vs. RHE) were recorded [50]. However, in the
majority of studies on doped carbons as the ORR catalysts, the onset potentials or
the number of electrons transfer, although close to 4e−, are not sufficient for fuel
cell applications. Nevertheless, an important feature of the carbon-based catalysts is
their high tolerance to methanol crossover, contrary to that of Pt/C [48, 49, 62].

Recently, the performance of N and B co-doped graphene or carbon nanotubes
has been explored and found promising for ORR [44, 47, 63–69]. On these materials,
reduction of oxygen occurs with the number of electron transfer, n, close to 4 [67].
Lee et al. [70] evaluated N and B co-doped carbon- based materials obtained from
flue gas as the ORR catalysts. Both experiments and simulations were used. The
content of N and B in their materials reached 9% and 2.4% respectively. The highest
current density was 7 mA cm−2 and was larger than that on Pt/C and the number of
electron transfer was 3.8. By DFT calculations the authors found that the Gibbs free
energy on the co-doped carbon materials was favorable for the 4-electron transfer
process. A summary of the effects of other dopants than nitrogen, including boron,
phosphorus and sulfur on ORR is presented in the reviews by Paraknowitsch and
Thomas [71] and by Zhao and Xia [72]. The latter presents the design principles for
dual-element doped catalysts. Providing a descriptor� being a product of electroneg-
ativity of heteroatoms (EX) and electron affinity (AX) relative to those of carbon was
an interesting step helping to design bifunctional catalysts (Fig. 1). Regarding phos-
phorus, even though an incorporation of this element to “flat” carbons has not been
extensively studied, the published results show some advantages of those structures
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Fig. 1 a Predicted average ORR/OER overpotentials of the active sites on N–X codoped graphene
(X = P, B, S, and Cl), normalized by the overpotential on the same positions in N–N graphene
nanoribbons, as a function of the descriptor, �. b Average relative onset potential (onset potential
of codoped graphene minus onset potential of Pt/C electrode in the same experiment). c Average
measured limiting current density from the linear scan voltammogram (LSV) curves, normalized
by N-doped carbon electrode density under the same conditions, as a function of description �

for N–B, N–P, N–F, N–S am N–Cl codoped graphene, and for N–B, N–P, N–Si, and N–S codoped
CNTs. Reprinted with permission from Ref. [72]. Copyright 2016, American Chemical Society

for ORR (Fig. 2) [41, 44, 72]. A very comprehensive review of the ORR process has
been recently published by Ma et al. [22].

3.2 Effect of Defects in the Carbon Matrix

With the exception of pure graphene layers or ideal carbon nanotubes, carbons,
either flat or 2-D, have some degree of complexity related to their defects. These
defects are intrinsic and arise from the presence of “not a 6-member” carbon rings.
Such imperfection affects the electronic density of a carbon matrix. The latter is
also affected by the introduction of heteroatoms, as discussed above, and by the
incorporation of single metal atoms to a carbon matrix.
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Fig. 2 Differential charge density (between codoped and undoped graphene) and overpotential
distribution of a N–P codoped, b P–N codoped, c N–N-codoped, d P–P codoped, e single P doped,
f single N-doped graphene nanoribbon with zig-zag edge. Brown and white balls refer to C and
H atoms, respectively, Yellow and blue colors indicate the negative and positive values of electron
quantities. The isosurface value is set to 0.0015. TheORR (in red) andOER (in black) overpotentials
of the active sites (U < 1.5 V) are also listed on them. Compared with single element doping, the
duel-element doping leads to more active sites for ORR and OER. Reprinted with permission from
Ref. [72]. Copyright 2016, American Chemical Society

The presence of defects was used to explain the activity of pure carbon nanocages
(heteroatom free) by Hu et al. [73]. Combining experiments with theoretical calcula-
tions, they found that intrinsic carbon defects, existing in a carbon matrix, contribute
to the observed enhanced ORR activity, irrespective of the presence of nitrogen.
They suggested that zigzag edge defects or pentagon defects provide the catalytic
activity for ORR, and the number of these defects might be naturally increased in
heteroatom-doped carbons. In their most active carbon, not only pores with sizes less
than 1 nm were present but also a high volume of pores with sizes of about 10 nm
was detected; however, to explain the activity the emphasis was placed only on the
edge and pentagon intrinsic defects, which were linked to a high surface area. Never-
theless, the electron transfer number was only 2.9. The effect of the zing-zag carbon
on ORR has been also recently addressed by Xue et al. [74]. They have constructed
a cathode catalyst based on a composite of zigzag-edged graphene nanoribbons and
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CNTs. Themeasured number of electrons transferwas very close to 4, and both exper-
iments and theoretical calculations showed the zigzag carbon defects as possessing a
higher catalytic activity than basal plane carbon, arm- chair edge carbon and carbon
atom near a void.

The role of a carbon catalyst geometry for ORRwas also investigated by Dai et al.
[75]. Although they addressed N- and Fe-doped CNT/graphene complexes, their
research suggested that unzipped walls of nanotubes provided the catalytic activity
and that the charge transport was facilitated due to the intact electrical conductivity
of CNT/graphene. Those unzipped fragments, referred to by the authors as graphite
oxide pieces, provided abundant edges and defect sites, enhancing the ORR catalytic
activity.

A recent review on the role of defect in the carbon surface by Yao et al. [25]
presents the best results on carbon-based catalysts, some even better than those
on Pt/C. It emphasizes that the defects in a broad sense of this word are the only
features responsible for the high ORR activity. And in fact, the clue is in altering the
electronic structure of carbon atoms which are the catalytic sites for ORR. The role
of single metal catalysts incorporated to carbon is compared to that of heteroatom
doping. Interestingly, the authors indicated, that defects were found important only
in alkaline media and in acid environment they are not able to effectively catalyze
the ORR process.

4 Doped Porous Carbons with Main Emphasis on Their
Surface Chemistry

4.1 ORR on Nitrogen-Doped Porous Carbon

The findings on the high activity of nitrogen doped graphene directed the attention of
scientists to investigate nitrogen modified porous carbons as the ORR catalysts. One
of thefirst reports addressing this issuewas publishedbyDai et al. [76]. Theyprepared
ordered mesoporous carbons of the surface area reaching 2000 m2 g−1, which were
dopedwith nitrogen. TheN content was between 3.6 and 6%. The nitrogen chemistry
of all tested samples was similar and ~45% of nitrogen species was in pyridinic
configurations and about 9%—in graphitic configurations. Interestingly, the highest
number of electron transfer (3.72) was found on lowest nitrogen-content carbon of
the highest surface area. An onset potential was more positive with an increase in the
surface area. Since mesopores contributed to the surface area development, it was
concluded that pyridinic and graphic nitrogen are active sites for ORR but the limited
performance of the sample with the high content of nitrogen was linked it its high
contribution of micropores which made the catalytic sites kinetically inaccessible
to O2. Generally, the dependence of the activity on the mesopore surface area was
indicated. In fact, one could also link it to the high dispersion of the catalytically
active centers.
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Mentius et al. derived specific carbon nanoparticles from polyaniline [77]. The
degree ofmicroporositywas between 63 and 90%and the largest surface area reached
540 m2 g−1. The content of nitrogen on the surface was between 5.5 (for the sample
with the largest surface area) and 7% (for the sample with the smallest surface
area of 410 m2 g−1). The catalysts exhibited a good performance in ORR. The
onset potentials were −0.05, −0.12 and −0.1 versus SCE and the number of elec-
tron transfer reached 3.5 (2–3.5). The kinetic current density was 2.25 mA cm−2.
The best performing sample was the one having the highest content of nitrogen
and pyridinic nitrogen and the smallest surface area and lowest degree of microp-
orosity. The authors suggested that the high degree of microporosity might hinder
the electrochemical response by reducing the access of molecular O2 to active sites
in micropores. They suggested that ORR rather takes place on the surface of carbon
particles and in mesopores owing to the slow access of O2 to micropores.

Microporous nitrogen doped carbons as the ORR catalysts were studied by Yao
et al. [78]. They directly carbonized aluminum-basedmetal organic framework (MIL-
53) modified with amines. Resulting carbon had the surface area between 1000 and
1600 m2 g−1 and an increase in the carbonization temperature increased the volume
of mesopores. The content of nitrogen was between 1 and 6% and decreased with the
increased carbonization temperature from 600 to 1000 °C. While the kinetic current
density was about 4 mm−2 and close to that on Pt/C (5 mA cm−2), the number of
electron transfer reported was more than 4 (4.2 for Pt/C), which must have been
a result of the calculation error. Nevertheless, the best performing sample having n
close to that of Pt/Cwas the sample obtained at 700 °C and having the highest content
of nitrogen and the relatively high surface area in micropores (1276 m2 g−1). The
authors suggested that the high surface area in micropores combined with nitrogen
doping might provide more catalytically active area and more active sites for ORR.
Their observation on the role of microporosity was contradictory to that provided by
Dai et al. [76].

Nitrogen doped carbon spheres of hierarchical porosity were synthesized in a
mesoporous silica template by Chen et al. [79]. Methyl violet was their source of
nitrogen. The carbon had micro/mesoporous structure with the BET surface area
reaching 1400 m2 g−1 and the very high total pore volume of 2.96 cm3 g−1. They
were tested as the ORR catalysts in an alkaline medium. The total content of nitrogen
was not reported but an N/C ratio decreased from 4.82% for the sample obtained
at 600 °C to 2.25% for that one synthesized at 1000 °C. Nitrogen was present in
pyridinic, pyrrolic, quaternary and pyridine-N-oxide configurations and an increase
in the synthesis temperature increased the contribution of quaternary nitrogen from
12 to 50% and decreased the contribution of pyridinic nitrogen from 38 to 23%
and that of pyrrolic one- from 40 to 18%. The highest kinetic current density was
4.6 mA cm−2 and it exceeded than that on Pt/C (3.5 mA cm−2). The number of
electron transfer, as in the work by Yao et al. [78] was higher than 4 (4.06) and
also higher than that on Pt/C (4.01). The sample obtained at the highest temperature
(1000 °C) was considered as the best performing one. It had the highest surface
area and pore volume. The relative contribution of quaternary and pyridinic nitrogen
was also the highest (73.6%) with the ratio of N/C was the lowest (2.5%). The
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good performance was linked to a three-dimensional interconnected hierarchical
pore framework (with micropores) and a relatively high conductivity. The catalyst
showed the high tolerance to methanol crossover and generally, it was considered as
overperforming that of Pt/C.

Nitrogen doped microporous carbon spheres were also investigates as the ORR
catalyst by Zhang and coworkers. Poly(o-methylaniline) was used as a source of
carbon [80]. A high pyrolysis temperature of 900 °C resulted in the materials of the
727m2 g−1 surface area and theN content varied from 4.5 to 1%. The latter decreased
with an increase in the carbonization temperature between 700 and 1000 °C. The
current densitywas 4mAcm−2 and very close to that on Pt/C. The number of electron
transfer was reported as 4. The catalysts were tolerant to methanol crossover. Four
types of nitrogen species were detected on the surface with N/C between 1 and 5%.
But in this case an increase in carbonization temperature to 1000 °C decreased the
number of electron transfer from 4 (at 900 °C) to 3.4. That increase also drastically
decreased the surface area from 727 to 202 m2 g−1, however the effect of porosity on
ORR was not discussed. The onset potential for the best preforming sample was 0.
91 versus RHE and close to that on Pt/C (0.93 V). The authors believed that a syner-
gistic effect between the high BET surface area, specific and “tuned” total nitrogen
content with a high contribution of quaternary nitrogen was responsible for the good
performance. It is important to mention that the performance of those microporous
microspheres was similar to that of nitrogen doped carbon spheres of hierarchical
porosity investigated by Chen et al. [79]. Both materials have similar contents and
chemistry of nitrogen but the surface areas of the carbons investigated by Zhang
et al. [80] were much similar to each other and their catalysts were predominantly
microporous. This might suggest that hierarchical porosity is a crucial feature of
the efficient ORR carbon-based catalysts.

The direct effect of a pore size distribution in nitrogen doped carbon on their
activity in ORR was first mentioned by Titirici et al. [81]. They also tested carbon
microspheres but their materials were obtained from pyrrole in porous silica as a
template. The pore size in silica templates were 2.25 nm and 3.6 nm. While the
former template led to microporous carbon with a 70% pore volume in pores smaller
than 2 nm (predominant size was 1 nm) the latter- to mesoporous carbon of a bimodal
pore size distribution centered at 3.2 and 13.7 nm. The content of nitrogen was ~ 8%
and the mesoporous sample was richer in quaternary nitrogen than the microporous
one, which had a higher contribution of pyridines on the surface. Interestingly, the
surface areas were very similar and of about 1200 m2/g. When tested as the ORR
catalysts in the alkaline electrolyte, the kinetic current density on both samples was
~3.3 mA cm−2 and lower than that on Pt/C (4.2 mA m−2). Similar were also the
numbers of electron transfer and very close to 4. On the other hand, a limited current
density was higher on mesoporous carbon and it exceeded that on Pt/C (6.5 mAm−2

vs. mA m−2). The onset potential on the mesoporous sample as also higher than that
on themicroporous one. The good performance of themesoporous samplewas linked
not only to its higher content of quaternary nitrogen, as more active catalytic centers
than those of pyridinic origin, but also to an easily accessible porosity consisting of
two interconnected systems of mesopores which facilitated the access of electrolyte
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to the active sites. Since, according to the authors, the main difference in the surface
features was in the pore size distribution, this feature was indicated as affecting the
ORR efficiency and large pores-asmore beneficial for the catalytic reduction process.
It is important to mention here that even though the electronic conductivity of both
carbons was considered as similar, the mesoporous sample was more conductive
than the microporous one (10 S m−1 vs. 2 S m−1) and the conductivity of the carbon
electrode affect the electron transfer processes.

The effect of a hierarchical porosity in nitrogen doped carbons on ORR was also
noticed by Eisenberg et al. [82]. They synthesized N-doped self-templated carbon by
carbonization of magnesium nitrilotriacetate between 600 and 1000 °C. The surface
areas were between 400 and 1800m2 g−1. Although their main objective was to study
the evolution of porosity with an increase in the heat treatment temperature, they
tested the synthesized carbons as the ORR catalysts in an alkaline environment. A
marked increase in the porosity was found when the synthesis temperature increased
to 900 °C and the surface areas ranged from 409 to 1831 m2 g−1. Interestingly, the
content of nitrogen was affected rather slightly (decreased from 6.9–5.9%) and the
distributions of nitrogen species (pyridines, quaternary and N-ox) were changed very
little. In all samples quaternary nitrogen predominated (~50%). On the other hand,
the treatment at 1000 °C decreased the porosity and the surface area (1519 m2 g−1).
The nitrogen content also decreased to ~4%. The number of electron transfer on the
sample obtained at 600 °C was 2, on those at 700–800 °C ~ 3, and on the samples
heated at 900 and 1000 °C n was 3.64 and 3.79, respectively. Even though in those
samples such properties as the surface area, graphitization degree, nitrogen concen-
tration and distributions were affected by heat treatment temperatures, five activity
trends related to the structure were identified. They were as follows: (1) microstruc-
ture plays the deciding role over the whole range of the temperature treatment. It
affects the graphitization level and nitrogen content; (2) an increase in the surface
area boosts the catalytic performance; (3) the benefits of the increased graphitization
between 600 and 1000 °C outweigh the loss of the nitrogen-based catalytic centers;
(4) the presence of mesopores is important; (5) the first step pyrolysis temperature
determines the majority of the carbon properties. Interestingly, the main conclusion
was that the ORR activity correlated best with microporosity, which emphasized the
importance of active sites exposure.

Another group of interesting N-doped porous carbons evaluated as the ORR
electrocatalysts was addressed by Cazorla-Amoros et al. [83]. Their carbons were
obtained from PANI at 600 and 800 °C using either inert (N2) or slightly oxidized
atmosphere (0.3% O2 in N2). The carbons were microporous with the surface area
between 340 and 630 m2 g−1. Their content of nitrogen was relatively high and
~12% in the samples obtained at 600 °C and ~7% in the samples obtained at 800 °C.
Quaternary nitrogenwas found only in the latter group of samples. The kinetic current
density on the latter group was higher than that on the former one (~2 mA cm−2) and
reached 5 mA/cm2. The number of electron transfer on the sample treated at 800 °C
was 3 and the onset potential—0.75 V versus RHE (0.94 V was measured in Pt/C).
Interestingly, the stability of the catalysts was higher than that of Pt/C. The best
performing samples in the each temperature treatment category were those obtained
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at the atmosphere containing oxygen. Their activity was linked to surface chemistry
and especially to N–C–O species as most active for ORR. In this configuration the
carbon atom was found as having the highest positive charge. It was proposed that
two N–C–O configurations presented in vicinity at the carbon plane edges (two pyri-
dones) lead to the direct reduction of dioxygen to water (Fig. 3). Such chemistry was
found on the samples obtained at 800 °C. Even though the effect of porosity was
not analyzed, it is important to mention that the best performing carbons from both
categories, besides having the high nitrogen content were also the most porous.

Following the previous line of research, Cazorla-Amoros et al. prepared N-doped
carbon from aniline by the thermal treatment at 1100 and 1200 °C [84]. On those
carbons the kinetic current density was similar to that of Pt/C but H2O2 yield was
still between 0 and 40% in the potential range between 0.77 and 1 V versus RHE.
The carbons had a very high purity and their surface areas were about 750 m2 g−1.
They had the low nitrogen content of about 1–1.8%, with a comparable contribution
of pyrroles and quaternary nitrogen (~35% each). The authors noticed the change in
the activity of the catalytic sites with the potential for those high temperature treated
samples. While at the potential lower than 0.75 V 4 electrons were transferred, at the
higher potential—only 2. Their results, along with the analysis of the model struc-
tures, suggested that quaternary nitrogen in the zig-zag configurations was the most
active site in their samples. It was because in this configuration oxygen molecule
can be bonded through the edges of the graphene plane with a minimum repulsion
between O2 and the N atoms and each oxygen atom of O2 can be adsorbed in a bridge
configuration on the two positively charged carbon atoms. On the other hand, internal
quaternary N species were not active. The authors linked the activity of the high-
temperature synthesized N-doped carbons to those quaternary species existing at
the edge sites, which were formed from pyridinic configurations via thermal trans-
formations. They also mentioned that the conductivity and porosity are important
for ORR. However, the role of the latter was not analyzed in details. Nevertheless,
it should be mentioned here that since those high temperature synthesized N-doped
carbons had higher surface areas than those addressed in Ref. [83] (740 m2 g−1 vs.
628 m2 g−1 max for the sample obtained at 800 °C in the presence of oxygen [83])
and much less nitrogen, the porosity might play indeed an important role in their
ORR activity.

Another view on the catalytic activity on N-doped porous carbon was proposed by
Chen et al. [85]. They prepared their nitrogen doped carbons (NCF) by pyrolysis of
a melamine foam at 1000 °C, which was followed by reduction with hydrazine. The
obtained samples were micro/mesoporous with the surface areas between 730 and
810 m2 g−1. The kinetic current density in the alkaline electrolyte reach 4 mA cm−2

and the highest number of electron transfer (3.8) was measured on the nonre-
duced sample. That sample had also the most positive onset potential (−0.05 V vs.
Ag/AgCl). The content of nitrogen was 4.8 at.% for the NCF sample and decreased
slightly upon reduction. The detailed XPS analysis of C 1 s, O 1 s and N 1 s core
energy level spectra suggested that quinones on the surface of the best performing
sample were responsible for its enhanced ORR activity. This was an interesting
finding but worth to mention is also the highest surface area of that sample and, as



Porous Carbons as Oxygen Reduction Electrocatalysts 53

Fig. 3 Model structures for
different
heteroatom-containing
molecules and the calculated
effective charge of all atoms:
a on pyridone groups, b two
adjacent pyridones groups
and c pyridone. H is white, C
is grey, N is blue, and O is
red. Reprinted with
permission from Ref. [83].
Copyright 2017, Elsevier
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indicated by the authors, its most narrow pore size distribution. The effect of these
features on the ORR activity was not discussed.

High specific surface area carbons synthesized from g-C3N4, as simultaneously
a template and N source and dopamine as a carbon source, were addressed as the
ORR catalyst by Lu et al. [86]. The carbons were obtained at 900 °C and their
properties differed depending on the temperature of the precursors preparation (120,
140 and 160 °C). The materials had layered structures and the surface areas were
964, 824 and 517 m2 g−1 for the samples designated as NC-120, NC-140 and NC-
160, respectively. The corresponding N content was 7.71, 5.43 and 3.45%. While
NC-140 had the similar contributions of graphitic and pyridinic nitrogen, for the
other two samples graphitic N was in majority. The reported number of electron
transfer was from 3 to 4.1 and the kinetic limiting current from 1.1 to 5 mA cm−2.
The performance increased not only with an increase in the content of nitrogen but
also with an increase in the surface area. The authors concluded that the features
determining the good performance of their samples were (1) layered structure with
N-doped in graphitic and pyridinic configurations; (2) coexistence of graphic and
amorphous carbon combined with the high surface area that provided the electron
conductivity and (3) acceleration of the electron transfer by the porous structure and
thus a promotion of the utilization of the active sites. Even though the porosity was
clearly indicated as important, no hypothesis about themechanismof the acceleration
electron transfer by porous structures was provided.

The direct effect of the porosity in nitrogen doped carbon on the efficiency of
ORR was indicated Cazorla-Amoros et al. [87]. Their carbons were synthesized
from polymerized aniline and were further functionalized using the specific organic
chemistry protocols involving such reactants as nitric acid, ammonium nitrate,
ammonium persulfate and pyridine. The heat treatment temperatures were 600 and
800 °C. Resulting carbons had the very high surface areas and pore volume reaching
3000 m2 g−1 and 1.2 cm3 g−1, respectively. Adsorption of CO2 suggested that
about half of their pore volumes was in the pores smaller than 0.7 nm. The content
of nitrogen varied from 3 to 6 at.%, as determined by XPS and nitrogen bonds
were widely distributed between pyrroles/pyridones, pyridines/imines, quaternary
N, amides/amines, and oxidized N. The kinetic current density was between 4 and
5 mA cm−2 and smaller than that on Pt/C. The most positive onset potential was
0.88 V (on Pt/C 0.98 V was measured). That particular sample exhibited also the
highest number of electrons transfer equal to 3.4. Generally, the number of elec-
tron transfer varied from 2.5 to 3.4. After the detailed analysis of surface chemistry,
the authors concluded that the low synthesis temperature led to carbon rich in non-
catalytic N-based sites such as amines and amides and to a decrease in the popu-
lations of the catalytic edge sites, and those were the reasons for their low activity.
On the other hand, the high temperature treatment generated more electrocatalytic
nitrogen groups and led to the high concentration of N–C–O configurations, which
were previously [83] indicated as governing the high ORR efficiency. An important
finding, although without a deeper analysis, was that the pristine sample showed
a remarkable photoactivity and that photoactivity was linked to a well-developed
porosity.
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Rich in micropores N-doped carbon aerogel was studied as the ORR catalysts by
Zhang et al. [88]. Their material was obtained from graphene oxide and dopamine
was used as both N-source and a cross-linking agent. The aerogels were of a very low
density (0.004 g cm−3) and had a hierarchical pore structure with the surface area of
1631 m2 g−1. The ratio of the micropore to mesopore volumes was 80% and a pore
size analysis indicated that pores with sizes 0.78, 2.2 and 30, 35 nmwere present. The
materials had also the high content of nitrogen (7.21 at.%).AnXPS analysis indicated
that nitrogen was present in pyridinic, pyrrolic and graphitic configurations, which
contributed to 15.3%, 21.4% and 63.3%, respectively, to the total nitrogen content.
Interestingly, the kinetic current density reported was higher than that on Pt/C (~8 eV
vs. 4.6 eV). The number of electron transfer was 3.92 and less than 5% peroxide were
formed in the potential range between 0.1 and 0.9 V. The Tafel plot was also analyzed
and found to be almost equal to that on Pt/C (67 mV/dec). The authors linked the
catalytic activity to graphitic nitrogen distributed in the rich micropore structure. The
proposed relationship between the surface feature of N-rich aerogel and the ORR
performance is illustrated in Fig. 4. The authors hypothesized that: (1) the synthesis
conditions led to the dense slit-like microporous networks of the high N content; (2)
graphitic N drew electrons from nearby carbon atoms and made those atoms active
adsorption centers, on which strong C–O bonds were formed. Thus, by the presence
of nitrogen, the adsorption energy of O2 decreased facilitating its fast adsorption;
(3) the presence of micro- and mesopores decreased the O2 diffusion time and thus
increased the transport rate of O2 and KOH inside the pores. (4) the latter led to the
high O2 concentration on the surface and to the fast ORR kinetics. Step 2 in Fig. 4
was indicated as a rate limiting step and, in this step, active carbon atoms increased
the electron transfer rate and accelerated the sequential transfer rate. In Step 4,
C–N bonds were formed and they were indicated as contributing to a continuous
electron transfer and thus to the high current density. This mechanism is a significant
advancement in addressing the role of porosity. Nevertheless, it suggested that the
efficient catalyst, besides porosity needs N groups on the surface since they are of
paramount importance for electron transfer processes.

4.2 Doping Porous Carbons Beyond Nitrogen for High ORR
Performance: S, P, B Doping And Co-doping
with Nitrogen

Another popular heteroatom used to dope carbon matrices in order to affect their
electric properties is sulfur. Early paper by Qiao and coworkers presented the change
in the electronic structure of carbon upon doping [50] where difference in an elec-
tronegativity between heteroatoms and carbonbrought a positive charge to the surface
atoms and these sites were catalytic centers for oxygen reduction. In fact, to support
their hypothesis, the authors used mesoporous graphene obtained in silica template.
The size of mesopores ranged between 10 and 40 nm the content of nitrogen and
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Fig. 4 Schematic relationship between the rich micropore structure in NGA and its effects on
the high ORR performance. (Only three NGO nanosheets and four molecules are illustrated to
make graphene skeleton and the pores of ORR legible). Reprinted with permission from Ref. [88].
Copyright 2019, Elsevier.

sulfur on the surface was 4.5 and 2 at.%, respectively. The kinetic current on S and N
doped carbon reached that on Pt/C (10 mA cm−2) and the number electron transfer
was 3.6. Even though the authors linked the best performance of their catalyst to
the existence of active centers formed owing to coexistence of S and N doped to
the carbon matrix, they also concluded that mesoporosity was an important asset
of these materials, although no details on its role were provided. Interestingly, only
1.3 at.% sulfur was found as advancing the ORR catalysis to greater extent than
5.1% nitrogen did, and besides resulting in the higher current density than that on
the nitrogen-doped sample, it also led to the number of electron transfer 3.3 (on
nitrogen doped sample n was 3). Still the kinetic limiting current density of the S-
doped sample at –0.6Vwas almost threes time less than that on theN and S-co-doped
sample (13 vs. 30 mA cm−2). The latter overperformed Pt/C with respect to this
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parameter. The co-doping also resulted in the most positive onset potential (−0.06 V
vs. Ag/AgCl).

Dual S and N doped carbons of the high porosity were tested as the ORR catalyst
by Yao et al. [89]. They were synthesized from carrageenan-urea aerogels pyrolyzed
at temperatures between 600 and 1000 °C. An annealing at 1000 and 1110 °C was
carried out to separate N-, S and O atoms and create defects. The catalysts were
tested in acidic and alkaline electrolytes. Excellent results were obtained and the
current density in KOH was up to 6 mA cm−2 and higher than that on Pt/C. The
best performing sample had the number of electrons transfer 4. Based on extensive
morphological and chemical analyses, the authors concluded that the high activity
was the result of the defects engineering applied. The latter led to the formation of S-
and N–S–C. The content of heteroatom in the carbons was not provided but the noisy
XPS core energy level S 2p and N 1 s spectra suggest that their content was rather
very small. Those specific bonds arrangements were indicated as the catalytic centers
in both acidic and alkaline electrolytes (Fig. 5). The edge thiophene, graphitic N and
pentagon defects were indicated as responsible for the formation of these centers.
Since the carbons were porous of the high surface area (the best-performing sample
had a surface of 1307m2 g−1), the authors noticed that the extent of the carbon surface
promoted the high density of the exposed sites and mass transport. Even though the
samples had a marked volume of micropores their effect on ORR was not analyzed.

That sulfur effect was also explored by Guo et al. [90]. They synthesized ordered
mesoporous carbon (OMC) in SBA-15 silica and used dibenzyl sulfide as a source of
sulfur. The samples had similar content of sulfur of about 1.5 wt% but differed in the
contributions of oxidized and reduced sulfur. One sample had sulfur in predominantly
–C–S–C configurations and it showed the best activity for ORR. The kinetic current
measured on that catalyst was higher than that on Pt/C and the number of electron
transfer reached 3.8. The surface areas were between 1099 and 1261 m2 g−1and the
main differencewas in the volume ofmesopores. The volume ofmicropores was very
similar for all sample (~0.1 cm3 g−1). Even though the effect of porosity was not
analyzed, that sample had the highest degree of microporosity. The predominance of
sulfur in C–S–C configuration led the authors to indicate the role of these catalytic
centers as the most important for ORR. It was also mentioned that very small amount
of sulfur was able to significantly affect the efficiency of ORR.

Effect of sulfur incorporated to the carbon matrix was also studied by Bandosz
et al. [91]. In their first attempt, mesoporous carbon materials synthesized from
graphite oxide in an amorphous silica template were used and the tests were run in
a neutral electrolyte. Hydrogen sulfide was used to introduce sulfur to the surface.
The porosity of the S-fee and S-doped samples was a replica of silica porosity and
the surface area reached 190 m2 g−1. Contrary to the results of Gao and coworkers in
the alkaline medium, it was found that an introduction of sulfur by the H2S treatment
resulted in a decrease in the ORR activity. The number of electron transfer on the
S-doped sample was 15–2.5 while on its unmodified counterpart 3–3.5. Since the
porosity was practically the same, the alteration in surface chemistry upon the H2S
treatment was linked to the difference in the ORR activity. Even though upon the
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Fig. 5 Upper left: STEM filtered image of N and S codoped carbons; upper right: LSV curves;
Bottom left: the optimized structure on N and S-codoped sample (grey, white, yellow, and claret
balls represent C, H, S, and N atoms, respectively. The blue atoms represent S- or N-adjacent C
atoms); Bottom right: Free energy diagram. Reprinted with permission from Ref. [89]. Copyright
2018, CellPress

modification 3 at.% sulfur was introduced, that sulfur was mainly in –SH config-
urations and only a small fraction was in –C–S–C bonds, which were indicated
previously as the catalytic centers for ORR [90]. The authors concluded that the total
content of O and S and their chemical configurations along with the hydrophobicity
level of the surface played a role in the ORR activity in the neural electrolyte. Inter-
estingly, when the same materials were used as the ORR catalysts in an alkaline
electrolyte, the number of electron transfer on the S-doped sample was between 2
and 3.5 and the presence of OH- ions and their attraction to the sulfur -modified
carbon matrix enhanced the pore space utilization, and this, along with hydropho-
bicity of sulfur species attracting oxygen, was indicated as enhancing the catalytic
activity [92].
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As a continuation of the study on the sulfur-doped ORR catalysts, Bandosz
et al. evaluated carbon aerogel [60] and their composites with graphite oxide [59].
Micro/mesoporous aerogel was obtained from resorcinol–formaldehyde polymer
aerogel and to introduce sulfur it was heat treated in the H2S atmosphere at 650 or
800 °C.Difference in the posttreatment resulted in an increase in the surface area from
693 to 734m2 g−1 and in amarked increase in the volume of ultramicropores (smaller
than 0.7 nm) in the high temperature treated carbon. Interestingly, the sulfur contents
in both samples were similar and ~1 at.% and similar were also the contributions of
various sulfur species with thiophenes/bisulfides (~70%) and sulfides (14%) as the
predominant species. While on the sulfur-free sample and on that treated with H2S
at 600 °C the number of electron transfer was about 2, it significantly increased for
the sample treated at 800 °C and reached almost 4. On that sample the kinetic current
density was similar to that on Pt/C (5 mA cm−2). The kinetic limiting current density
was as high as 20 mA cm−2. The onset potentials were 0.780, 0.766 and 0.809 V
on the initial sample and those treated at 600 and 800 °C, respectively. Treatment
with sulfur also increased the stability of the catalyst. The excellent performance
of the sample heated at 800 °C, besides its S-based catalytic centers, was linked to
an increased level of hydrophobicity due to the reduction of surface oxygen groups,
and to ultramicropores. It was hypothesized that both these features are important
for the withdrawal of oxygen from electrolyte and its accumulation on the surface.
For this, the mesoporosity was important since it positively affected the transport of
electrolyte with dissolved oxygen to micropores.

To further enhance the electrocatalytic performance of S-doped aerogels, Bandosz
et al. synthesized their composites with graphite oxide (GO) [59]. The objective of
that modification was to increase the electrical conductivity beneficial for ORR.
The composites were synthesized using a self-assembly method based on dispersive
forces with the 1:1 weight ratio of the sulfur doped aerogels (obtained at 600 and
800 °C) and GO. As expected, an owing to the nonporous surface of GO, the porosity
of the composites decreased, however, the small extent of that decrease indicated a
synergistic effect of a new porosity formation, especially in the mesopore range.
Interestingly, the content of sulfur on the surface, as determined by XPS, increased
up to 1.8% and 2.5% for the samples treated at 600 and 800 °C, respectively. It was
owing to sulfur present in GO alone. The addition of GO significantly improved the
performance. The onset potential increased to 0.819 and 0.829 V versus RHE for
600 and 800 °C treated samples, respectively (on Pt/C 0.947 V was measured). Even
though the number electron transfer for the latter sample was 4 and similar to that on
aerogel alone [59] (it was not expected to increase over 4) on the initial sample and
on the one heated at 600 °C n was 3.5 and significantly increased compared to those
on aerogel alone. Since GO itself had sulfur in sulfones and sulfonic acid, its addition
increased the contribution of those species in the composites, however reduced sulfur
in thiols and thiophenes was still in majority. The sample heated at 800 °C had the
higher contribution of those species than the one heated at 600 °C (66% vs. 59%).
Besides to the catalytic centers based on thiophene, the good performance of these
composites was also linked the hydrophilic mesopores having their origin in graphite
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oxide, which helped to supply oxygen to small pores in the aerogel phase and to the
S-based catalytic centers.

Another heteroatom whose introduction to porous carbon has been investigated
with an intention to increase the carbon activity in ORR was boron. However, its
effects have been rather investigated in conjunction with that on nitrogen. Ozaki
et al. prepared a series of carbons from furfuryl alcohol, which were doped with
boron, nitrogen and codopedwith these two elements [64].BF3-MeOHandmelamine
were used a source of boron and nitrogen, respectively. The samples were tested in
an acidic electrolyte. Chemical modifications increased the surface area compared
to that of the pristine sample. The sample doped with boron had a surface area of
150 m2 g−1 and that doped with nitrogen- 310 m2 g−1. NB-doped samples reached
180 m2 g−1. Interestingly, the modification decreased slightly the samples’ electrical
conductivity. The ratio of B/C in boron doped sample was 0.008 and in those co-
doped-up to 0.033. On the other hand, a N/C ratio in the N-doped samples was
0.032 and on those codoped-up to 0.082. The variety of boron bonds was detected by
XPS including BCO2, BCO BN2C/BC3 and BC2O. Nitrogen existed in typical five
configurations and B–N–C moieties were formed from those of pyrroles/pyridine
and quaternary nitrogen. While the addition of boron only slightly shifted the onset
potential toward more positive, the coexistence of both boron and nitrogen resulted
in the onset potential about 0.1 V more positive than that on the unmodified sample.
The positive correlation between the kinetic current density at 0.4 V normalized per
unit BET surface area and the ratio of edge nitrogen and B–N–C moieties to carbon
was found. Even though the direct role of the porosity was not indicated or analyzed,
that normalization per unit surface area suggests that the authors considered that
parameter as important for the ORR activity.

Another group of B and N co-doped carbons as the ORR catalyst was investigated
by Baik and Lee [93]. The carbon tested was a commercial activated carbon Darco
(AC) with a surface area of 600m2 g−1. Boric acid and urea were used as the sources
of B and N, respectively. To provide a wide range of surface chemistry the carbons
were heat -treated at three different temperatures up to 1000 °C. The content of boron
in B-AC reached 1.86% and nitrogen in N-AC 4.6%. The N, B-co-doped samples
had up to 8.13 and 4.6% of boron and nitrogen, respectively. Co-doping resulted
in the higher current density than that on Pt/C (7.1 mA cm−2 vs. 5.5 mA cm−2) and
in the more positive onset potential than that on the initial AC. While the number
of electron transfer on the B-doped sample was 3.16 and, on the N, -doped one-
about 3.47, on the codoped counterpart n was about 3.81 when measured at −0.6 V
vs. Ag/AgCl. An XPS analysis showed B–C, B–O and B–N bonds in the codoped
samples. Detailed analysis of the data suggested that B–N–Cgroupswere responsible
for the high catalytic activity. Even though the chemistry and the microstructure of
the catalysts were addressed in details, no information about the porosity of the
samples was provided besides the surface area. Darco of 600 m2 g−1 is a well-known
steam activated carbon (lignin origin) of a predominantly microporous structure and
of a total pore volume 0.9 cm3 g−1. Since the treatment applied might rather shrink
pore sizes than expand them, these results are very interesting from the point of view
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of the performance of highly microporous carbonaceous catalysts. However, these
aspects were not analyzed by Baik and Lee [93].

Expanding the concept of the ORR catalytic activity of B-, N- co-doped carbon
Ozaki and coworkers synthesized nanoshell carbon structures from polyfurfuryl
alcohol, cobalt phthalocyanine, melamine and a trifuoroborane-methanol complex
at 1000 °C [94]. The co-doped sample had over three times more nitrogen than
boron. XPS analysis indicated that the former existed mainly in pyridine, B–N–C
and pyrrole/pyridones and the latter in BC2O an B–C–N. Even though the porosity
of carbons was not studied in details, TEM images showed the existence of agglom-
erated nanoshell structures with wavy layers of about 50 nm in size between which
some level of porosity could exist. The authors concluded that the graphic structure
of the nanoshells was disturbed by BN doping and besides electrochemically active
edge sites consisting B–C–N also defects were formed. All of this increased the ORR
current eight to ten times compared to that on the non-doped catalyst. Even though
the nanoshell structure was stressed out as amorphological feature affecting theORR
activity, the porosity was not reported and the surface accessibility for oxygen was
not discussed.

Recent paper by Bandosz et al. addressed directly not only boron and nitrogen
-based carbons as ORR catalysts but also analyzed the effect of porosity on the
catalytic activity [28]. In fact, their carbons could be considered as multidoped since
they had also sulfur in their structures. Theywere synthesizing from sulfur-containing
commodity polymers (sodium-4-styrene sulfonates and 4-styrene sulfonic aid-co-
maleic acid) at 1000 °C. NH3 present in the carbonization atmosphere was a source
of nitrogen and boric acid- a source of boron. The majority of samples had the
surface areas between 400 and 800 m2 g−1. Only one sample, not BN -doped, had
the surface area almost 1600 m2 g−1. All carbons were predominantly microporous.
Interestingly, in the co-doped samples the contents of boron and nitrogenwere similar
and between 7 and 11%. In all samples sulfur was present in the amount of ~0.5%.
The best samples were those co-doped and their performance was very similar to
that of Pt/C with the number of electrons transfer very close to 4. Interestingly,
the non-doped sample of the highest porosity also performed extremely well. That
trend was also found for the kinetic current density. Doping with boron and nitrogen
also visibly moved the onset potential to the more positive values. XPS and EDS
analyzes showed a high dispersion of heteroatoms, and, as expected B–N and B–C
bonds were present increasing the catalytic activity. One finding in this work desires
the specific attention. It is that the good performance in ORR was not exclusively
granted to the BN-doped carbons. The carbon sample without those elements but of
the highest surface area and micropore volume exhibited similar behavior. It had also
the highest volume of ultramicropores smaller than 0.7 nm. The authors proposed that
the interactions of oxygenwith both porewalls, owing to their proximity, promote the
efficient ORR on that carbon. In such pores the adsorption of oxygen should be the
strongest and they are expected to be hydrophobic and thus attract oxygen from the
electrolyte. Based in the trend in the onset potential values, the results also suggested
that the porosity was more important for governing the onset potential than was the
population of the catalytic centers. Thus, a small volume of ultramicropores led to
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the less positive onset potential and the high numbers of B and N-based centers were
not able to compensate this negative effect. Even though this was not mentioned in
the paper, the dispersion of the catalytic center might play a role in determining the
extent of the onset potential and their high dispersion might benefit ORR.

The effect of porous carbon network doping with phosphorus on ORRwas inves-
tigated by Gao et al. [95]. They applied a dual chemical activation with ZnCl2 and
NaH2PO2 which led to porous carbon of the surface area of 943 m2 g−1. Syner-
gistic effects of the combined activating agents led to the formation of active sites
and defects enhancing the ORR efficiency. The modified carbon catalyst showed an
increased limiting current whose density reached 5.83 mA cm−2.

Another interesting approach enhancing the ORR activity of porous carbon was
co-doping with nitrogen and phosphorus [96]. The carbon samples were synthesized
from N and P doped hydrogel obtained using P123, phytic acid and pyrrole. The
gel was either only carbonized or activated with CO2. The surface areas were 2850
or 1820 m2 g−1 and higher for the activated sample. While the former sample was
micro/mesoporous, the latter was predominantly microporous. The activated sample
had 3.4% N and 0.6% P and non-activated- 3.8% N and 1.2% P. The elements
were very homogeneously distributed on the surface. The evaluation of the ORR
activity showed the largest current density for the activated sample at the maximum
of the reduction humps (0.75 mA cm−2 vs. 0.65 mA cm−2 for the non-activated
one). The same trend was found for the current densities which were between 2 and
2.5mAcm−2 (on Pt/C~ 3mAcm−2 wasmeasured). The high surface area sample had
also the higher number of electron transfer.Generally, for both samples nwas between
3.75 and 3.95. The smaller Tafel plot than that for 5%Pt/C suggested superior kinetics
of ORR on theN, P dual doped samples. The detailedXPS analysis of the surfacewas
also provided and phosphorus was found in P–C and P–O bonds. The authors linked
the high activity of their samples to the dual doping and to the high content of pyridinic
and graphitic nitrogen. The latter was larger in the activated sample. They clearly
indicated the important role of micro and mesopores in providing the easy access of
electrolyte to the heteroatom -based catalytic centers. The latter were considered also
as defects. It is important tomention that the higher surface area sample of themarked
activity had less heteroatoms thus the development of mesopores by activation and
an increase in microporosity were providing additional assets beyond the chemistry
of the active centers.

5 ORR Activity of Non-heteroatom Doped Carbons:
Exploring the Effects of Porosity

Even though the heteroatom-doped carbon nanostructures or quite recently porous
carbons have been investigated quite extensively as the metal-free ORR catalysts
owing to the well established mechanism related to the alteration in the electronic
structure of the carbon matrix, quite recently the researchers have started to observe,
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and thus to focus, on the enhanced ORR activity on heteroatom -free carbon struc-
tures. An interesting approach explaining the activity of pure carbon nanocages
(heteroatom free) was proposed by Hu et al. [73]. Combining experiments with theo-
retical calculations, they found that intrinsic carbon defects, existing in the carbon
matrix, contribute to the observed enhanced ORR activity, irrespective of the pres-
ence of nitrogen. They suggested that zigzag edge defects or pentagon defects provide
the catalytic activity for ORR, and the number of these defects might be naturally
increased in heteroatom-doped carbons. In their most- active carbon, not only pores
with sizes less than 1 nm were present but also a high volume of pores with sizes
of about 10 nm was detected; however, to explain the activity, the emphasis was
placed only on the edge and pentagon intrinsic defects, which were linked to a high
surface area. Nevertheless, the electron transfer number was only 2.9. The effect of
the zing-zag carbon on ORR has been also recently addressed by Xu et al. [74]. They
have constructed a cathode catalyst based on a composite of zigzag-edged graphene
nanoribbons and CNTs. The measured number of electrons transferred was very
close to 4, and both experiments and theoretical calculations showed the zigzag
carbon defects as possessing the higher catalytic activity than those of the basal
plane carbon atom, arm- chair edge carbon and carbon atom near a void.

The role of a carbon catalyst geometry for ORRwas also investigated by Dai et al.
[75]. Although they addressed N- and Fe-doped CNT/graphene complexes, their
research suggested that unzipped walls of nanotubes provided the catalytic activity
and that the charge transport was facilitated due to the intact electrical conductivity
of CNT/graphene. Those unzipped fragments, referred to by the authors as graphite
oxide pieces, provided abundant edges and defect sites, enhancing the ORR catalytic
activity.

The mentioned above good ORR activity of heteroatom-free carbon materials led
to the generalization of the active sites in carbon as those creating defects [25, 73,
74, 78, 89, 97]. The mentioned above studies were carried out on rather nonporous
carbons. Indicated in the previous section, but not deeply studied, the role of porosity
in heteroatom-doped carbons directed the attention of researchers to take a closer
look at the effects of the pore structure on the ORR activity. That pore structure
should not only be considered as providing the surface for a high distribution of
heteroatom-based catalytic sites or edge defect. It might also affect the adsorption
processes which are associated with carbon immersed in O2 saturated electrolytes.

One of the first study of porous carbon not containing heteroatoms as ORR cata-
lysts was carried out by Tammeveski et al. [98]. Besides with carbon blacks, their
electrodes were also modified with carbide derived carbon, CDC. The surface areas
of CDCwere 177 and 684 m2 g−1. The authors measured a high reduction current on
the CDC materials and concluded that their high graphitization level and mesopores
provided the fast charge transfer contributed to that effect. LSV curves showed two
plateau and the number of electron transfer of the high surface area catalyst was close
to 4 and on that of the smaller surface—about 2.5. Interestingly, the % of peroxide
formation on all carbons was between 40 and 80%, and it seems unusually high with
4 electrons transferred in the reduction reactions. The catalytic activity was linked to
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the presence of quinones although it was also indicated that the structure and porosity
of carbons might also affect the results.

An unusually high activity on “all-carbon” electrocatalysts in ORRwas described
by Wei et al. [99]. Their engineered materials were rich in an interface between
graphene and curved carbon nanotubes. On them, the high kinetic current was
measured and n= 3.86with only 7%of peroxide formed. The authors speculated that
the high activity of their G-CNT hybrids was caused by a localized charge separation
at the interface of graphene and nanotubes. That Fermi level mismatch on the planar
and curved sp2 surfaces tuned the electron transfer. It is important to mention that
the BET surface area of the hybrid was 470 m2 g−2 however, its extent and the effect
on the activity were not discussed.

A direct effect of the porosity on ORR influenced by oxygen adsorption was
first indicated by Bandosz et al. [26, 27]. They studied three samples of Poly-
HIPE carbons [26] of the micro/mesoporous structure, which had the same pore
size distributions but differed in the volume of pores (mainly ultramicropores <
0.7 nm) and in the oxygen content and its chemical environment. The surface areas
between 500 and 720 m2 g−1 and the volume of ultramicropores- between 0.130
and 0.253 cm3 g−1. The carbons had traces of nitrogen and their content of oxygen
decreased with an increase in the surface area from 10.5 to 8.0%. Detailed analysis of
surface chemistry indicated that the highly porous carbon was also least oxidized and
most hydrophobic one. Interestingly, testing those carbons as the catalysts showed
an increase in the activity with an increase in the volume of ultramicropores and in
the hydrophobicity level. The kinetic current density on the most porous sample was
higher than that on Pt/C (11 mA cm−2 vs. 6 mA cm−2) and the number of electron
transfer reached 4 at 0.2 V versus RHE. The kinetic current density at 0.18 V versus
RHE was over 35 mA cm−2. The carbon catalysts were also more stable that Pt/C
and very resistant to methanol crossover. Since the activity could not be linked to the
nitrogen-based centers or quinones, the authors suggested that the reduction process
was adsorption -driven and ultramicropores worked as pseudo -catalytic centers for
ORR promoting O2 adsorption, which in turn facilitated the electron transfer. Since
the heat of O2 adsorption in pores similar to the size of the oxygenmolecule can reach
24 kJ mol−1, such strong adsorption energy can promote charge transfer leading to
weakening of O=O bonds. An important asset was hydrophobicity in those pores and
thus their affinity to withdraw the oxygen molecule from the electrolyte. Owing to
the proximity of the water phase, formed OH- did not accumulate in pores but was
attracted to the water phase and the pseudo- catalytic centers were free to accept other
O2 molecules and further promote ORR. For this process, the totally hydrophobic
surface would hinder the reduction process, but ~8% oxygen was incorporated in
larger pores (at pore entrances) and this could facilitate the transfer of electrolyte
with dissolved oxygen to ultramicropores. It has been also mentioned that the higher
porosity carbons are expected to havemore defect sites whichmight also be the ORR
catalytic centers but they are totally different in the mechanism than are the pores.

To further explore the effects of porosity on ORR and to support the hypothesis on
the importance of ultramicropores as the ORR pseudo-catalytic centers, Bandosz and
workers tested oxygen electroreduction on cellular vitreous carbon foams [27]. The
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initial foam had a broad distribution of pores in micro, meso- and macro-range and
the surface area of 640 m2 g−1. To modify both, pore sizes and surface chemistry,
the composites with GO were synthesized using the self-assembly in the suspen-
sion method. The samples were further modified by the introduction of sulfur or
nitrogen to the surface or by only a heat treatment imposing the surface reduction
at 950 °C. Dicyandiamine and hydrogen sulfide were used a source of nitrogen and
sulfur heteroatoms, respectively. The surface area of the modified samples was in the
range between 393 (nitrogen -modified foam) and 655 m2 g−1 (reduced foam/GO
composite). The ratio of the micropore volume to that of the total pore volume was
about 90% for themajority of samples. As expected, the introduction ofGO increased
the number of oxygen groups and thus the surface hydrophilicity while the heat treat-
ment made the surface more hydrophobic. The content of nitrogen on the surface
was maximum 3.7 at.% and that of sulfur-1.2 at.%. The majority of nitrogen was in
pyridines and pyrroles/pyridones and sulfur- in bisulfide/thiophenes. The most posi-
tive onset potential was found for the initial foam sample and that modified with GO,
while the introduction of heteroatoms resulted in less positive values. The number
of electron transfer was also the highest for the heteroatom-free samples (3.94–3.96)
and only about 3% of H2O2 were formed (Fig. 6). The samples were also resistant
to methanol cross-over and showed the 80% stability after 1000 cycles. The good
performance of the heteroatom-free samples was linked to the specific porosity. The
foams had a high volume of micropores in the walls of macropores. Those large
macropores with oxygen groups on the surface promoted the transport of the elec-
trolyte to the micropores where, owing to the strong adsorption of oxygen in the
pores similar to the size of the oxygen molecule, the splitting of O=O took place
and 4 electrons were transferred. This conclusion was also based on the fact that the
introduction of heteroatoms markedly decreased the volume of small pores and this
changed themechanismofORR. Even thoughN and S-provided the catalytic centers,
they were not able to compensate the effects of the decreased micropore volume.

These two different extents of the ORR mechanisms on carbons were also
addressed byBandosz and coworkers in their study of orderedmesoporous carbons as

Fig. 6 Comparions of the onset potentials (a), number of electron transfer (b) and the percentage
of oxygen reduced to peroxide (c). Reprinted with permission from Ref. [27]. Copyright 2017,
American Chemical Society.
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the ORR electrocatalysts [29]. The carbons were obtained from sucrose in the SBA-
15 silica template. To introduce nitrogen to the surface, the initial carbon sample
was oxidized with HNO3 and impregnated with urea and heat -treated at 600, 800
and 950 °C. The oxidized sample was also heated at 950 °C. The treatment applied
markedly affected the porosity, although the ordered structure was still preserved.
The non-nitrogen treated samples had traces of nitrogen and after the treatment with
urea 1.4 at.% of N was on the surface. While the 600- and 800 °C -treated samples
had pyridines an pyrroles introduced to the carbon matrix, on the 950 °C -treated
sample quaternary nitrogenwas inmajority. Even though the introduction of nitrogen
had a very positive effect on the ORR efficiency and for the sample with the majority
of quaternary nitrogen the number of electron transfer was 3.95, the oxidized and
then reduced sample without the urea treatment showed also very good results with
n comparable to the best N-treat sample. Interestingly, the most positive onset poten-
tials were found for the initial sample and that oxidized one. The introduction of
nitrogen resulted in the less positive potentials. To explain the trend in the obtained
data, the authors analyzed the dependence of the number of electron transfer on the
volume of ultramicropores and on the predominant size of those ultramicropores
(peak maximum) (Fig. 7a, b). The former one showed two opposite trends distin-
guishing N-modified carbons from those non-modified. While for the urea treated
sample, n increased linearly with an increase in the volume of ultramicropores, for
the latter group a decrease was found. When the size of the predominant ultrami-
cropores was taken into consideration, for the N-modified carbon sample a clear
increase in n with a decrease in the predominate size of ultramicropores was found.
No trend for another group of catalysts was detected. These analyses, although did
not bring sufficient information to clearly explain the excellent behavior of the non-
N-treated samples, they indicated that ORR might take place following two distinct
mechanisms. Since the system in which the reduction of oxygen takes place is rather
complex and oxygen is dissolved in an electrolyte and thus needs to be transported to
the catalytic centers, the dependence of ECSA on the oxygen density on the surface
was analyzed (Fig. 7c). Those oxygen groups, which in fact could exist only in
mesopores or at the entrances of micropores were indicated as helping with the mass

Fig. 7 Dependence of the number of electron transfer on a volume of ultramicropores, b predomi-
nant size of ultramicropores, and c dependence of ECSA on the density of oxygen in mesopores (the
linear correlation was found only for non-N-modified carbons). Reprinted with permission from
Ref. [28]. Copyright 2019, American Chemical Society
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transfer of the electrolyte to the small hydrophobic pores. The linear dependence of
ECSA on the density of oxygen was found for the non-N-treated samples implying
the importance of oxygen accessibility to small pores. The results also suggested
that the samples with the smaller ultramicropores (distribution started at the smallest
pores) had the most positive onset potential. It was suggested that even though the
micropores are generally considered as negatively affecting themass transfer process,
with the sufficient wetting of the surface, their entrances can be easily reached by
oxygen and inside these pores O2 is reduced via the 4 e transfer mechanism. The
positive influence of defects and quinine groups in ORR was also pointed out.

Mesoporous carbon spheres with improved conductivity have been investigated
as the ORR catalysts by Perez-Cadenas et al. [100]. Their carbons were prepared by
a sol–gel synthesis from resinol and formaldehyde and were additionally modified
by an addition of nonionic and ionic surfactants during the synthesis. The surface
areas were between 500 and 600 m2 g−1 and the samples had a micro/mesoporous
nature.When tested as the ORR catalysts, the samples revealed current density about
5 mA cm−2 and n between 2.9 and 3.5. Even though the effect of the porosity was
not discussed, the best performing samples had the highest volume of micropores
determined from CO2 adsorption and the DR approach. The authors indicated that
the presence of mesopores is important for ORR.

Interesting microporous carbons were investigated by Pereira et al. [101]. Their
catalysts were obtained from glucose and the authors managed to tailor their prop-
erties to some extent through an activation process. Even though one of their
main objectives was an increase in the ORR activity by the nitrogen doping and
melamine was used for this purpose, they also investigated in details a series of non-
doped carbons. On the non-doped samples, the current density was between 2 and
4 mA cm−2 and it increased with an increase in the extent of activation. The treat-
ment with nitrogen not always resulted in an increase in the current density. The onset
potential on some non-modified samples was equal to that on the nitrogen modified
ones and was higher on the porous/activated samples than on those nonactivated.
The number of electron transfer on the latter samples was only 2.3. Nevertheless,
when the dependence of the current density of all samples on the BET surface area
was analyzed, two different linear trends were found distinguishing the undoped and
N-doped samples (Fig. 8). The authors indicated that there is some effect of micro-
porosity on the ORR performance but that effect could not be compared between
doped and undoped carbons. This finding supports two differentmechanisms hypoth-
esized by Bandosz et al. [27, 28]. Interestingly, the slope was higher for the undoped
samples, which might suggest the stronger influence of microporosity for this group
of catalysts. The authors also indicated that for their samples the combination of
right N -based chemistry (pyridinic and quaternary nitrogen) and microporosity led
to the very efficient catalysts with onset potential of 0.82 V, n close to 4, and H2O2

production less than 7%.
Following the line of research on the importance of microporosity for ORR,

Bandosz et al. investigated ultramicropores-enhanced ORR process on the series of
porous carbons, doped with N and undoped [102]. Their catalysts were obtained
from sucrose in KIT-6 and ammonia was a source of nitrogen. As in the previous
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Fig. 8 Relationship between
BET surface area and
limiting current density of
undoped and doped samples.
Reprinted from Ref. [101].
License (https://creativec
ommons.org/licenses/by/4.0)

report, to modify the surface features the samples were heated at 600, 800 and
950 °C. However, after oxidation and further treatments carbons lost their ordered
mesoporous structure. While the surface areas of undoped samples ranged between
780 and 1130 m2 g−1, all N-doped carbons have similar porosity with surface areas
~1100 m2 g−1. There was only a slight difference in the content of nitrogen on the
surface of the latter samples (between 1.4 and 2.1 at.%), however, the distributions
of nitrogen species were similar. Only pyridines and pyrroles/amines were detected
on the surface and the former ones were in majority. On the samples obtained the
kinetic current density reached 5 mA cm−2 and only small differences in the onset
potentials were found (between 0.806 and 0.816 V vs. RHE) (Fig. 9). The number of
electron transfer was 3.96 on the best performing samples with H2O2 production less
than 3%. Tafel slopes were comparable to that on Pt/C. In this series of samples, the
undoped ones were the best performing, and interestingly, either oxidized or reduced
ones. While the oxidized sample had the oxygen content 13.4%, the reduced one-
7.3%, indicating the higher hydrophobicity of the later sample. The latter one had
also slightly larger surface area (892 vs. 784 m2 g−1 and) and the 50% higher volume
of ultramicropores. The authors indicated that owing to the complexity of the ORR
process various factors should be analyzed including the apparently contradictory
ones such as the presence of the high volume of small pores and the easy access of
an electrolyte to these pores. To account for this, a new factor addressing the effect
of the small pores’ high adsorption potential along with the oxygen accessibility to
those pores was proposed. It is referred to as Pore Influence Factor (PIF) and it is the
product of the volume of ultramicropores and the ratio of the number of dissociating
groups and ECSA. The latter (ratio) is related to the accessibility of oxygen to the
pores/catalytic centers and the former represents the effect of oxygen adsorption. A

https://creativecommons.org/licenses/by/4.0
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linear dependence between n and PIF was found for the undoped carbons (Fig. 10).
Moreover, following the approach of Pereira and coworkers also a direct dependence
was found between the kinetic current density and Vmic or V<0.7 nm. The lack of any
dependence for the N-doped carbon samples might suggest different mechanisms,
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Fig. 11 Schematic view of involvement ultramicropores/O2 adsorption in ORR. Reprinted with
permission from Ref. [102]. Copyright 2019, American Chemical Society

however, those carbonwere very similar in their surface features. The ultramicropore-
influenced mechanism of ORR is presented in Fig. 11. It involves the following
step: (1) withdrawal of oxygen from the electrolyte owing the hydrophobicity of
pore walls and strong adsorption potential (2) strong adsorption of O2 followed by
oxygen–oxygen bond splitting and transfer of 4 electrons, (two for each oxygen
from both pore walls; (3) water existing at the entrance of the pores contributes
to the reaction; (4) formed OH- ions have a high affinity to water and they leave
the pore/catalytic centers making them available for adsorption of other oxygen
molecules.

A significant contribution to understand the effect of microporosity came from the
group of Cazorla-Amoros [103]. They modeled ORR in microporous carbons and
indicated a crucial effect ofmicroporosity for this process. The resultswere compared
to those obtained on nonporous carbon black. A two-wave dependence of the current
on the potential was analyzed. It was proposed that it represents two stages of oxygen
reduction. The first wave at the intermediate potentials represents reduction of O2

to peroxide, a second, at lower potentials-reduction of peroxide to hydroxide. The
authors also proposed that the onset potentials are governed by the microporosity.
Their mathematical model described the reaction rate and provided the number of
electrons transfer. It considered the O2 and H2O2 mass transfer rates, two reduction
reactions and different activity of ultramicropores and supermicropores (narrow and
wide micropores). Their findings, also indicated that the adsorption potentials and
mass transfer between two type of pores might be linked to the high activity of H2O2

reduction in narrow micropores. No direct relationship between the electron transfer
coefficient and porosity was found. The model assumed that narrow and wide micro-
pores are randomly distributed and their entrances are equally accessible to oxygen
(oxygen does not have to transfer from wide pores to narrow ones). The proposed
scheme is presented in Fig. 12. That recent combined experimental and computation
approach of Cazorla-Amoros and his group is a marked step to understand the role
of carbon small pores in ORR and to develop metal-free inexpensive catalysts.
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Fig. 12 The LSV curve and model proposed for the mathematical description of the ORR mecha-
nisms on porous carbon materials with heterogenous micropores. Reprinted with permission from
Ref. [103]. Copyright 2019, Elsevier

6 Concluding Remarks

The application of porous carbons in ORR is still in its infancy, although the 3-D
engineered structures have been addressed quite extensively. After the first announce-
ment of pristine graphene and the comprehension of the necessity for its extensive
modifications needed for numerous catalytic or sensing applications, nanoporous
carbons, owing to their pseudo-graphene nature, combined with a unique porosity
and a vast range of possible surface chemistrymodifications, seem to be a very attrac-
tive target of research reaching beyond adsorption and towards energy. Although it
is without any doubts that both heteroatom-based catalytic centers and other defects
in carbons certainly enhance ORR, the recent trend and the extensive efforts on the
development of various exotic 3-D structures of carbons, testify on the important role
of porosity for this process. The effect of oxygen adsorption and thus adsorption-
driven ORR mechanisms have not been yet explored in details. Considering the
complex mechanism of ORR even on “flat” carbons and rather impossible scenario
to build defect-free nanoporous carbons, a direct support of this mechanism is fore-
seen as difficult, although not impossible. One finding seems to be true: pores in
carbons, not only heteroatoms and structural defects, enhance the ORR process….
And those pores are a unique asset of this kind of materials.

Acknowledgements The author would like to highly acknowledge the extensive contribution of
Prof. Francisco Rodriguez-Reinoso works to her development as a carbon scientist.

References

1. Liu, X., Dai, L.: Carbon-based metal-free catalysts. Nat. Rev. Mater. 1, 16064 (2016)



72 T. J. Bandosz

2. Yang, S., Waldvogel, R., Jiang, X.: Electrochemistry of carbon dioxide on carbon electrodes.
ACS Appl. Mater. Interfaces 8, 28357–28371 (2016)

3. Srinsivau, K., Modak, B., Ghosh, S.K.: Porous graphitic carbon nitride: a possible metal-free
photocatalyst for water splitting. J. Phys. Chem. 118, 26479–26484 (2014)

4. Zhao, Y., Zhang, J., Qu, L.: Graphitic carbon nitride/graphene hybrids as new active materials
for energy conversion and storage. ChemNanoMat 1, 298–318 (2015)

5. Martin, D.J., Qiu, K., Shevlin, S.A., Hanfoko, A.D., Chen, X., Guo, Z., Tang, J.: Highly
efficient photocatalytic H2 evolution from water using visible light and structure-controlled
graphitic carbon nitride. Angew. Chem. Int. Ed. 53, 9240–9245 (2014)

6. Huang, C., Chen, C., Zhang, M., Lin, L., Ye, X., Lin, S., Antonietti, M., Wang, X.: Carbon-
doped BN nanosheets for metal-free photoredox catalysis. Nat. Commun. 6, 7698 (2015)

7. Gong, Y., Li, M., Wang, Y.: Carbon nitride in energy conversion and storage: recent advances
and future prospects. ChemSusChem 8, 931–946 (2015)

8. Largeot, C., Portet, C., Chmiola, J., Taberna, P.L., Gogotsi, Y., Simon, P.: Relation between
the ion size and pore size for an electric double-layer capacitor. J. Am. Chem. Soc. 130,
2730–2731 (2008)

9. Raymundo-Pinero, E., Kierzak, K., Machnikowski, J., Beguin, F.: Relationship between
the nanoporous texture of activated carbons and their capacitance properties in different
electrolytes. Carbon 44, 2498–2507 (2006)

10. Eliad, J., Salitra, G., Soffer, A., Aurbach, D.: Ion sieving effects in the electrical double layer
of porous carbon electrodes: estimating effective ion size in electrolytic solutions. J. Phys.
Chem. B 105, 6880–6887 (2001)

11. Chmiola, J., Yushin, G., Gogotsi, Y., Portet, C., Simon, P., Taberna, P.L.: Anomalous increase
in carbon capacitance at pore sizes less than 1 nanometer. Science 313, 1760–1763 (2006)

12. Kiyohara, K., Sugino, T., Asaka, K.: Phase transition in porous electrodes. J. Chem. Phys.
131, 154710 (2011)

13. Kondrat, S., Georgi, N., Fedorov, M.V., Kornyshev, A.A.: A superionic state in nano-porous
double-layer capacitors: insights from Monte Carlo simulations. Phys. Chem. Chem. Phys.
13, 11359–11366 (2011)

14. Bandosz, T.J.: Nanoporous carbons: Looking beyond their perception as adsorbents, catalyst
supports and supercapacitors. Chem. Rec. 16, 205–218 (2016)

15. Ania, C.O., Armstrong, P.A., Bandosz, T.J., Beguin, F., Carvalho, A.P., Celzard, A., Frack-
owiak, E., Gilarranz, M.A., Laszlo, K., Matos, J., Pereira, M.F.R.: Engaging nanoporous
carbons in “beyond adsorption” applications: characterization, challenges and performance.
Carbon 164, 69–84 (2020)

16. Guo, J., Morris, J.R., Ihm, Y., Contescu, C.I., Gallego, N.C., Duscher, G., Pennycook,
S.J., Chisholm, M.F.: Topological defects: origin of nanopores and enhanced adsorption
performance in nanoporous carbon. Small 8, 3283–3288 (2012)

17. Bandosz, T.J., Ania, C.O.: Surface chemistry of activated carbon and its characterization. In:
Bandosz, T.J. (ed.) Activated Carbon Surfaces in Environmental Remediation, pp. 159–230.
Elsevier, Oxford (2006)

18. Yang, Z., Nie, H., Chen, X., Chen, X., Huang, S.: Recent progress in doped carbon nanoma-
terials as effective cathode catalysts for fuel cell oxygen reduction reaction. J. Power Sources
236, 238–249 (2013)

19. Zhang, J., Xia, Z., Dai, L.: Carbon-based electrocatalysts for advanced energy conversion and
storage. Sci. Adv. 1, e150056 (2015)

20. Yu, L., Pan, X., Cao, X., Hu, P., Bao, X.: Oxygen reduction reaction mechanism on nitrogen-
doped grapheme. A density functional theory study. J. Catal. 282, 1183–1190 (2011)

21. Shao,M., Chang,Q., Dodelet, J.P., Chenitz, R.: Recent advances in electrocatalysts for oxygen
reduction reaction. Chem. Rev. 116, 3594–3657 (2016)

22. Ma, R., Lin, G., Zhou, Y., Liu, Q., Zhang, T., Shan, G., Yang, M., Wang, J.: A review of
oxygen reduction mechanisms for metal-free carbon-based electrocatalysts. Comput. Mater.
5, 78 (2019)



Porous Carbons as Oxygen Reduction Electrocatalysts 73

23. Chen, L., Xu, X., Yang, W., Jia, J.: Recent advances in carbon-based electrocatalysts for
oxygen reduction reaction. Chin. Chem. Lett. 31, 626–634 (2020)

24. Jorge, A.A., Jervis, R., Teriasamy, A.P., Qiao, M., Feng, J., Tran, L.N., Titirici, M.M.: 3D-
carbon materials for efficient oxygen and hydrogen electrocatalysis. Adv. Energy. Mater. 10,
1902494 (2019).

25. Yan, X., Jia, Y., Yao, X.: Defects on carbon for electrocatalytic oxygen reduction. Chem. Soc.
Rev. 47, 7628–7658 (2018)

26. Seredych, M., Szcurek, A., Fierro, V., Celzard, A., Bandosz, J.: Electrochemical reduction of
oxygen on hydrophobic ultramicroporous PolyHIPE carbon. ACSCatal. 6, 5618–5628 (2016)

27. Encalada, J., Savaram, K., Travlou, N.A., Li, W., Li, Q., Delgado-Sanchez, C., Fierro, V.,
Celzard, A., He, H., Bandosz, T.J.: Combined effect of porosity and surface chemistry on the
electrochemical reduction of oxygen on cellular vitreous carbon foam catalysts. ACS Catal.
7, 7466–7478 (2017)

28. Florent, M., Wallace, R., Bandosz, T.J.: Oxygen electroreduction on nanoporous carbons:
textural features vs nitrogen and boron catalytic centers. ChemCatChem 11, 851–860 (2019)

29. Barrera, D., Florent, N., Sapag, K., Bandosz, T.J.: Insight into the mechanism of oxygen
reduction reaction onmicro/mesoporous carbons: ultramicropores versus nitrogen-containing
catalytic centers in ordered pore structure. ACS Appl. Energy Mater. 2, 7412–7424 (2019)

30. Winter, M., Brodd, V.: What are batteries, fuel cells, and supercapacitors? Chem. Rev. 104,
4245–4270 (2004)

31. Masa, J., Xia,W.,Muhler,M., Schuhmann,W.: On the role ofmetals in nitrogen-doped carbon
electrocatalysts for oxygen reduction. Angew. Chem. Int. Ed. 54, 10102–10120 (2015)

32. Tiwari, J.N., Tiwari, R.N., Singh, G., Kim, K.S.: Recent progress in the development of anode
and cathode catalysts for direct methanol fuel cells. Nano Energy 2, 553–578 (2013)

33. Wu, G., Zelenay, P.: Nanostructured nonprecious metal catalysts for oxygen reduction
reaction. Acc. Chem. Res. 46, 1878–1889 (2013)

34. Stamenkovic, V.R., Mun, B.S., Arenz, M., Mayrhofer, K.J.J., Lucas, C.A., Wang, G., Ross,
P.N., Markovic, N.M.: Trends in electrocatalysis on extended and nanoscale Pt-bimetallic
alloy surfaces. Nat. Mater. 6, 241–247 (2007)

35. Jiang, S.,Ma,Y., Jian, G., Tao, H.,Wang,X., Fan, Y., Lu, Y., Hu, Z., Chen, Y.: Electrocatalysts:
Facile construction of Pt-Co/CNx nanotube electrocatalysts and their application to the oxygen
reduction reaction. Adv. Mater. 21, 4953–4956 (2009)

36. Tian, N., Zhou, Z.-Y., Sun, S.-G., Ding, Y.,Wang, Z.L.: Synthesis of tetrahexahedral platinum
nanocrystals with high-index facets and high electro-oxidation activity. Science 31, 732–735
(2007)

37. Wang, C., Daimon, H., Onodera, T., Koda, T., Sun, S.: A general approach to the size- and
shape-controlled synthesis of platinum nanoparticles and their catalytic reduction of oxygen.
Angew. Chem. 120, 3644–3647 (2008)

38. Dai, L., Xue, Y., Qu, L., Choi, H.J., Baek, J.B.: Metal-free catalysts for oxygen reduction
reaction. Chem. Rev. 115, 4823–4892 (2015)

39. Chen, J., Zhang, H., Liu, P., Li, Y., Li, G., An, T., Zhao, H.: Thiourea sole doping reagent
approach for controllable N, S co-doping of pre-synthesized large-sized carbon nanospheres
as electrocatalyst for oxygen reduction reaction. Carbon 92, 339–347 (2015)

40. Zhang, J., Dai, L.: Heteroatom-doped graphitic carbon catalysts for efficient electrocatalysis
of oxygen reduction reaction. ACS Catal. 5, 7244–7253 (2015)

41. Wu, J., Yang, Z., Li, X., Sun, Q., Jin, C., Strasser, P., Yang, R.: Phosphorus-doped porous
carbons as efficient electrocatalysts for oxygen reduction. J. Mater. Chem. A 1, 9889–9896
(2013)

42. Wu, G., More, K.L., Johnston, C.M., Zelenay, P.: High-performance electrocatalysts for
oxygen reduction derived from polyaniline, iron, and cobalt. Science 332, 443–447 (2011)

43. Watson, V.J., Delgado, C.N., Logan, B.E.: Influence of chemical and physical properties of
activated carbon powders on oxygen reduction and microbial fuel cell performance. Environ.
Sci. Technol. 47, 6704–6710 (2013)



74 T. J. Bandosz

44. Choi, C.H., Park, S.H.,Woo, S.: Binary and ternary doping of nitrogen, boron, and phosphorus
into carbon for enhancing electrochemical oxygen reduction activity. ACSNano 6, 7084–7091
(2012)

45. Deak, D., Biddinger, E.J., Luthman, K., Ozkan, U.S.: The effect of phosphorus in nitrogen-
containing carbon nanostructures on oxygen reduction in PEM fuel cells. Carbon 48, 3637–
3659 (2010)

46. Zhong,M., Kim, E.K.,McGann, J.P., Chun, S.E.,Whitacre, J.F., Jaroniec,M.,Matyjaszewski,
K., Kowalewski, T.: Electrochemically active nitrogen-enriched nanocarbons with well-
defined morphology synthesized by pyrolysis of self-assembled block copolymer. J. Am.
Chem. Soc. 134, 14846–14857 (2012)

47. Wang, S., Zhang, L., Xia, Z., Roy, A., Chang, D.W., Baek, J.-B., Dai, L.: BCN graphene as
efficient metal-free electrocatalyst for the oxygen reduction reaction. Angew. Chem. Int. Ed.
51, 4209–4212 (2012)

48. Li, H., Kang, W., Wang, L., Yue, Q., Xu, S., Wang, H., Liu, J.: Synthesis of three-dimensional
flowerlike nitrogen-doped carbons by a copyrolysis route and the effect of nitrogen species
on the electrocatalytic activity in oxygen reduction reaction. Carbon 54, 249–257 (2013)

49. Liang, J., Zheng, Y., Chen, J., Liu, J., Hulicova-Jurcakova, D., Jaroniec, M., Qiao, S.Z.: Facile
oxygen reduction on a three-dimensionally ordered macroporous graphitic C3N4/carbon
composite electrocatalyst. Angew. Chem. Int. Ed. 51, 3892–38926 (2012)

50. Liang, J., Jiao, Y., Jaroniec, M., Qiao, S.Z.: Sulfur and nitrogen dual-doped mesoporous
graphene electrocatalyst for oxygen reduction with synergistically enhanced performance.
Angew. Chem. Int. Ed 51:1–6 (2012). Angew. Chem. 124, 11664–11668 (2012)

51. Liu, M., Zhang, R., Chen, W.: Graphene-supported nanoelectrocatalysts for fuel cells:
synthesis, properties, and applications. Chem. Rev. 114, 5117–5160 (2014)

52. Yang, Z., Yao, Z., Li, G., Fang, G., Nie, H., Liu, Z., Zhou, X., Chen, X., Huang, S.: Sulfur-
doped graphene as an efficient metal-free cathode catalyst for oxygen reduction. ACS Nano
6, 205–211 (2012)

53. Yang, S., Zhi, L., Tang, K., Feng, X., Maier, J., Mullen, K.: Efficient synthesis of heteroatom
(N or S)-doped graphene based on ultrathin graphene oxide-porous silica sheets for oxygen
reduction reactions. Adv. Funct. Mater. 22, 3634–3640 (2012)

54. Zhang, C., Hao, R., Lian, H., Hou, Y.: Synthesis of amino-functionalized graphene as metal-
free catalyst and exploration of the roles of various nitrogen states in oxygen reduction
reaction. Nano Energy 2, 88–97 (2013)

55. Gong, K.P., Du, F., Xia, Z.H., Durstock, M., Dai, L.M.: Nitrogen-doped carbon nanotube
arrays with high electrocatalytic activity for oxygen reduction. Science 323, 760–764 (2009)

56. Silva, R., Voiry, D., Chhowalla, M., Asefa, T.: Efficient metal-free electrocatalysts for oxygen
reduction: polyaniline-derived N- and O-doped mesoporous carbons. J. Am. Chem. Soc. 135,
7823–7826 (2013)

57. Tao, G., Zhang, L., Chen, L., Cui, X., Hua, Z., Wang, M., Wang, J., Chen, Y., Shi, J.: N-
doped hierarchically macro/mesoporous carbon with excellent electrocatalytic activity and
durability for oxygen reduction reaction. Carbon 86, 108–117 (2015)

58. Chen, J., Zhang, H., Liu, P., Li, Y., Li, G., An, T., Zhao, H.: Nitrogen doped carbon nanotubes
and their impact on the oxygen reduction reaction in fuel cells. Carbon 92, 339–347 (2015)

59. Seredych, M., László, K., Rodríguez-Castellón, E., Bandosz, T.J.: S-doped carbon aero-
gels/GO composites as oxygen reduction catalysts. J. Energy Chem. 25, 236–245 (2016)

60. Seredych, M., László, K., Bandosz, T.J.: Sulfur-doped carbon aerogel as a metal-free oxygen
reduction catalyst. ChemCatChem 7, 2924–2931 (2015)

61. Seredych,M., Biggs, M., Bandosz, T.J.: Oxygen reduction on chemically heterogeneous iron-
containing nanoporous carbon: the effects of specific surface functionalities. Micro. Meso.
Mater 221, 137–149 (2016)

62. Wang, L., Ambrosi, A., Pumera, M.: “Metal-free” catalytic oxygen reduction reaction on
heteroatom-doped graphene is caused by trace metal impurities. Angew. Chem. 125, 14063–
14066 (2013)



Porous Carbons as Oxygen Reduction Electrocatalysts 75

63. Ozaki, J.I., Anahara, T., Kimura, N., Oya, A.: Simultaneous doping of boron and nitrogen into
a carbon to enhance its oxygen reduction activity in proton exchange membrane fuel cells.
Carbon 44, 3358–3361 (2006)

64. Ozaki, J.I., Kimura, N., Anahara, T., Oya, A.: Preparation and oxygen reduction activity of
BN-doped carbons. Carbon 45, 1847–1853 (2007)

65. Huang, S.F., Terakura, K., Ozaki, T., Ikeda, T., Boero, M., Oshima, M., Ozaki, J.I., Miyata,
S.: First-principles calculation of the electronic properties of graphene clusters doped with
nitrogen and boron: analysis of catalytic activity for the oxygen reduction reaction. Phys. Rev.
B Condens. Matter Mater. Phys. 80, 235410 (2009)

66. Chisaka,M., Iijina, T., Ishigara,Y., Suzuki,Y., Inadar, R., Sakurai,Y.: Carbon catalyst codoped
with boron and nitrogen for oxygen reduction reaction in acid media. Electrochim. Acta 85,
399–410 (2012)

67. Wang, S., Iyyamperumal, E., Roy, A., Xue, Y., Yu, D., Dai, L.: Vertically aligned BCN
nanotubes as efficient metal-free electrocatalysts for the oxygen reduction reaction: a syner-
getic effect by co-doping with boron and nitrogen. Angew. Chem. Int. Ed. 50, 11756–11760
(2011)

68. Zhao, Y., Yang, L., Chen, S., Wang, X., Ma, Y., Wu, Q., Jiang, Y., Qian, W., Hu, Z.: Can boron
and nitrogen co-doping improve oxygen reduction reaction activity of carbon nanotubes? J.
Am. Chem. Soc. 135, 1201–1204 (2013)

69. Choi, C.H., Chung, M.W., Kwon, H.C., Park, S.H., Woo, S.I.: B, N- and P, N-doped graphene
as highly active catalysts for oxygen reduction reactions in acidic media. J. Mater. Chem. A
1, 3694–3699 (2013)

70. Baik, S., Suh, B.L., Byeon, A., Kim, J., Lee, J.W.: In-situ boron and nitrogen doping in flue
gas derived carbonmaterials for enhanced oxygen reduction reaction. J. CO2 Utiliz. 20, 73–80
(2017)

71. Paraknowitsch, J.P., Thomas, A.: Doping carbons beyond nitrogen: an overview of advanced
heteroatom doped carbons with boron, sulfur and phosphorus for energy applications. Energy
Environ. Sci. 6, 2839–2854 (2013)

72. Zhao, Z., Xia, Z.: Design principles for dual-element-doped carbon nanomaterials as efficient
bifunctional catalyst for oxygen reduction and evolution reactions. ACS Catal. 6, 1553–1558
(2016)

73. Jiang, Y., Yang, L., Sun, T., Zhao, J., Lyu, Z., Zhuo, O., Wang, X., Wu, Q., Ma, J., Hu, Z.:
Significant contribution of intrinsic carbon defects to oxygen reduction activity. ACS Catal.
5, 6707–6712 (2015)

74. Xue, L., Li, Y., Liu, X., Liu, Q., Shang, J., Duan, H., Dai, L., Shui, J.: Zigzag carbon as
efficient and stable oxygen reduction electrocatalyst for proton exchange memrane fuel cells.
Nat. Comm. 9, 3819 (2018)

75. Li, Y., Zhou, W., Wang, H., Xie, L., Liang, Y., Wei, F., Idrobo, J.-C., Pennycook, S.J., Dai,
H.: An oxygen reduction electrocatalyst based on carbon nanotube-graphene complexes. Nat.
Nanotechnol. 7, 394–400 (2012)

76. Wang, X., Lee, J.S., Zhu, Q., Liu, J.,Wang, Y., Dai, S.: Ammonia -treated orderedmesoporous
carbons as catalytic materials for oxygen reduction reactions. Chem. Mater. 22, 2178–2180
(2010)

77. Gavrilov, N., Pasti, I.A., Mitric, M., Trava-Sejdic, J., Ciric-Marjanonic, G., Mantus, S.V.:
Electrocatalysis of oxygen reduction reaction on polyaniline-derived nitrogen-doped carbon
nanoparticle surfaces in alkaline media. J. Power Sources 220, 306–316 (2012)

78. Zhao, X., Zhao, H., Zhang, T., Yan, X., Yuan, Y., Zhang, H., Zhao, H., Zhang, D., Zhu, G.,
Yao, X.: One-step synthesis of nitrogen doped microporous carbon materials as metal free
electrocatalysts for oxygen reduction reaction. J. Mater. Chem. A 2, 11666–11671 (2014)

79. Liu, Y.-L., Shi, C.-S., Xu, X.-Y., Sun, P.-C., Chen, T.-H.: Nitrogen doped hierarchically porous
carbon spheres as efficient metal-free electrocatalyst for an oxygen reduction reaction. J.
Power. Sources 282, 389–396 (2015)

80. He, Y., Han, X., Du, Y., Song, B., Xu, P., Zhang, B.: Bifunctional nitrogen-doped micro-
porous carbon microspheres derived from poly(o-methylamine) for oxygen reduction and
supercapacitors. ACS Appl. Mater. Interfaces 8, 3601–3608 (2016)



76 T. J. Bandosz

81. Ferrero, G.A., Preuss, K., Fuertes, A.A., Sevilla, M., Titirici, M.-M.: The influence of pore
size distribution on the oxygen reduction reaction performance in nitrogen doped carbon
microspheres. J. Mater. Chem. 4, 2581–2589 (2016)

82. Eisneberger, D., Prinsen, P., Geels, N.J., Stroek, W., Yan, N., Hua, B., Kuo, J.-L., Rothenberg,
G.: The evolution of chierarchical porosity in self templated nitrogen-doped carbon and its
effects on oxygen reduction electrocatalysis. RCS Adv. 6, 80398–80407 (2016)

83. Quilez-Bermejo, J., Gonzalez-Gaitan, C., Morallon, E., Cazorla-Amoros, D.: Effect of
carbonization conditions of polyaniline on its catalytic activity towards ORR. Some insights
about the nature of active sites. Carbon 119, 62–71 (2017)

84. Quilez-Bermejo, J., Morallon, E., Cazorla-Amoros, D.: Oxygen-reduction catalysis of N-
doped carbons prepared via heat treatment of polyaniline at over 1100 °C. Chem. Comm. 54,
441–4444 (2018)

85. Zhang, H., Lv, K., Fang, B., Forster, M.C., Derivighu, R., Andreas, L.B., Zhang, K., Chen, S.:
Crucial role for oxygen functional groups in the oxygen reduction reaction electrocatalytic
activity of nitrogen-doped carbons. Electrochem. Acta 292, 942–950 (2018)

86. Li, C., Li, X., Sun, X., Zhang, X., Duan, L., Yang, X., Wang, L., Lu, W.: Porous carbón
networks derived from graphitic carbon nitride for efficient oxygen reduction reaction.
Nanoscale Res. Lett. 16, 249–2457 (2019)

87. Mostazo-Lopez, M.J., Salina-Torres, D., Ruiz-Rosas, R., Morallon, E., Cazorla-Amoros, D.:
Nitrogen-doped superporous activated carbons as electrocatalysts for the oxygen reduction
reaction. Materials 12, 1346–1362 (2019)

88. Xie, B., Zhang, Y., Zhang, R.: Pure nitrogen-doped graphene aerogel with rich micropores
yield high ORR performance. Mat. Sci. Eng. 242, 1–5 (2019)

89. Li, D., Jia, Y., Chang, G., Chen, J., Liu, H., Wang, J., Hu, Y., Xia, Y., Yang, D., Yao, X.: A
defect-driven metal free electrocatalyst for oxygen reduction in acidic electrolyte. Chem 4,
2345–2356 (2018)

90. Wang, H., Bo, X., Zhang, Y., Guo, L.: Sulfur-doped ordered mesoporous carbon with high
electrocatalytic activity for oxygen reduction. Electrochim. Acta 108, 404–411 (2013)

91. Seredych,M., Idrobo, J.C., Bandosz, T.J.: Effect of confined space reduction of graphite oxide
followed by sulfur doping on oxygen reduction reaction in neutral electrolyte. J. Mater. Chem.
A 1, 7059–7067 (2013)

92. Seredych, M., Bandosz, T.J.: Confined space reduced graphite oxide doped with sulfur as
metal-free oxygen reduction catalyst. Carbon 66, 227–233 (2014)

93. Baik, S., Lee, J.W.: Effect of boron-nitrogen bonding on oxygen reduction reaction activity
of BN Co-doped activated porous carbons. RSC Adv. 5, 24661–24669 (2015)

94. Ishii, T.,Maie, T., Kimura, N., Kobori, Y., Imashiro, Y., Ozaki, J.I.: Enhanced catalytic activity
of nanoshell carbon co-doped with boron and nitrogen in the oxygen reduction reaction. J.
Hydrogen Energy 42, 15489–15496 (2017)

95. Zhang, Y., Huang, N., Zhang, J., Qiao, S., Sun, Y., Gao, Z.: P-doped three dimentional porous
carbon networks as efficient metal-free electrocatalysts for ORR. ECS J. Solid State. Sci.
Technol. 7, M123–M127 (2018)

96. Sun, Y.N., Zhang, N.L., Zhao, L., Sui, Z.-Y., Sun, Z.-Y., Han, B.-H.: AN, P dual-doped carbon
with high porosity as an advanced metal-free oxygen reduction catalyst. Adv. Mater. Interf.
6, 1900592 (2019)

97. Tang, C., Zhang, Q.: Nanocarbon for oxygen reduction electrocatalysis: dopants, edges, and
defects. Adv. Mater. 28, 1604103 (2017)

98. Kruusenberg, I., Keis, J., Aulepp, M., Tammeveski, K.: Oxygen reduction on carbon
nanomaterials-modified glassy carbon electrodes in alkaline solution. J. Solid State Elec-
trochem. 14, 1269–1277 (2010)

99. Wei, W., Tao, Y., Lv, W., Su, F.-Y., Ke, L., Li, J., Wang, D.-W., Li, B., Kang, F., Yang, Q.-H.:
Unusual high oxygen reduction performance in all-carbon electrocatalysts. Sci. Rep. 4, 6289
(2014)

100. Castelo-Quiben, J., Bailon-Garcia, E., Perez-Fernandez, F.J., Carrasco-Marin, F., Perez-
Cadenas, A.F.: Mesoporous carbon nanospheres with improved conductivity for electro-
catalytic reduction of O2 and CO2. Carbon 155, 88–99 (2019)



Porous Carbons as Oxygen Reduction Electrocatalysts 77

101. Gomes-Morai, R., Rey-Raap, N., Figueiredo, J.L., Ribeiro Pereira, M.F.: Glucose-derived
carbon materials with tailored properties as electrocatalyst for the oxygen reduction reaction.
Beilstein J. Nanotechnol. 10, 1089–1102 (2019)

102. Barrera, D., Florent, M., Kulko, M., Bandosz, T.J.: Ultramicropores-influenced mechanism of
oxygen electroreduction on metal-free carbon catalysts. J. Mater. Chem. A 7, 27110–27123
(2019)

103. Gabe, A., Ruiz-Rosa, R., Gonzalez-Gaitan, C., Morallon, E., Cazorla-Amoros, D.: Modeling
of oxygen reduction reaction in porous carbon materials in alkaline medium. Effect of
microporosity. J. Power Sources 412, 451–464 (2019)



Computer Simulation and Experimental
Studies of Various Environmental Gases
(NH3, CH2O, SO2, H2S, Benzene, Water)
on Carbon Materials

Lumeng Liu, Shiliang (Johnathan) Tan, and D. D. Do

Abstract Adsorption by carbonaceous materials is an indispensable technique for
gas purification. Its process is fundamentally driven by the interplay between the
adsorbate-adsorbate and adsorbate-adsorbent interactions. The extent of these inter-
actions depends on the temperature, the properties of the adsorbate (the saturation
vapour pressure, the polarizability) and the physical and chemical properties of the
adsorbent (the surface area, the pore size distribution and the functional groups).
Conventional modeling and correlations are practical, but they are not informative in
elucidating adsorption mechanism, which is critically important for rational design
of high-performance adsorbents and proper management of adsorption processes. To
this end, this chapter presents molecular simulation of adsorption for five common
gaseous pollutants, benzene, formaldehyde, sulfur dioxide, hydrogen sulfide, and
ammonia, as well as water on graphite, functional groups, graphitic pores and func-
tionalized pores. These adsorption systems were classified based on the parameters
�, which is the ratio of the isosteric heat of adsorption to the heat of condensation
of the bulk), and they are analyzed with the Henry Constant, the isotherm, the isos-
teric heat and the density distribution of adsorbate within the system. Finally, the
competitive and cooperative phenomena observed for multi-component adsorption
were briefly presented and discussed with some preliminary molecular simulation
results.
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1 Introduction

The hazardous gases and vapors from various industrial processes (e.g., chemical,
pharmaceutical, etc.), combustion exhaust and in indoor/outdoor environments (e.g.,
buildings, automobiles, aircrafts, etc.) must be tackled properly to meet stringent
environmental regulations for human health. Table 1 presents the properties, the
impact on health and the immediately dangerous to life or health (IDLH) of selected
gaseous pollutants.

There are various air cleaning technologies, such as adsorption, catalytic oxida-
tion, photocatalysis, etc., among which adsorption by carbonaceous adsorbents is
widely used because it is reliable and economically favorable. There are a number
of factors that govern the performance of an adsorption process: the boiling point,
the vapor pressure, and the polarizability of the adsorbate; the surface area, the pore
size distribution and functionalities of the adsorbent; and the temperature at which
the adsorption occurs [3–6]. Numerous studies have put efforts into correlating those
factors to derive useful information for practical applications, for example correla-
tions involving surface functional groups (SFG), micropore volume of solids, polar-
izability of gases and pre-adsorbed water (multi-component adsorption) are given in
Fig. 1.

As practical as they canbe, the correlations per se are not informative in elucidating
adsorption mechanism, which is critically important for rational design of high-
performance adsorbents andpropermanagement of adsorption processes.Adsorption
is fundamentally driven by the forces of interaction between all entities in a given
system, including the attractive dispersion forces, the short-range repulsive forces,
and electrostatic forces, balanced by the interplay between the energy and the entropy
to minimize the free energy. Therefore, if the interactions between adsorbate and
adsorbent are correctly described, the critical details obscured by the interplay of
those factors can be unraveled by way of molecular simulation. This is the path
taken by many researchers in the past many decades, and significant progress has
been made on the development of theory and application of molecular simulation of
adsorption together with high-resolution experimental data [11–17].

Table 1 Properties, health effects and IDLH of selected gaseous pollutants [1, 2]

Gas Boiling point (K) Dipole moment (D) Healthy effect IDLH (ppm)

Formaldehyde 253.9 2.33168 Carcinogen
(nasopharyngeal)

30

Benzene 351 0 Carcinogen
(leukemia)

3000

Ammonia 239.8 1.4718 Irrigating eyes, skin
and respiratory

300

Sulfur dioxide 263 1.62 Respiratory disease 100

Hydrogen sulfide 212.84 0.97 Respiratory disease 100

Water 373.15 1.85 –
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Fig. 1 Correlations between a formaldehyde adsorption capacity and density of functional groups
[7], b benzene adsorption and micropore volume [8], c affinity coefficient of Dubinin model and
polarizability [9], and d ammonia adsorption and amounts of pre-adsorbed water [10]

In this chapter, we present molecular simulation of adsorption for five repre-
sentative gaseous pollutants, benzene (representing volatile organic compounds),
formaldehyde (indoor carcinogen), sulfur dioxide (flue gas impurity), hydrogen
sulfide (foul odor), and ammonia (corrosive gas), as well as water (because it impedes
the removal of the pollutants) on graphite, functional groups, graphitic pores and
functionalized pores. The goal is to delineate the role of various components of a
carbonaceous adsorbent on their interactions with gaseous pollutants, from which
we can derive the underlying mechanism of adsorption.

2 Adsorption on Surface

Practical carbonaceous adsorbents are porous and adsorption in pores at a given
temperature is affected by many factors: pore size, shape and connectivity, surface
affinity and functionalities. Among these factors, the surface affinity is the most
critical one as it is the measure of interaction between adsorbate and adsorbent.
Therefore, we isolate other factors and study this interaction and quantify it with the
Henry constant and the isosteric heat at zero loading. Once this has been understood,
we carry out molecular simulation of adsorption to study the interplay between the
adsorbate–adsorbate interaction and the adsorbate-adsorbent interaction.

When the adsorbate–adsorbate interaction is less than the adsorbate-adsorbent
interaction, adsorption is not favorable. On the other hand, when the interaction
between adsorbate and adsorbent is greater, adsorbate molecules will adsorb on the
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surface of the adsorbent. Depending on the temperature (i.e. entropy effect) adsor-
bate molecules can form clusters on the surface (very low temperatures) or scatter
on the surface (high temperatures), and at sufficiently high pressures adsorbed film
can be formed. The quantification of the intrinsic interaction between one adsorbate
molecule and the adsorbent is the Henry constant. For a given volume of the system,
the intrinsic Henry constant is calculated from the following integration of the Boltz-
mann factor over the volume space and over the orientation space of the adsorbate
molecule [18, 19]:

Kint =
˚

V

∫

ω

exp

[
−ϕ

(
r , ω

)
kBT

]
dωdV (1)

where kB is the Boltzmann constant, V is the volume of the system, and ϕ is the
potential energy between an adsorbate molecule with orientation ω at the position r
and the adsorbent. The unit for the intrinsic Henry constant is nm3, and its physical
meaning is that it is the volume occupied by the molecules in the system if they are
allowed to expand to the same density as the bulk gas [20]. For strong adsorbents
this intrinsic Henry constant is much greater than the volume of the system. If the
adsorbed density for surface adsorption is expressed as molecules per unit area.

� = KρG (2)

where K is the surface Henry constant, K = K int/S, having a unit of length.
The isosteric heat at zero loading can also be computed from [20]:

q(0)
st = kBT

˝
V

ϕ(r ,ω)
kBT

exp
[
− ϕ(r ,ω)

kBT

]
drdω

Kint
(3)

shows the surfaceHenry constant for the adsorbates studied in this chapter interacting
with graphite as a function of temperature. It is seen that graphite has the highest
affinity towards benzene because there are six carbon atoms and six hydrogen atoms,
resulting in a very strong dispersive interactionwith graphite. The order of the affinity
for a given temperature is.

Benzene > SO2 > H2S ∼ Formaldehyde > NH3 > water

The Henry constant decreases with temperature, and the extent of this decrease is
greater for adsorbates having high energy of interaction with graphite, for example
the Henry constant for benzene decreases by a factor of 100 when the temperature
increases from 250 to 350 Kwhile the Henry constant for water decreases by a factor
of approximately 2 over the same temperature range (Fig. 2).

The variation of the Henry constant with temperature is reflected in the isosteric
heat at zero loading, shown as solid lines in Fig. 3 as a function of temperature. Also
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Fig. 2 Surface Henry
constant (Eq. 2) as a function
of temperature for various
adsorbates on graphite
without functional groups

Temperature (K)
200 250 300 350 400 450

Su
rfa

ce
 H

en
ry

 c
on

st
an

t (
nm

)

10-1

100

101

102

103

104

105

Ammonia

Benzene

Sulphur Dioxide

Water

Hydrogen Sulphite
Formaldehyde

(b)

Temperature (K)

Is
os

te
ric

 h
ea

t, 
q s

t(0
)  (k

J/
m

ol
)

0

10

20

30

40

50

Ammonia 
Hydrogen Sulfide

(c)

Temperature (K)

Is
os

te
ric

 h
ea

t, 
q s

t(0
)  (k

J/
m

ol
)

0

10

20

30

40

50

Formaldehyde
Sulphur Dioxide

(a)

Temperature (K)
200 250 300 350 400 450 200 250 300 350 400 450200 250 300 350 400 450Is

os
te

ric
 h

ea
t, 

q s
t(0

)  (k
J/

m
ol

)

0

10

20

30

40

50

Ammonia 
Water

Ammonia

Benzene

Formaldehyde

Sulphur Dioxide

Water

Hydrogen Sulfide

Fig. 3 Isosteric heat at zero loading (solid lines) for adsorption of various pollutants on pure
graphite and the heat of condensation (dash line) as a function of temperature

plotted in the same figure is the heat of condensation (dashed lines) so that we can
evaluate the adhesiveness between adsorbate and adsorbent versus the cohesiveness
between adsorbate molecules. There are two extreme cases: (1) isosteric heat at zero
loading q(0)

st is always greater than the bulk heat of condensation λ for the range of
temperatures investigated in this study, as seen with benzene and hydrogen sulfide,
and (2) q(0)

st < λ for the case of ammonia and water. Falling between these two
extremes is observed with sulfur dioxide and formaldehyde, i.e. q(0)

st < λ for low
temperatures and q(0)

st > λ for high temperatures. The implication of this relative
difference is the behavior of adsorption isotherms at different temperatures for a
given reduced pressure.

For case (1) benzene always adsorb favorably on a carbon surface, while for case
(2) water does not adsorb on pure graphite. The interesting cases are formaldehyde
and sulfur dioxide because the isosteric heat at zero loading is lower than the heat
of condensation at low temperatures and becomes greater at higher temperatures.
This does not mean that adsorption does not occur for ammonia, formaldehyde and
sulfur dioxide at low temperatures because Fig. 3 only provides information of one
adsorbate molecule interacting with graphite. As the pressure is increased, more
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molecules are progressively added to the surface, and it is the interaction between
the adsorbate molecules that could result in the isosteric heat of adsorption to become
greater than the heat of condensation, facilitating the formation of adsorbed layer on
the surface. We shall provide more details when we discuss adsorption isotherms of
various gases in Fig. 6. Before we proceed to study the intrinsic interaction between
an adsorbate molecule and different types of surface functional groups, an argument
about the interaction of water with graphite deserves a brief discussion. The isosteric
heat at zero loading for water/graphite is 8 kJ/mol, much lower than the heat of
condensation of 45 kJ/mol. Even with the allowance for the interactions between
adsorbedwater molecules, the energy of these interactions is not enough to overcome
the difference of 37 kJ/mol; hence water does not wet the graphite surface unless
there are strong sites that help to nucleate water clusters; examples of the strong sites
are functional groups that are common in most carbon materials and very fine cracks
of dimensions commensurate to the molecular size of water.

2.1 Effects of Functional Groups

Natural graphite is rarely pure and its graphene layers are usually terminated with
hydrogen atoms and functional groups. We chose hydroxyl and carboxylic to repre-
sent the acidic group and amine and amide to represent the basic group and the
simulation details are given in Appendix “Simulation”. Figure 4 shows the intrinsic
Henry constants (calculated with Eq. 1) for the various pollutants interacting with
graphite grafted with one functional group mounted in the center of the top surface
of graphite, and we classify them into three groups; Group 1: water and ammonia,
Group 2: formaldehyde and sulfur dioxide, and Group 3: benzene and hydrogen
sulfide.

2.1.1 Group 1: Water and Ammonia

The Henry constants for water and ammonia on graphite grafted with functional
groups are not only greater than the correspondingHenry constants on a pure graphite
surface (black line), but also very sensitive to the type of the functional group. This
is due to the strong hydrogen bonding between water (ammonia) molecule and the
functional group, by virtue of the small hydrogen atom that facilitates the closer
approach between a water (ammonia) molecule and the functional group in order
to maximize the electrostatic interactions. These interactions are especially stronger
for the functional groups that are extruding further from the graphite surface, for
example carboxylic and amide, allowing water (ammonia) molecule to achieve the
optimal orientation tomaximize the electrostatic interactions, compared to the shorter
hydroxyl and amine.
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(b) Ammonia
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(f) Hydrogen Sulphide
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Fig. 4 Volumetric Henry constant (Eq. 1) as a function of temperature for various pollutants on
graphite grafted with one functional group (hydroxyl, amine, carboxylic and amide) at the centre
of the surface

2.1.2 Group 2: Formaldehyde and Sulfur Dioxide

The presence and the type of functional group only moderately enhance the Henry
constant. Although formaldehyde and sulfur dioxide have high dipole moments,
these molecules can’t approach the functional group close enough because of their
large collision diameters, resulting in only moderate electrostatic interactions.
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2.1.3 Group 3: Benzene and Hydrogen Sulfide

This group of benzene and hydrogen sulfide shows the opposite behavior to Group
1, i.e. the presence of the functional group does not enhance the affinity of the
functionalized graphite and the adsorbate. This is simply due to the very strong
interactions between the adsorbate and pure graphite, that we have mentioned earlier
for the case of benzene that has 12 atoms interacting with the basal plane of graphite.

The case of hydrogen sulfide is interesting because not only it has the same
structure as water it also has two small hydrogen atoms, and therefore, one would
expect hydrogen bonding to occur between hydrogen sulfide and functional groups
and it should belong toGroup 1. The difference, however, restswith the large collision
diameter of sulfur atom, compared to the oxygen atom in water molecule, preventing
hydrogen sulfide molecule to approach sufficiently close to the functional group.
Furthermore, the well-depth of energy of interaction of sulfur atom is 30% higher
to that of oxygen atom in water (Appendix “Simulation”), resulting in the dominant
interaction of hydrogen sulfide with graphite surface over its interactions with the
functional groups. This is supported with the energy profiles for hydrogen sulfide and
water with the functional groups as shown in Fig. 5. The plots show the significant
interactions between water and the functional group, compared to its interaction with
graphite. Such an enhancement is absent in the case of hydrogen sulfide.

As alluded to earlier, the Henry constant provides the measure of the strength of
interaction between one adsorbate molecule and the surface with/without functional
groups. The interesting feature would arise when more than one adsorbate molecules
are present in the system, as is the case in adsorption, for which the interactions
between adsorbate molecules will lower the potential energy of the system, resulting
in a greater heat of adsorption than that at zero loading. We investigated this by
carrying Monte Carlo molecular simulation with a grand canonical ensemble and
obtained the adsorption isotherms and studied their behavior for the three groups.
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Fig. 5 Potential energies of interaction between adsorbate and one functional group mounted on
a hard wall versus their separation distance for a water and b hydrogen sulfite. The separation
distance is the distance between the center of geometry of and adsorbate and the mounting point
of the functional group on the hard wall. The corresponding energies between adsorbate and pure
graphite are also shown (black dot-dashed line) for comparison
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Fig. 6 Isotherms for awater, b ammonia adsorption at 298 K on graphite with 25 functional groups
grafted at the centre of the top surface and their interspacing is 0.5 nm as shown in Fig. 23

Figure 6 shows the isotherms of water and ammonia adsorption at 298 K on
graphite grafted with various types of functional groups (simulation details are given
in Appendix “Simulation”). Over the full range of pressure, these isotherms appar-
ently exhibit Type III, according to the IUPAC classification, in that the adsorbed
density is very low for low pressures and it increases sharply at moderate and high
pressures. However, we take ammonia as an example to show the fine features of the
isotherm. Careful analysis of the isotherms at low loadings (Henry law region) shows
that the adsorbed density for ammonia is greater for graphite grafted with carboxylic
and amide functional groups compared to that for amine and hydroxyl groups, in
agreement with the Henry constants that we reported in Fig. 4. Another interesting
feature is that the isotherms for ammonia adsorption on graphite with carboxylic and
amide groups at low loadings follow Langmuirian type. This is a result of the large
Henry constant and the progressive coverage of the functional groups until they are
fully covered with ammonia molecules. Over the moderate loading region, clusters
of ammonia molecules begin to span over the basal plane of graphite, resulting in the
concave shape of the isotherm because of the greater interactions (hydrogen bonding)
between the adsorbed molecules that make the isosteric heat of adsorption greater
than the heat of condensation as shown in Fig. 7a.

The isosteric heat of adsorption is decomposed into the contributions from the
adsorbate–adsorbate interactions and the adsorbate-adsorbent interactions to under-
stand the roles of these interactions. Figure 7a shows that the decrease of the isosteric
heat for water is mainly due to the interaction between the adsorbate-adsorbent as
the functional groups are being progressively occupied. Eventually, the isosteric heat
falls below the heat of condensation once all functional groups have been saturated.
The isosteric heat of adsorption for ammonia also has a similar decrease, due to
the progressive occupancy of the strong sites; however, unlike water, the isosteric
heat increases with loading after the functional groups have been saturated, and it is
due to the combined contributions from the adsorbate–adsorbate interactions and the
interactions between ammonia and graphite. The isosteric heat eventually becomes
greater than the heat of vaporization, resulting favorable adsorption as seen in the
isotherm in Fig. 6b.
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(b) Ammonia
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Fig. 7 Isosteric heats versus loading for a water, b ammonia adsorption at 298 K on graphite
grafted with 25 carboxylic functional groups, separated by 0.5 nm, at the centre on the surface. The
configuration of functional groups is shown in Fig. 23 (Appendix “Simulation”)

The isotherms at 298 K for Group 2 with formaldehyde and sulfur dioxide are
shown in Fig. 8 and they are of Type III at low loadings and of Type II at moderate
and high loadings. The progress of adsorption is due to the formation of molecular
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Reduced pressure, Pr (P/Po)
0.0 0.2 0.4 0.6 0.8 1.0

Su
rfa

ce
 E

xc
es

s,
 

Ex
 (

m
ol

/m
2 )

0

5

10

15

20

25

30

(c) Formaldehyde

Surface Excess, Ex ( mol/m2)

Is
os

te
ric

 H
ea

t, 
q s

t (
kJ

/m
ol

)

0

5

10

15

20

25

30

Total isosteric heat
Isosteric heat contributed by fluid-fluid
Isosteric heat contributed by fluid-solid

(d) Sulphur Dioxide

Surface Excess, Ex ( mol/m2)
0 2 4 6 8 10 0 2 4 6 8 10

Is
os

te
ric

 H
ea

t, 
q s

t (
kJ

/m
ol

)

0

5

10

15

20

25

30

Fig. 8 Isotherms a formaldehyde and b sulfur dioxide adsorption at 298 K on graphite grafted with
25 functional groups (separated by 0.5 nm) at the centre of the surface. Their corresponding isosteric
heats and their contributions from the adsorbate–adsorbate interaction and the adsorbate-adsorbent
interaction for the case of carboxylic functional group are shown in (c) and (d)
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Fig. 9 Adsorption isotherms for a benzene and b hydrogen sulfide adsorption at 298 K on graphite
grafted with 25 functional groups, separated by 0.5 nm, at the centre of the surface (see Fig. 23)

layers on the surface, which is attributed to the interactions between the adsorbed
molecules that readily make up the relatively small difference between the isosteric
heat of adsorption at zero loading and the heat of condensation as shown in Fig. 8c,
d, where we see that the isosteric heat is greater than the heat of condensation at a
loading of 1 μmol/m2, which is well below the monolayer density.

The isotherms for Group 3 with benzene and hydrogen sulfide exhibit Type I
(Fig. 9), which is due to their strong interactions with the basal plane of graphite
(see Fig. 2). The isosteric heat at zero loading for this group is greater than the heat
of condensation, which gives rise to the convex shape of the isotherm. For benzene,
the isotherm on the surface is very strong due to the high dispersive interaction,
therefore, the addition of functional groups hardly enhances the adsorption. The
same is observed for hydrogen sulfide as well and although the affinity of hydrogen
sulfide on the surface is not as strong as benzene, the sulfur atom is too large for
H2S molecules to approach close enough to the functional groups to exert high
electrostatic interactions. Therefore, the presence of the functional groups also hardly
enhances the adsorption.

In summary, these three groups show different adsorption mechanisms.

1. Group 1: stronger interaction with the functional group, compared to the basal
plane of graphite, which induces a clustering mechanism.

2. Group 2: moderate interaction with both functional group and surface which
induce molecular layering with initial adsorption at the functional group.

3. Group 3: strong interaction with the surface which induces molecular layering

These mechanisms are illustrated in Fig. 10 with snapshots of the molecular
configuration of adsorbed molecules at low loadings. The adsorption process for
Group 1 follows a clustering mechanism where adsorption occurs around the func-
tional groups. Ammonia have a moderate interaction with the surface and therefore a
spill-over mechanism is observed [21] at moderate loadings. For Group 2, adsorption
occurs on both the functional group and the surface. And finally, due to the strong
interaction between the adsorbate and the adsorbents of Group 3, a large proportion
of adsorbate molecules prefers to reside on the basal plane.
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Fig. 10 Snapshots of the molecular configuration at a loading of 0.5 μmol/m2 for a water,
b ammonia, c formaldehyde, d sulfur dioxide, e benzene and f hydrogen sulfite adsorption on
graphite grafted with 25 functional groups, separated by 0.5 nm, on the surface
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3 Adsorption in Pores

3.1 Pore Models

Activated carbon (AC) has very complex pore structures and functionalities, and a
complete atomistic modeling would lead to intractable results. Simplification that
retains key features of real solids is often adopted and is done in conjunction with
the advanced characterizations, such as X-ray scattering and diffraction for structural
information; X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared
spectroscopy (FTIR) for heteroatoms and functional groups. For example, the X-ray
studies by Franklin showed that AC consists of small graphitic crystallites, which are
comprised of stacks of graphene sheets [22]. The pore structure, i.e., shape and size,
is determined by the spatial arrangement of these crystallites. Slit pore is simplest
and most popular geometry whose pore size is defined by the distance between the
two parallel micro-crystallites, the surfaces of which constitute the pore walls. A
deviation from this slit model is the wedge pore model for which its behavior is
similar to the slit model [23–26] and for simplicity we will present results from the
slit pore to show the effects of structural parameters, the functional groups on the
adsorption behavior of different pollutants in the confined space. A brief summary
of the molecular model for carbonaceous materials can be found in Bock et al. [27].

The dispersive-repulsive interaction between a gas molecule and a graphene sheet
can be obtained by either a direct summation of pairwise potential energies between
the adsorbate molecule and all the solid atoms or integration of the pairwise inter-
action energy over the solid volume (coarse-grained approach). The latter has been
the method of choice because the computational time can be reduced substantially,
provided that the distance between the adsorbate molecule and the surface is greater
than the interatomic distance between neighboring solid atoms or the temperature is
not too low. For adsorption of pollutant adsorbate on graphite the closest distance
between an adsorbate molecule and graphite is about 0.4 nm and the separation
distance between carbon atoms in a graphene layer is 0.142 nm, justifying the use of
the coarse-grained approach. Using this approximation method, a number of solid–
fluid potential energy equations have been reported in the literature, for example:
the Crowell 10–4 equation for a single flat layer of infinite extent in the directions
parallel to the surface [28], the 10–4–3 Steele equation which is an excellent approx-
imation for a layered substrate, such as graphite, composed of many equally spaced
graphene layers [29], the Bojan-Steele equation for a planar substrate of finite extent
in one direction and infinite in extent in the other direction [30], or the Everett-
Powl [31] equation for a layered cylinder of infinite extent in the axial direction. Liu
et al. reported comprehensive derivations of solid–fluid potentials for a wide range
of solids: layered substrates with constant surface atom density or solid substrates
with constant volumetric atom density, and various curvatures and dimensions [32].

Other than the pore structure, the functional groups, discussed in Sect. 2.1, are
incorporated in the pore model to simulate the interactions between the adsorbate
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molecule and impurities on the carbon surface. The hydroxyl group is the most abun-
dant functional group in carbonaceous materials [33] and was chosen as the repre-
sentative in molecular simulation studies [17, 34–36]. While early studies assumed
the locations of functional groups along the edges of graphene layers [4, 37], recent
solid-state nuclear magnetic resonance (NMR) [38], ultra-high-resolution transmis-
sion electron microscopy (TEM) [33] and near-edge X-ray absorption fine-structure
[39] studies suggest that the hydroxyl groups tend to attach to the defective sites on
the basal plane of the graphene layers rather than at their edges.

3.2 Adsorption in Graphitic Slit Pore

The behavior of the Henry constant for adsorption of various pollutants in graphitic
pores with respect to temperature is the same as that observed with adsorption on
graphite (Fig. 3), with the only difference being the greater Henry constant for pores
because the enhancement in the interactions between the adsorbate and the pore. The
enhancement is greater for smaller graphitic pores as shown in Fig. 11 for 0.7 and
1.6 nmporewidth, which is defined as the distance between the plane passing through
the centres of carbon atoms of the outermost layer of one wall to the corresponding
plane of the opposite wall. These two pores represent ultra-micropore andmicropore,
according to the IUPAC classification.

As discussed in Fig. 3, the relative difference between the isosteric heat at zero
loading and the heat of condensation does play a role on how adsorption on graphite
would behave. This is also the case for graphitic pores for which the enhancement in
the potential energy increases the isosteric heat at zero loading, compared to that for
graphite. To quantify this, we introduced an energetic parameter Ω, defined as the
ratio of the isosteric heat of adsorption to the heat of condensation. Figure 12 shows
� at zero loading [40] as a function of pore width for various pollutants adsorption in
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graphitic pores at 273, 298, 350 and 400K.This energetic parameter� decreaseswith
pore width and approaches the value for graphite for widths greater than 1.6 nm for
which there is no enhancement in the potential energy.When the isosteric heat at zero
loading is greater than the heat of condensation (� > 1), adsorbate molecules interact
strongly with the adsorbent and therefore, they tend to form adsorbed films on the
pore walls at low loadings. On the other hand, when the isosteric heat at zero loading
is less than the heat of condensation (� < 1), how the system would behave depends
on how small the value of � is. For 0.5 < � < 1, the interactions between adsorbate
molecules are comparable to those between adsorbate molecules and the solid atoms.
At low loadings adsorption on the pore walls is by way of clustering because of the
lower isosteric heat compared to the heat of condensation, but as the loading is
increased the interactions between adsorbate molecules become greater because of
the higher number of neighboring molecules, resulting in a greater isosteric heat than
the heat of condensation. This leads to a transition from a clustering mechanism to
molecular layering, and for small pores this would make the transition directly to
complete filling of the pore. Finally, when the isosteric heat at zero loading is much
less than the heat of condensation (� < 0.5), the surface forces are not strong enough
to spread adsorbate molecules over the surface, but rather they prefer to form clusters
on the pore walls. As the loading is increased, in the case of small pores, clusters on
one pore wall interact with those on the opposite wall and it is this interaction that
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causes a liquid embryo bridging the clusters, followed by the filling of the pore leads
with adsorbate molecules.

To show the differences in the adsorption behavior for � > 1 and � < 1, we took
benzene and water to represent these two cases, respectively. Figure 13 shows their
isotherms for adsorption in graphitic pores of 0.7 and 1.6 nm width for a range of
temperatures. For benzene, we see that for a given reduced pressure the adsorbed
density is greater for lower temperatures, which is resulted from the fact that the
isosteric heat of adsorption is greater than the heat of condensation (see Fig. 12).
However, the opposite is observed for water for which we see that the adsorbed
density is greater for higher temperature at a given reduced pressure over the region
of very low loadings. This is due to the lower isosteric heat of adsorption than the
heat of condensation.

To substantiate the behavior of isotherms of water adsorption in graphitic pores
of 0.7 and 1.6 nm we show in Fig. 14 their corresponding isosteric heats versus
loading. At very low loadings, the isosteric heats of adsorption for both pores are
much lower than the heat of condensation, indicating that adsorption is not favorable
and molecules on the pore walls have the tendency to form small clusters. For small
graphitic pore of 0.7 nm, the combined effects of the enhancement in the adsorbate-
adsorbent interactions and the increase in the adsorbate–adsorbate interactions due
to the increase in the number of molecules on the pore wall result in the sharp
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Fig. 14 Isosteric heat as a function of loading for water adsorption at 298 K in 0.7 nm (a) and
1.6 nm (b) graphitic pores

increase in the isosteric heat for it to become comparable to the heat of condensation
as seen in Fig. 14a. This is the reason for the filling of 0.7 nm graphitic pore with
water molecules at reduced pressures around 0.6. On the other hand, in the larger
graphitic pore of 1.6 nm where there is no enhancement in the adsorbate-adsorbent
interactions, and as a result the number of molecules on the pore walls increases
slowly and as the saturation vapor pressure has been reached the contribution from
the adsorbate–adsorbate interactions is not sufficient to make up for the difference
between the heat of condensation and the isosteric heat at zero loading. As a result,
water does not fill the 1.6 nm-graphitic pore (Fig. 14b).

Figure 15 shows the isotherms for formaldehyde adsorption in 1.6 nm graphitic
pore at 298, 350 and 400K.This is an interesting case because the energetic parameter
� is less than 1 for 298, 350 K while it is greater than 1 for 400 K (see Fig. 12).
This suggests that adsorption is favorable for all loadings at 400 K. For 298 and
350 K the isosteric heat at zero loading is less than the heat of condensation and
therefore adsorption is unfavorable in that at a given reduced pressure the adsorbed
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Fig. 15 a Isotherms for formaldehyde adsorption at 298, 350 and 400 K in 1.6 nm graphitic pore;
and b Isosteric heat versus loading for the same systems with the dashed and vertical lines mark
the heats of condensation at 350 and 298 K
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density is greater for higher temperatures. However, as the loading is increased, the
isosteric heat of adsorption increases to the pointwhere it crosses andbecomes greater
than the heat of condensation, due to the contribution from the adsorbate–adsorbate
interactions. This renders adsorption favorable in that the adsorbed density, at a given
reduced pressure, is lower for higher temperatures.

It comes as no surprise in Fig. 16 that the all adsorbates (except water) fills 0.7 nm
graphitic pore (ultra-micropore) because the energetic parameter� at zero loading is
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Fig. 16 Isotherms for a, b ammonia, c, d sulfur dioxide and e, f hydrogen sulfite adsorption at 298,
350 and 400 K in 0.7 nm (solid symbols) and 1.6 nm (open symbols) graphitic pores. Plots in a, c,
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greater than unity. However, for larger graphitic pore of 1.6 nm width (large micro-
pore), � falls below unity for ammonia and sulfur dioxide at low temperatures, indi-
cating that adsorption is not favorable at low loadings with molecules on the surface
forming clusters because of the stronger adsorbate–adsorbate interaction than the
adsorbate-adsorbent interaction. As the loading is increased, clusters on the opposite
pore walls coalesce to form condensate bridges for which the adsorbate–adsorbate
interaction is stronger because of the greater number of neighboring molecules. This
eventually leads to pore filling as the pressure is further increased. For hydrogen
sulfide the isotherm behavior is similar to benzene for 0.7 nm pore because the isos-
teric heat of adsorption is greater than the heat of condensation over the temperature
range investigated; however for 1.6 nm pore the adsorbed density is insensitive to
temperature for a given reduced pressure over low loadings because the isosteric heat
is almost the same as the heat of condensation. Beyond the Henry law region, the
adsorbed density is greater for lower temperatures at a given reduced pressure, due
to the contribution from the adsorbate–adsorbate interactions that make the isosteric
heat greater than the heat of condensation.

3.3 Adsorption in Functionalized Slit Pore

The effects of the interplay between the interactions between adsorbatemolecules and
the interactions between the adsorbate and the adsorbent on the adsorption behavior
of different pollutants in homogeneous graphitic micropores have been discussed in
the previous section to study the role of graphite on adsorption. However, practical
carbonaceous solids are heterogeneous, with adsorbing sites such as heteroatoms,
defects, and functional groups, and they play a critical role in attracting highly asso-
ciating adsorbates, such as water and ammonia. The combining effects of func-
tional groups (by way of electrostatic interactions) and pore confinement (by way
of enhancement in the dispersive interactions) on the capture of water [17, 34],
formaldehyde [34, 35], ammonia [34, 35], and benzene [36] have been explored in
a functionalized slit pore. The details of a functionalized pore model were given
in Sect. 3.1 and its schematic diagram is shown in Fig. 17 for a slit pore with two
ends open to the bulk gas surroundings. Each pore wall consists of three graphene
layers that are finite in the x-direction and infinite in the y-direction (normal to the
page), the boundaries for the latter direction are modelled with the periodic boundary
conditions. Several rows of hydroxyl groups are grafted on the pore walls along the
y-direction near the two open ends, with the interspacing between the two rows at
each end being 0.426 nm (3 times the length of C–C bond, i.e., 0.142 nm).

Understanding how the properties of an adsorbate affect adsorption is important
not only from the scientific point of view, but also implication in practical application
because it is impracticable to develop a specific adsorbent for each pollutant. In doing
so, the simulated isotherms, scaled against the maximum density at the saturation
vapor pressure, for water, ammonia, formaldehyde, and benzene in the 1.55 nm slit
carbon pore with functional groups at 298 K are shown in Fig. 18.
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Fig. 17 Schematic diagram of the functionalized slit pore

Fig. 18 Simulated isotherms
for water [17], ammonia
[35], formaldehyde [35] and
benzene [36] adsorption in
1.55 nm graphitic pores with
functional groups

A visualized demonstration of how these adsorbates behave microscopically as a
function of loading is valuable to understand the fundamental differences between
those adsorbates. Figure 19 shows the 2D-density distributions at various points as
marked in Fig. 18. Benzene, a non-polar adsorbate, adsorbs in the interior region
of the pore because its adsorption is dominated by the strong interactions between
benzene and the graphitic basal planes, as also reflected in its isothermofType I (Point
A). As the pressure is increased, benzene molecules begin to fill the pore, including
the regions near the pore mouths where the functional groups reside (Points B and
C) until the pore is completely filled (Point D). Formaldehyde, ammonia, and water,
being polar adsorbate, exhibit different microscopic behavior compared to benzene.
At low loadings (Point A′), formaldehyde adsorbs and forms clusters around the
functional groups at both ends of the pore. As the loading is increased to Point B′,
the clusters grow laterally along the pore wall, because of the adsorbate-adsorbent
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Fig. 19 2D-density distributions as a function of the vertical distance from the pore wall and the
axial distance along the pore, at the selected points marked in Fig. 18. Columns from left to right:
benzene, formaldehyde, ammonia, and water. The axes are in units of nm, and the scale bars are in
units of kmol/m3

interactions, and finally merge to form a monolayer on each of the pore walls. When
the pressure is further increased to Point C′ andD′, the pore is filledwith an additional
layer at the center of the pore. While the process for water adsorption shares features
similar to that for formaldehyde, one major difference stands out in that the direction
of the growth of the clusters. Water clusters grow normally from the surfaces of the
opposite pore walls, and coalesce forming bridges spanning across the pore (Point
B′′-I) at the filling pressure, beyond which pore filling occurs, induced by the growth
of the two bridges of adsorbate in the axial direction (Points B′′′-II to C′′). Ammonia
is intermediate between formaldehyde andwater, and clusters grow in both directions
as shown for Points A′′-D′′ in Fig. 19.

Figure 19 shows two further important observations; provided that the filling has
not occurred, i.e. before Points B′′′-II, (1) water molecules only occupy a small frac-
tion of the total pore volume and they reside around the functional groups near the two
ends of the pore, while benzene molecules occupy the interior of the pore where the
dispersive interaction is strong, and (2) polar adsorbates, formaldehyde and ammonia,
like water, initially form clusters around the functional groups, and therefore in the
presence of water there will be competition between these species for the formation
of clusters around functional groups. For non-polar adsorbates, the interference of
water can beminimized by operating at pressures below the filling pressure for water.
We have demonstrated in an extensive review [41] and a molecular simulation study
[17] that water adsorption in carbon nanopores is extremely sensitive to both pore
size and the functional groups because of the clustering mechanism of water around
the functional groups and the possible coalescence of water clusters across the pore
walls in small pores. Experimentally, increasing the hydrophobicity of adsorbents
can enhance the capacity for the non-polar benzene under humid condition [42, 43],
but would also hamper the capture of polar pollutants [35, 44]. For polar pollutants,
like ammonia and formaldehyde, functional groups are beneficial in attracting their
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Fig. 20 a The isosteric heats at zero loading for formaldehyde and ammonia relative to that for
water; F/W: formaldehyde to water, A/W: ammonia to water [34]. b Pairwise potential energies
of interaction between water–water (W–W), water–ammonia (W–A), water–formaldehyde (W–F),
formaldehyde–formaldehyde (FF), and ammonia–ammonia (A-A) [34]

molecules to nucleate clusters, but the concentration of functional groups must be
carefully tailored because they have higher affinity toward water (Fig. 20a) [34].
Nonetheless, water is not necessarily detrimental to adsorption of polar pollutants in
all circumstances because the polarity of water allows it to act as anchors for other
polar gases by way of electrostatic interactions such that polar adsorbates can form
cluster around the water clusters, and there is possible “absorption” of polar pollutant
inside the water clusters. This is indeed shown in Fig. 20b that the energies of inter-
actions between water and formaldehyde and those between water and ammonia are
stronger than the intermolecular interactions of formaldehyde and the intermolecular
interactions of ammonia [34]. The cooperative adsorption between water and polar
gases are indeed observed experimentally and will be discussed in detail in the next
section. Regardless of the properties of the pollutants, the filling of the pore with
water molecules must be avoided so that the desired removal of the polar pollutants
is not severely affected.

4 Multi-components Adsorption: Impacts of Water

Ambient moist can have considerable effects on adsorption of gaseous pollutants.
The nature and the extent of these effects depend on the pollutant properties and
the relative humidity (RH). For non- or very weakly polar gases, water impedes the
adsorption, and more markedly at elevated RH [45–48]; for example, Cal et al. found
that the adsorptive capacity of benzene adsorption in an activated carbon cloth is not
noticeably reduced until 65% RH or above has been reached [45]. This is due to the
fact that the onset of water filling in activated carbon occurs around 50% RH [41],
belowwhichwatermolecules occupy a small fraction of the pore volume as discussed
in the last section (Fig. 19). The role that water plays in adsorption of polar adsorbates
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ismore complicated. In the same study byCal et al., the adsorptive capacity of acetone
in activated carbon was not noticeably affected even at water humidity as high as
90% RH [45]. Qi and LeVan found that at low humidity water behaves cooperatively
in adsorption of methyl ethyl ketone and methyl isobutyl ketone but competitively at
high humidity [49]. Such complicated effects of water have also been observed for
formaldehyde [50–52] and ammonia [10, 53–55]. Besides the RH and the properties
of adsorbate, solid characteristics also play a role, e.g., the cooperative effect of water
on ammonia adsorption is more pronounced for the activated carbon substrates with
lower density of oxygen groups [54].

To have a better exposure on the role that water plays in mixture adsorption,
we show in Fig. 21 the co-adsorption of water with n-hexane (a and b) and four
alcohols (c and d) from the experiments by LeVan and co-workers [56, 57]. In their
experiments, certain doses of hexane and the alcohols were pre-adsorbed on the

Fig. 21 a Effect of water loadings (nw) on the partial pressure of hexane with different loadings
(0.497, 1.032 and 1.993 mol/kg) at 298 K [56]; b effect of hexane loadings on water isotherms at
298 K [56], with solid symbols for adsorption and open symbols for desorption; Effect of water
loadings (nw) on the partial pressure of cmethanol and ethanol and d propanol and butanol at 298 K
[57]
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Fig. 22 a Isotherms and the snapshots of molecular configuration for benzene—water mixture
(50% benzene) adsorption at 303 K in 2 nm graphitic slit pore. Black stick: carbon atom, red
stick: oxygen, and white stick: hydrogen. Data is adopted from Nguyen et al. [58]; b Adsorption
isotherm of water on graphite surface preloaded with 50 molecules of ammonia. Crosses represent
the adsorption of ammonia molecules and circles represent the water and ammonia molecules,
insert: blue and black dots represent water and ammonia molecules, respectively [59]

BPL activated carbon in a closed system and then water was gradually added. For
the non-polar hexane, desorption occurred with the progressive injection of water,
leading to the rise of the partial pressure of n-hexane (Fig. 21a). The competitive
effect between n-hexane and water is seen in Fig. 21b. In the case of the polar
alcohols, the role of water in the co-adsorption depends on the length of the alcohol
chain. For short length alcohols, methanol and ethanol, the presence of water at low
RH enhances adsorption as indicated by their decreasing partial pressures and the
enhancement is more pronounced with methanol than ethanol (Fig. 21c). However,
for larger propanol and butanol (having long hydrophobic chain), water only behaves
negatively (Fig. 21d), in a similar pattern to that observed with n-hexane (Fig. 21a).

Figure 22a shows the GCMC simulation of co-adsorption of water and benzene
in a 2 nm graphitic pore at 303 K [58]. Water displaced some benzene molecules
by forming clusters in the pore at high water loadings, as seen in the snapshots
(inset). This is due to the interactions between water molecules are greater than the
intermolecular interactions of benzene. Figure 22b shows the Monte Carlo simula-
tion of adsorption of a mixture of water and ammonia on a graphite surface [59].
The simulation was conducted in the canonical ensemble and initiated with intro-
ducing ammoniamolecules into the simulation box as seen in the increase in pressure
with the progressive adding ammonia molecules up to 50 molecules, and once the
ammonia cluster has been formed around the functional groups water molecules are
introduced into the system. The pressure of the system decreased with the increase of
number of water molecules, indicative of the cooperative adsorption between water
and ammonia around the functional groups, that results in lesser molecules in the gas
phase. The net result is a complex cluster of water-ammonia mixture which could be
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viewed as ammonia molecules “absorbed” within a water cluster. Such a complex
interaction is under progress and results will be reported in a future correspondence.

Appendix

Simulation

The Henry constant and the isosteric heat at zero loading are determined by Monte
Carlo integration of the Boltzmann factor [19]. For a given temperature, 108 trial
insertions of a molecule were carried out for the integration. The Henry constant in
Fig. 4 is computed based from a single functional group mounted on the center of a
10 nm × 10 nm graphite, and the adsorption isotherms presented in Figs. 6, 7, 8, 9
and 10 are determined with 25 functional groups, separated by 0.5 nm, mounted in
the center of the graphite surface as illustrated in Fig. 23.

The grand canonical ensemble was employed inMonte Carlo simulation to obtain
the isotherm with the chemical potential as the input to a simulation. In a simulation,

Fig. 23 Configuration of 25 functional groups grafted on top of the surface of graphite, separated
by 0.5 nm
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we used at least 200 million configurations to obtain simulation results with high
accuracy. For adsorption on a surface, a 10 nm × 10 nm graphite was placed at the
bottom of the simulation box of 4 nm height, and the potential energy between an LJ-
site with graphite was calculated with the 10–4–3 equation [29] with the interlayer
spacing of 0.3354 nm. The graphite is infinite in extent in the directions parallel to
the surface and the infinite extent is modelled with periodic boundary conditions
imposed at the boundaries. For adsorption in pores of finite length, the pore walls
consist of three homogeneous graphene layers with interlayer spacing of 0.3354 nm,
and the potential energy between a LJ-site and a layer is calculated with the Bojan-
Steele equation [60]. The atomic carbon density of graphene layer is 38.2 nm−2, and
the molecular parameters for a carbon atom in graphene are collision diameter (σ )=
0.34 nm and the well-depth of interaction energy (ε/kB)= 28 K. The cut-off radius of
five times the collision diameter of the atom (marked * in Table 2) for each adsorbate
was used in the calculation of the interaction energy. The molecular parameters for

Table 2 Molecular parameters of adsorbates and functional groups

Fluid Parameter Symbols Unit Value

Adsorbates

Sulfur Dioxide [61] S σ nm 0.339

ε/kB K 73.8

q e 0.59

O* σ nm 0.305

ε/kB K 79

q e −0.295

Angle O = S = O degree 119.3

Atomic distance S = O nm 0.1432

Benzene [62] CH* σ nm 0.374

ε/kB K 48

Center site q e 2.42

Pi site q e −1.21

Atomic distance Center-Pi site nm 0.0785

CH–CH nm 0.14

Hydrogen Sulfide [63] S* σ nm 0.36

ε/kB K 122

X q e −0.42

H σ nm 0.25

ε/kB K 50

q e 0.21

Atomic distance S–H nm 0.134

S–X nm 0.03

Angle H–S–H degree 92

(continued)
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Table 2 (continued)

Fluid Parameter Symbols Unit Value

Formaldehyde [64] C* σ nm 0.375

ε/kB K 52.9

q e 0.45

O σ nm 0.296

ε/kB K 105.8

q e −0.45

H σ nm 0.242

ε/kB K 7.6

Atomic distance C–O nm 0.1203

C–H nm 0.1101

Angle H–C–H degree 116.4

Water, SPC/E [65] O* σ nm 0.3166

ε/kB K 78.2

q e −0.8476

H q e 0.4238

Atomic distance O–H nm 0.1

Angle H–O–H degree 109.47

Ammonia [66] N* σ nm 0.3385

ε/kB K 170

q e −1.035

H q e 0.345

Atomic distance O–H nm 0.1024

Angle H–O–H degree 106.68

Functional group

Hydroxyl [67] O σ nm 0.307

ε/kB K 78.2

q e −0.64

H q e 0.44

C (atom is in the carbon surface) q e 0.2

Atomic distance C–O nm 0.1364

O–H nm 0.096

Angle C–O–H degree 110.5

Carboxyl [67] C (COOH) σ nm 0.375

ε/kB K 52.8

q e 0.55

=O σ nm 0.296

ε/kB K 105.7

(continued)
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Table 2 (continued)

Fluid Parameter Symbols Unit Value

q e −0.5

– O σ nm 0.3

ε/kB K 85.6

q e −0.58

H q e 0.45

C (atom is in the carbon surface) q e 0.08

Atomic distance C–C nm 0.152

C=O nm 0.1214

C–O nm 0.1364

O–H nm 0.097

Angle C–C–O degree 111

O=C–O degree 123

C–O–H degree 107

Amine [68] N σ nm 0.334

ε/kB K 111

q e −0.892

H q e 0.356

C (atom is in the carbon surface) q e 0.18

Atomic distance C–O nm 0.1448

N–H nm 0.101

Angle C–N–H degree 112.9

H–N–H degree 106.4

Amide [68] C (CON) σ nm 0.372

ε/kB K 34

q e 0.424

=O σ nm 0.305

ε/kB K 79

q e −0.424

– N σ nm 0.334

ε/kB K 111

q e −0.8

H q e 0.4

Atomic distance C–C nm 0.152

C=O nm 0.1229

C–N nm 0.1448

N–H nm 0.101

Angle C–C–N degree 115.7

C–C=O degree 121.4

H–N–H degree 106.4



Computer Simulation and Experimental Studies of Various Environmental … 107

the adsorbates and the functional groups, dealt with in this chapter, are given in Table
2.

Isosteric Heat in Pore

See Fig. 24.
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Fig. 24 Isosteric heat at zero loading (solid lines) and the heat of condensation (dashed lines) as a
function of temperature for various adsorbates in graphitic pores of various widths
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Recent Developments
in the Electrophoretic Deposition
of Carbon Nanomaterials

Artur P. Terzyk, Monika Zięba, Stanisław Koter, Emil Korczeniewski,
Wojciech Zięba, Piotr Kowalczyk, and Joanna Kujawa

Abstract In this chapter we describe the basics of electrophoretic deposition (EPD)
process in relation to carbon nanomaterials. We start from the general description
of the process and the parameters influencing it. The screening—factors Taguchi
optimization method, often applied for the optimization of the EPD parameters is
described. Next we discuss recent developments in the deposition of carbon nanoma-
terials, mainly graphene, nanotubes, nanohorns, fullerenes, and nanodiamonds. The
DLVO theory is shortly discussed in application to the description of electrophoretic
deposition of carbon nanomaterials. Finally, we present new results on the use of EPD
for the creation of carbon nanohorn layers on hydrophobic polymers using Taguchi
approach. Created layers are good starting surfaces for subsequent studies.

1 EPD Fundamentals

The EPD process was developed by Russian scientist Ruess in 1808, and the basics
were given in the 1940 by Hamaker et al. [1, 2]. This method is now one of the most
popular ways allowing the creation of carbon nanomaterial—containing surfaces
and films [3, 4]. Diba et al. [5] while discussing the main advantages of the EPD
process mentioned, among others: low costs, simple equipment, and size-scalability.
On the other hand, among the limitations one should remember the limited thickness
of created layers, the possibility of side reactions, not so good adhesion of layers
as obtained using other methods (this adhesion can be measured via the procedure
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described in [6]), for example the CVD process [7], and the problems with the
application of unstable suspensions. Also the range of the dielectric constant values
of solvents applied in EPD is very narrow, therefore the most commonly applied are
water, methanol, ethanol, and acetone. The difficulties in adhesion and poor stability
of deposited nanocarbon layers can be solved by using for example, sodium cholate
[8]. This compound is not only advanced charged dispersant, but the coating-forming
agent as well. EPD is not applicable for uncharged, hardly dispersable particles like
for example, a graphene sheet. In this case, charged additives are usually applied.
For example, magnesium nitrate was used to enable the EPD process of graphene
from isopropanol on polished silicon wafer [9]. Also charging of graphene with acid
has been used to solve this problem [10].

Fundamentals of the EPD application and the basic nomenclature were provided
in [11]. The authors [11] described the Hamaker’s model in detail, discussing the
parameters characterizing the EPD process. These factors can be divided into two
groups, i.e. the parameters defining the suspension (particle size, dielectric constant of
liquid, stability conductivity and viscosity of suspension, zeta potential, etc.) and the
parameters influencing deposition process (deposition time, voltage, concentration
of solid, conductivity of substrate, etc.). Not only aqueous but non aqueous EPD
process was described, together with multicomponent deposition. Excellent review
considering the forces occurring during a process of nanoparticles film formations
canbe found in [12]. The author discussed differentmethods of nanoparticles surfaces
creation, including EPD. The mechanism of the process was additionally discussed
[12]. The author mentioned the differences between EPD and electrolytic deposition
(i.e. ELD) where ions are deposited [13], and described different applications of
EPD.

Generally, EPD process can be characterized by five steps: convection of nanopar-
ticles surrounded by charged species toward the electrode, diffusion through the
hydrodynamic boundary layer and next, through a concentration boundary layer.
Finally, adsorption of nanoparticles on an electrode. Recently Obregon et al. [14]
pointed out that theEPDprocessmechanism is not simple since the process is affected
by several parameters which are commonly related. It was also proved [15] by the
impedancemeasurements duringEPD thatmore homogeneous films are created from
high conductivity suspensions and in contrast, if the suspension has low conductivity,
a surface is more heterogeneous.

The most important equation describing the mass of a deposit w(t) in the EPD
process is the Hamaker’s law:

w(t) =
t∫

to

f μE ACdt (1)

where f is the efficiency of deposition process ( f ≤ 1), μ is the electrophoretic
mobility of particles, E is the electrical field strength, A is the area of the electrode,
C is the concentration of particles in a solution, and t is the deposition time.
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Hamaker’s law applicability was recently studied in [16] for the deposition of
graphene oxide onto indium tin oxide (ITO) covered glass. The authors stated that
the process is not a typical reduction, but rather CO2 elimination from the system
and the product is reduced graphene. The authors confirmed the validity of Eq. 1.
The comparison of the kinetics of graphene oxide EPD from aqueous and organic
solutions was collected in [17]. At low voltages (EPD fromwater) good applicability
of Hamaker’s model was reported. The deviations from this law, and the future
applications of EPD in pulsed and alternating fields, were discussed in [18] and in
[19].Kinetics of theEPDprocesswas described in [20]. Carbon nanotubes deposition
on stainless steel was studied from different polyethyleneimine containing alcohols,
and it was shown that the deposition is faster for larger values of the ζ potential.
Kinetics of the EPD process was also mathematically described in [21]. The authors
take into account the potential changeduring the process, anddiscuss themodification
of Hamaker’s model. Some facts and myths considering the EPD were discussed in
[22].

Among the mentioned above parameters characterizing the process, the temper-
ature has a very strong influence on the morphology of the surfaces obtained by the
application of EPD [23]. The surfaces produced at lower temperatures are smoother
and not so porous, as obtained at larger temperatures [23]. However, some authors
postulate that the EPD at higher temperatures leads to more homogeneous coverage
[24]. Also the mass of deposits and their specific surface areas increase with the rise
in EPD temperature. Some additional, more or less exotic factors can also influence
the EPD process. Thus, for example, it was shown that water magnetization [25] by
increasing conductivity leads to a reduction in the EPD time and to better control
of water electrolysis. It has also influence on the morphology of deposited layers.
Ultrasonic treatment changes the rate of EPD and the structure of the surface layer
[26] and if applied for deposited nanotubes, it can change their arrangement after the
EPD process [27]. Moreover, during the sonically assisted EPD [28] the aggregation
of colloids at the bottom of the deposition bath is reduced, as well as the bubbles
from water electrolysis are easily removed, improving the deposition rate.

Sometimes the EPD process, if applied for porous solids, can lead to the blocking
of pores located on the external surface. In thisway, the internal porous space becomes
unavailable. To avoid this, a new EPD method (called periodic EPD—PEPD) was
proposed. The procedure bases on the series of EPD/ critical point drying procedures
[29]. Studying the literature one can conclude that the EPD on semi and noncon-
ducting surfaces is still a challenge [30, 31]. To overcome this, themodification of the
EPD cell was proposed by using a membrane. However, in this case, the deposition
time is longer. Recently also continuous EPD process of nanotubes was reported
[32].

Some mixed techniques have been proposed thus, for example electrospray—
assisted EPD, eliminating the functionalization of carbon material before deposition
[33, 34]. Also the electrophoretically—guidedmicro additive manufacturing process
[35] seems to be a very interestingmethod of particles deposition from a colloid solu-
tions. In this method, the modulated electric field is applied for manipulation with
particles, and the EPD is combined with dielectrophoresis. Also a very interesting
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procedure called light—directed EPD [36] was proposed. In this method photocond-
cting electrodes were applied to form a pattern on a surface. It was also proved that
EPD under modulated electric field [37] applying pulsed direct current offers more
homogeneous layers that the typical EPD.

2 Application of Taguchi Method in the EPD

Taguchi method is widely applied for the improvement of the quality of the final
product, and it is based on the screening of factors and the identification which are
relevant for explaining a process variation [38]. Thus, during EPD process it can
be applied for the optimization of different properties like for example, the optical
features of deposited nanotubes [38], to maximize the ionic conductivity of solid
electrolytes [39], and/or in preparation of the optimum electrodes [40]. Wang et al.
[41] showed the application of theTaguchimethod in the process of carbon nanofibers
EPD on carbon fibers.

In Taguchi’s approach, the three possible variants, depending on the goal, can
be chosen considering ï values: smaller is better, larger is better, and nominal is the
best. For the “larger is better” method the signal to noise ratio (ï= S/N) is calculated
using [42]:

ηi j = −10 log

(
1

l

l∑
k=1

1/y2i jk

)
, 0 ≤ yi jk ≤ ∞ (2)

where yi jk is the observed data for the j-th response in the i-th trial and the k-th
repetition.

The overall value of S/N is computed by:

η =
∑
ij

ηij (3)

Wang et al. [36] used the Taguchi optimization to get the set of the EPD process
parameters leading to the maximum electrical conductivity of a layer obtained from
the deposition of carbon nanotubes on fabric. In the current study, this procedure
will be applied for the optimization of the water contact angle (WCA) on carbon
nanohorn containing surfaces obtained using the EPD.
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3 EPD of Graphene, Carbon Nanotubes and Related
Materials

Generally EPD covering of a surface by carbon nanomaterials is applied to improve
mechanical strength [43–57] tensile properties [58, 59], colour [60], ablation resis-
tance [61] electrical conductivity [62], and interfacial adhesion [63]. It has found
application during the preparation of carbon nanotube films [64–66], composites
[67–70], coatings [71–74], including anticorrosion [75–80], and lubricating coat-
ings [81, 82], buckypapers [83], hybrid composites [84], implants [85–87], and fibers
[88], electrodes [89] including transparent electrodes [90–92], applied for example
in solar cells [93], electrodes for in vivo electrochemical measurements [94–98],
sensors [99], field emitters, [100–104], transistors [105], biomaterials [106] and
antibacterial layers [107, 108], capacitors [109] supercapacitors [110–114], and heat
transfer blockers [115].

The review on the application of different nanomaterials for the strengthening of
carbon fiber reinforced polymer composites has been recently published in [116].
The mini review on the possible application of EPD created surfaces made of carbon
nanotubes was presented by Korczeniewski et al. [117]. Diba et al. [5] reviewed
recent developments in the EPD of graphene related materials (GRM). Especially
they discussed few layered graphene, graphene oxide, and reduced graphene oxide.
Hamaker’s law is usually cited as applicable to discuss the kinetics of theEPDprocess
however, the deviations from this law are possible. The authors also pointed out that
the mechanisms of EPD processes are rarely studied in the literature. Usually, GRM
charge neutralization leads to the formation of deposits.Water electrolysis can lead to
local protonation of surface groups and the protonation of surface acids. In this way
the repulsive forces, stabilizing the colloids, can vanish and this process accelerates
the coagulation. It is also possible that metal ions from an electrode participate in
this process. Generally, the reduction (or more precisely deoxygenation) of GRM
can also occur during the EPD process [118]. The authors [5] also discussed the
influence of EPD conditions on the properties of the deposited film, i.e. thickness,
porosity, density and roughness. A similar study considering the influence of EPD
conditions on the properties of suspended graphene—based layers, was published in
[119]. Recent studies in this field show the important role of protons in the electro-
chemical reduction of graphene oxide [120]. Gao and Duan [121] described recently
the application of EPD for the creation of 2D and 3D surfaces of GRM. Also Ma
et al. [122] discussed the same subject, referring to the papers published during
the last 5 years. The authors concluded that the mechanism of the process needs
further detailed study. To do this Politano et al. [123] studied the properties of elec-
trophoretically deposited graphene using electrical impedance, Raman, SEM, and
X-ray reflectometry.

Applications of graphene EPD was reviewed by [124]. The authors stipulate
that the alternating current (AC) EPD can found future applications in the area
of graphene deposition. This method is postulated in water to avoid electrolysis
however, the experimental setup and the parameters of the process need additional
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optimization. The progress in carbon fibers surface modifications by graphene was
recently reviewed in [125]. The authors, considering future outlook, pointed out that
the mechanism of fibers strengthening by graphene is still unknown. The purity of
graphene, the material characterization methods and the control of the EPD process
are still the challenge.

EPD process applied for the creation of surfaces from carbon nanotubes was
reviewed in [126]. Boccaccini et al. [127] reviewed also the development in carbon
nanotube—ceramic (SiO2, TiO2, MnO2, Fe3O4, hydroxyapatite, and bioactive glass)
composites, and the deposition of carbon nanotubes on fibers has been recently
reviewed in [128]. The authors also discussed differences between different methods
of deposition, i.e. dipping deposition, the EPD, and CVD in situ growth. The equip-
ment applied during the process was discussed in details, together with the details of
a setup developed in the author’s group. Special attention was paid to the nanotube
modified: glass fibers, carbon fibers and aramid fibers. Benko et al. [129] discussed
the influence of diluent on the morphology of carbon nanotubes deposited on a tita-
nium plate.Water and the mixture of organic solvents were applied. It was concluded
that for water (more conductive and in this way containing more charge carriers) the
density of current is higher, and in this way, the process is faster and deposited layer
thicker. In organic solvents, the mobility of tubes is lower, and the process is slower.
Thinner layers are observed however, possessing higher density. Recent develop-
ments in the EPD of carbon nanotubes were given in the review by Ata et al. [130].
In this study, the authors paid special attention to the application of cationic and
anionic dispersants during the EPD process. The attention was paid to so called bile
acids (BAS) and dyes. It was concluded that BAS and dyes possess film-forming
properties, and this opens new possibilities in the fabrication of nanotube surfaces
by EPD process. Also other dispersants and coating forming agents can be applied
[131], allowing the formation of Teflon, diamond and carbon dots layers on stain-
less steel. EPD of functionalized CNTs have been recently applied to control the
thickness of tubes on glass [132]. The process was fully controlled, including the
homogeneity of the coverage [133, 134]. Recently Korczeniewski et al. [117] used
unsheathed carbon nanotubes for the creation of surfaces with controlled wettability.
Because during unsheathing the number of nanotube walls decreases, at the same
time decreases the number of atoms under the bottom of the droplet. Since the surface
tension of the droplet/the work of droplet adhesion ratio changes theWCA increases.

EPD is also applied for the modification of nanotubes with metals [135] to
improve lighting strike protection properties in the aircraft industry. Metal—modi-
fied nanotubes can be deposited and, by the control of the process conditions, one
can change the contact angle and tubes orientation [136]. EPD is also applied for
deposition on the surfaces of carbon nanotubes. For example, gold [137] nanoparti-
cles were deposited on carbon nanotubes, and it was shown that the responsibility of
created in such a way NO2 sensor depends on the surface concentration of deposited
gold.
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4 EPD of Carbon Nanohorns

Oakes et al. [138] reported the application of EPD for the deposition of carbon
nanohorns on different surfaces: stainless steel, nickel foam, Al2O3 and PTFE. The
authors compared the morphology of surfaces obtained using different solvents
during the process: THF, acetone and water, and performing the deposition with
and without a surfactant. Generally, the presence of surfactant only changed the
mass of deposits, and no remarkable influence on the morphology of samples was
observed. During the deposition without surfactant, deposition form THF leads to
more homogeneous surfaces than obtained from acetone. The authors also discussed
the mechanism of EPD process and obtained results suggest that the process is driven
not by the electroosmotic flow, but by the aggregation and flocculation at the elec-
trode—solvent interface. Moreover, the same authors [138] suggest that a similar
mechanism is applicable for other carbon nanomaterials. Recently [139] carbon
nanohorns were electrophoretically deposited on stainless steel. The purpose was
to obtain the friction reduction due to a solid nanohorn—surface lubricant. As it can
be seen, there is still a little number of papers where carbon nanohorn surfaces are
created and studied. This is why we decided in this study to perform the deposition
of carbon nanohorns on a polymer surface, and obtained material is a good starting
point for the creation of more complex surfaces based on carbon nanohorns.

5 EPD of Other Carbon Nanomaterials and Codeposition

Zhitomirsky [140] described the results obtained during theEPDof diamondparticles
on different supports (metals, carbon fiber, steel, silica etc.). The field emission prop-
erties of nanodiamonds electrophoretically deposited on titanium [141]were strongly
temperature dependent. Also Goto et al. [142] presented the results of diamond
deposition on glass coated with gold. Thermal annealing increased the stability of
obtained layers, and they were more stable than obtained using a spin coating tech-
nique. Stable SiC/diamonds composites were fabricated on graphite [143] using
combined CVD and EPD methods. Detonation nanodiamonds deposition on mica
was studied in [144]. Monolayers were obtained after centrifugation of a nanomate-
rial. The kinetics of the process was described. The optimal parameters for EPD of
nanodiamonds on nickel foamwere described in [145] and obtained layers possessed
very good mechanical stability. In [146] the process of nanodiamonds fluorination
was described. Next the fluorinated materials were electrophoretically deposited on
a surface of stainless steel. Affoune et al. [147] deposited nanodiamonds on HOPG
surface. It is also possible to obtain homogeneous coverings form fromnanodiamonds
in the pores of silicon [148]. In [149] it was shown that using the EPD process from
acetonitrile, water and DMSO, it is possible to obtain vertically standing nanodi-
amonds arrays. The process based on the application of membranes as templates
and the thermal conductivity of arrays depend on the type of applied solvent. The
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authors explain differences between arrays taking into account the differences in
the mechanism of EPD process. Similar arrays can be obtained by combining EPD
in porous aluminum oxide with a chemical etching of alumina [150]. The applica-
tion of different methods (including the EPD) in the template-based synthesis of
arrays has been reviewed by Cao and Liu [151]. Ohtani et al. [152] presented the
study on co-deposition of nanodiamonds with porphyrin to form surfaces applied for
photo-energy conversion.

Amorphous carbon nanopowder was deposited on copper [153] to increase the
melting point and to improve functionality in fuel cells and batteries. Carbon spheres
obtained by hydrothermal treatment of glucose were deposited on fluorine tin oxide
coated glass [154]. It was shown that the hydrophobicity of a surface can be changed
by the annealing temperature. Activated carbon powder was deposited on a metal
electrode to obtain supercapacitors [155]. To assure good adhesion of carbon to elec-
trode, the authors used a binder—ethyl cellulose. Carbon black powder and carbon
fibers deposition was used for the creation of superhydrophobic [156] surfaces.
Carbon nanofibers deposition was provided for the first time by Yang et al. in 2007
[157]. The material was successfully deposited on ITO from three different solvents.

Fullerenes C60 were co-deposited [158] to obtain the donor—acceptor nanocom-
posite—a promising nanomaterial for application in photocells. The same fullerene
was deposited [159] on ITO—coated glass electrode. In this case, the suspension of
C60 in water was prepared using a laser ablation method, leading to a very stable
colloid solution. Chugh et al. [160] reported the EPD of C60 on a graphene. The
material can find applications as electrodes and/or for the construction of photo-
voltaic devices. Also C60 deposition on a graphene membrane was described [161]
to obtain hybrid structures showing the potential application in optoelectronics. The
mixture of C60 and nanodiamonds was deposited by Umeyama et al. [162] for the
creation of hierarchical surfaces deposited on SnO2 to obtain the materials used in
optoelectronics. C70 was deposited on alumina membrane [163] to form nanowire
arrays. Onion—like carbon spherical nanoparticles [164] were deposited on stain-
less steel to produce lubricant surfaces. Graphene quantum dots were deposited on
ITO coated glass [165] to construct an electrochemical immunosensor. Tjandra et al.
[166] deposited graphene quantum dots on carbon cloth to enhance the capacitance
and to obtain the electrodes for supercapacitors. The same material was deposited
on ITO glass [167]. The application of EPD for deposition of other quantum dots
can be found in [168].

Carbon black and polymer codeposition [169] was studied on copper, and it was
proved that the properties of the product depend on time and suspension viscosity.
The mixture of carbon nanotubes and graphene was applied for the codeposition
[170] on Ti film to form composites for electron field emission applications. Also
graphene oxide/nanotubes mixture was deposited on carbon fabrics [171]. Yan et al.
[172] described the procedure of codeposition of carbon nanotubes and copper on
the surfaces of carbon—fiber reinforced polymers to improve thermal properties.
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6 The DLVO Theory

In the EPD, the suspensions of charged particles are used. Such a suspension should
be stable however, not too stable; otherwise the deposition would be poor or none
[173]. The stability of chargedparticles is explainedby theDLVOtheory (Deryaguin–
Landau–Verwey–Overbeek). According to this theory, the total interaction potential
energy, VT , is the sum of attractive dispersion energy, VA, and the electrostatic
repulsive energy, VR [174]:

Vt = VA + VR (4)

The expressions for VA and VR are derived for simple geometries of charged
surfaces.

For example, VA for two spheres from the same material and of the same radius a
in a dispersion medium is the following function of the ratio of separation distance
to the radius, k = H/a (unretarded case [174]):

VA = − AH

6

(
2

(
1

(2 + k)2
+ 1

k(4 + k)

)
+ ln

(
k(4 + k)

(2 + k)2

))
(5)

where AH is the Hamaker constant is given by the approximated formula:

AH ≈
(√

A11 − √
A22

)2
(6)

and A11, A22 are the Hamaker constants describing the properties of the particle
and dispersion medium material, respectively.

Regarding VR the situation is more complicated because the analytical solutions
exist for special cases only, for example for spheres of the same radius and the Stern
potential, ψσ, when the ratio of a to the Debye length is lower than 5, VR is given by
(the constant potential condition) [174]:

VR = 2πε0εr aψ2
σ exp(−χH) (7)

Formulae for other cases can be found in [174, 175] and other sources.
In Fig. 1, the total potential energy is shown for the graphite particles in water for

various values of ionic strength. The radius of particles was assumed to be 115 nm,
the zeta potential ζ = -30 mV [176], it was assumed that ψσ ≈ ζ. The Hamaker
constant for graphite (A11 = 46.9 × 10–20 J) was taken from [177], for water (A22

= 4.35 × 10–20 J) from [178].
It is seen that at low ionic strength (<0.2mM) the energetic barrier,VT,max, exceeds

25 times the thermal energy, kBT, which ensures the colloid stability. By increasing
the ionic strength VT,max decreases which leads to the colloid destabilization. Thus,
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Fig. 1 Total potential
energy, VT /kBT, vs. the
distance, H, between the
graphite particles of radius
135 nm in water for various
ionic strengths, ζ = −30 mV.
The primary minimum of
energy is not visible because
the repulsion energy of short
range is not taken into
account

the ionic strength should be properly adjusted to give proper colloid stability (not
too high, not too low).

7 Experimental

To illustrate the process of EPD and the Taguchi procedure (Eqs. 2 and 3) the deposi-
tion of carbon nanohorns on a polymer membrane is described. Since we are looking
for the optimal hydrophobic surface, we use hydrophobic support. Created layers are
good starting surfaces for subsequent studies, and the results will be presented in the
future.

7.1 Single-Walled Carbon Nanohorns (SWCNH)
Modification and Characterisation

The SWCNH samples (NEC, Tokyo, Japan, ~200 mg each) were placed in open
quartz tube and heated in air atmosphere at 450, 500 and 550 °C (the samples were
labeled as SWCNH-x °C, where x is the heating temperature), with heating rate
2 °C/min and stored in the indicated temperature for 10 min, next slowly cooled
down up to the room temperature.

Obtained materials were characterized by using the DLS and ζ-potential measure-
ments (25 °C, Micromeritics, Particulate Systems, Nano Plus HD, Norcross, GA,
USA) in concentration 0.01 mg/mL in acetone (30 mL), sonicated for 30 s at 50 W
(BANDELIN, Sonoplus HD4100, Berlin, Germany). The results are summarized in
Table 1.
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Table 1 The results of the
oxidised carbon nanohorn
characterization

Sample DLS [nm] ζ -potential [mV]

SWCNH-450 °C 202.9 ± 8.4 −81.7 ± 7.1

SWCNH-500 °C 515 ± 41 −83.6 ± 4.6

SWCNH-550 °C 580 ± 87 −75.0 ± 6.4

7.2 Polymer Treatment in Plasma

As a substrate for the deposition a polyvinylidene fluoride (PVDF) hydrophobic
membrane (Durapore Membrane Filter, Merck) with ~0.22 μm pore diameter was
chosen. The plasma treatment was carried out for 10 min in ammonia (99.999%) and
air atmosphere, using HPT 100 reactor (EDF Electronics, UK) with 50% power, gas
flow 10 sccm, and working pressure 0.4 mbar. The samples were used for deposition
just after the modification.

7.3 EPD Process

EPD was carried out from solutions of oxidized SWCNH in acetone with a concen-
tration 0.01 mg/mL. The Al electrodes were used, placed at a distance of 10 mm,
and immersed in 10 mL of solution. The positively charged one was covered with
PVDF membrane. Each portion was sonicated just before the deposition process for
30 s at 50 W.

Following the Taguchi procedure (Eqs. 2, 3), four different parameters were
studied in three variants—see Table 2.

In Table 3 the designed parameters for each experiment there are presented,
together with the WCA (T = 25 °C) values for reference substrate materials and
obtained samples. The WCA values were measured using the goniometer described
in details in [179]. The changes in WCA during the procedure are also presented on
Fig. 2 (Tables 4 and 5).

In this way, we obtain the optimal set of parameters, and the surfaces created will
be applied in our future studies.

Table 2 The parameters for the Taguchi’s method

parameter level 1 level 2 level 3

Substrate Pristine (PVDF) Air plasma treated
(PVDF-AIR)

Ammonia plasma treated
(PVDF_NH3)

Nanomaterial SWCNH-450 °C SWCNH-500 °C SWCNH-550 °C

deposition voltage 140 V 160 V 200 V

Deposition time 10 min 20 min 30 min
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Table 3 The parameters of designed experiments for Taguchi procedure and WCA results for
reference and experimental samples

Time (min) Voltage (V) SWCNH oxidation temp. (°C) Substrate WCA [°]

PVDF 129.7 ± 1.1

PVDF-AIR 84.7 ± 1.9

PVDF_NH3 62.2 ± 2.6

1 10 140 450 PVDF 97.1 ± 5.4

2 10 160 500 PVDF-AIR 63.7 ± 8.5

3 10 200 550 PVDF_NH3 20.3 ± 1.7

4 20 140 500 PVDF-AIR 117.4 ± 3.8

5 20 160 450 PVDF_NH3 25.2 ± 2.5

6 20 200 550 PVDF 62.7 ± 2.5

7 30 140 550 PVDF_NH3 42.7 ± 8.0

8 30 160 500 PVDF 114.5 ± 4.1

9 30 200 450 PVDF-AIR 80.3 ± 8.8

Fig. 2 Results of WCA
measurements for designed
experiments

Table 4 The analysis of the means for design factors

Factor Level Optimum level

1 2 3

Time 60.37 68.43 79.17 30 min

Voltage 85.73 50.85 54.43 140 V

SWCNH oxidation temp 67.53 98.53 41.90 500 °C

Substrate 91.43 87.13 29.40 PVDF
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Table 5 The S/N ratios of design factors for case: larger the better

Time Voltage SWCNH oxidation temp Substrate

Level 1 30.33 36.16 32.13 38.37

Level 2 31.98 31.99 38.80 38.01

Level 3 35.85 30.24 29.68 28.19

Range (delta) 5.52 5.91 9.12 10.18

Rank 4 3 2 1

The results collected in Fig. 2 show that plasma treatment of the PVDFmembrane
leads to its hydrophilization. However, the incorporation of carbon nanohorns,
depending on the procedure of modification and EPD conditions (Table 3) can lead
to further hydrophilization or hydrophobization of PVDF surface. Thus by the EPD
application, one can easily change the properties and morphology of this membrane
(Fig. 3). Since carbon introduction will improve mechanical and porous properties,
one can easily expect the improvement of PVDF separation abilities in selected
processes. This will be the subject of our future studies.

8 Summary

In this chapter, the basic literature on the EPD of carbon nanomaterials was reviewed.
We show the cons and profs of this method, showing possible solving of existing
problems, as well as future directions. In our opinion, this method will be devel-
oped as the most promising and perspective tool for carbon nanomaterials surfaces
creations. We provide the basics of DLVO theory. Since our study shows that little
is known about the EPD of carbon nanohorns we provide the results of prelimi-
nary studies on the deposition of oxidized nanohorns on a hydrophobic membrane.
Taguchi procedure was applied to optimize the deposition parameters. Up to our
knowledge, the SWCNH were deposited on a hydrophobic polymer membrane for
the first time. The properties of this new system and its application for the creation
of more complicated surfaces will be reported in the future.
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Fig. 3 SEM images for PVDF membranes (a,b,c) and the samples with maximum WCA values:
Sample 4 (d,e,f) and Sample 8 (g,h,i)
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CO2 Adsorption in Activated Carbon
Materials

S. Reljic, E. O. Jardim, C. Cuadrado-Collados, M. Bayona,
M. Martinez-Escandell, J. Silvestre-Albero, and F. Rodríguez-Reinoso

Abstract Selective CO2 capture in industrial streams is of paramount importance
to decrease actual emissions to the atmosphere, and to minimize the associated envi-
ronmental concerns. Among the different possibilities to capture CO2, adsorption
using nanoporous networks is one of the most promising approaches, provided that
the adsorbent can be properly designed in terms of porous structure and surface
chemistry. The material has to be designed to achieve a preferential interaction with
CO2 versus other competing molecules (e.g., CH4, N2, O2, etc.) also present in the
industrial effluents. Promising adsorbents for CO2 capture include activated carbons,
zeolites, and metal–organic frameworks (MOFs), among others. This chapter will
focus on activated carbon materials and the effect of the porous structure and surface
chemistry in the selective adsorption of CO2. Although the chapter will concentrate
mainly in physisorption processes, a final section will be introduced devoted to a
novel approach for CO2 capture based on natural processes, the so-called solid state
storage.

1 Introduction

The increasing energy demand worldwide is unambiguously associated with an
alarming increase in the amount of CO2 emitted to the atmosphere (actual numbers
from the Mauna Loa station are above 411 ppm far from the 280 ppm level in the
pre-industrial era). CO2 in the atmosphere comes preferentially from the combustion
of fossil fuels (coal, natural gas, and oil), solid waste, trees and chemical reactions
performed at industrial scale (e.g., manufacture of cement). Although land and ocean
ecosystems act as natural buffers, these systems cannot adsorb and sequester more
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than 50% of all CO2 produced in Earth. Unfortunately, these increasing CO2 emis-
sions to the atmosphere are unambiguously associated with a dramatic alteration
in Earth´s temperature and a change in the climate cycles, thus given rise to unex-
pected climate episodes (e.g., heavy rains, floods, tropical cyclones, dry seasons,
etc.). Taking into account that these numbers will continue increasing in the next few
years, it is critical to develop technologies able tomitigateCO2 emissions to the atmo-
sphere [1]. Actual technology to remove CO2 in industrial streams is based on the
reactivity between the acidic CO2 molecule and amines (e.g., monoethanolamine—
MEA) to form water soluble compounds, the so-called amine scrubbing. However,
this technology has significant cost and efficiency penalty. Among the alternative
technologies (for instance carbonate-based systems, aqueous ammonia, membranes,
etc.), one of the most promising one is the application of solid sorbents able to
interact with CO2 molecules through van der Waals forces at the gas–solid inter-
face, the so-called physisorption. Potential sorbents for CO2 capture are activated
carbons, zeolites and metal–organic frameworks, among others [2, 3]. Huge efforts
have been done to design novel sorbents with a perfectly designed porous structure
and surface chemistry able to selectively adsorb CO2, with a low cost, easy scale-up
and low regeneration cost. Among these systems, this chapter will concentrate in
carbon materials with special emphasis in the role played by the porous structure
and surface chemistry. Carbon materials have demonstrated to be one of the most
promising candidates due to their high surface area, excellent thermal and chemical
stability, low cost and easy regeneration for CO2 uptake [4–6].

2 CO2 Physisorption Using Carbon Materials

2.1 Effect of Surface Chemistry

As described above, carbon dioxide capture and storage is considered one of the
most important strategies when it comes to efficient reduction and recycling of
CO2 [4]. Among the different potential adsorbents, activated carbons exhibit some
advantages such as a tunable porous structure and surface chemistry, so that it can
be designed specifically to enhance CO2 adsorption/delivery. The optimization of
adsorption performance in carbon materials has been performed through the proper
selection of the precursor, modification in the carbonization/activation steps, post-
processing surface modification, etc. [7]. Among these modification, the incorpo-
ration of heteroatoms in the carbon skeleton is a very useful approach of tuning
carbon’s unique physicochemical properties. The incorporation of heteroatoms such
as nitrogen, sulfur, oxygen, boron and phosphorus to a variety of carbon mate-
rials, including graphite, porous carbon, carbon nanotubes, and fullerenes, has been
very useful to significantly improve the performance of carbon materials in a range
of applications (e.g., batteries, fuel cells, supercapacitors, adsorption, etc.) [4, 6–
10]. Incorporation of heteroatoms provides a different electronegative environment,
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Fig. 1 Natural bond orbital (NBO) population analysis of six nonmetallic heteroatoms in graphene
matrix. pN and gN represents pyridinic and graphitic type of N, respectively. Insets show the
proposed doping sites for the different elements: sites 1 and 2 are the edge and center in-plane sites,
respectively, and site 3 is an out-of-plane center site in graphene. Reproduced from Ref. [11] with
permission from American Chemical Society

causing an alteration in the electron densitymap of the carbon framework and amodi-
fication in the electrical conductivity. For instance, nitrogen and oxygen heteroatoms
are negatively charged, and can therefore serve as electron donors for the adjacent
C atoms (Lewis base). In contrast, F, S, B and P are positively charged and act as
electron acceptors (Lewis acid) (see Fig. 1). Another possibility is the co-dopingwith
two elements with reverse electronegativity to that of carbon, e.g., B and N, so that
the final composite exhibits special electron-donor properties through the so-called
synergistic coupling effect between the two heteroatoms, with improved properties
in the oxygen reduction reaction (ORR) [11]. Among these possibilities, N-doped
carbons have been the most widely investigated for CO2 capture.

Many approaches have been suggested when using carbon adsorbents for CO2

adsorption to integrate heteroatoms into the carbon network, including in-situ doping
and post-synthesis doping [12]. The in-situ doping method (or direct synthesis of
doped carbon material) requires the carbonization of carbon precursors rich in a
specific functional group (for instance, nitrogen-rich polymers such as polyacryloni-
trile, melamine, etc.). This approach is very interesting since it allows to synthesize
materials with a uniform distribution of heteroatoms, and a controlled porosity and
surface chemistry [13]. On the contrary, the post-treatment approach involves the
surface reaction between heteroatoms-rich chemicals and the carbon matrix, usually
at high temperatures [14–17]. For the last approach, NH3 has been the most popular
reagent used to treat porous carbons in order to introduce nitrogen functionalities
and surface basicity [18]. Ammonia can be used directly in the raw carbon material,
in the carbon sample after a pre-oxidation treatment with HNO3 (amination) or in
combination with air. Other common reagents for nitrogenization of porous carbons
are: HCN, HNO3, melamine, polyaniline, urea, etc. [7].
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Fig. 2 Various
configurations of N atoms
doped in graphene layer.
Reproduced from Ref. [7]
with permission from
Elsevier

N-Graphitic, N-Pyridinic, N- Pyrrolic

Previous studies described in the literature have shown that the adsorption perfor-
mance of carbon materials is not only defined by the incorporation of a certain func-
tional group but also but their chemical environment. This is the case for instance for
nitrogen functionalities where nitrogen can be incorporated as graphitic, pyridinic
and pyrrolic, depending on the experimental conditions applied. Figure 2 shows
a schematic representation of these functional groups and their environment. The
incorporation of these N functionalities into the carbon network allows to enhance
the basicity either due to the lone pair of electrons (for pyridinic-N and pyrrolic-N),
or due to delocalized π-orbitals (for graphitic-N), with the associated changes in the
adsorption properties.

Horikawa et al. demonstrated that the water adsorption capacity of porous carbons
doped with nitrogen was directly related to the nitrogen content on the low pressure
region due to the reduced hydrophobicity of the surface [19]. Despite the beneficial
role of N for a wide range of applications, as described above, the role of these func-
tionalities is not so clear in the case of CO2 adsorption due to the combined effect
of porosity and surface chemistry in the final uptake. To et al. prepared hierarchical
carbon materials through co-assembly and polymerization of a rationally designed
pyrrole monomer and a triblock copolymer soft-template [6]. Under low carboniza-
tion and activation conditions, the authors observed an optimum performance for
CO2 adsorption (adsorption capacity above 4.5 mmol/g at 0.1 MPa and 298 K). This
excellent performance was attributed to the presence of ultra-small pores and, to
the presence of a rich surface chemistry (nitrogen adsorption sites) able to exhibit a
strong binding interaction with CO2. The presence of these surface functional groups
(mainly pyrrolic and pyridonic) could also explain the large CO2/N2 selectivity in
these samples. A similar conclusion was achieved by Ge et al. using polyurethane-
based carbon materials [4]. These studies confirm that small micropores (pore size
smaller than 0.86 nm (at 273 K) and 0.70 nm (at 298 K)) play a dominant role in the
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CO2 adsorption capacity (around 80% of the adsorption arises from physical adsorp-
tion), while there is an additional 20% of the total uptake that is due to chemical
adsorption originated from the interaction of basic N groups and CO2 molecules.
This observation agrees with the isosteric heat of adsorption (Qst) ranging from 46 to
28kJ/mol atCO2 loadings of 0.01–2mmol/g [6].Adifferent conclusionwas drawnby
Silvestre-Albero et al. for carbons materials prepared from polyaniline [20]. Despite
the presence of a rich surface chemistry (around 3–8%nitrogen, mainly pyridinic and
pyrrolic groups), CO2 adsorption measurements at atmospheric (0.1 MPa) and high
pressure (4.0 MPa) were in perfect agreement with the textural properties, with no
clear contribution of the surface functional groups. This conclusion was also antic-
ipated by Sevilla et al. for carbon microspheres undoped and doped with nitrogen
[21]. CO2 adsorption in these two sets of samples (with similar textural properties)
confirmed that nitrogenmoieties do not enhance CO2 performancewith respect to the
undoped carbons. Adeniran et al. confirmed the main role of the porosity defining the
CO2 adsorption capacity using a range of microporous carbon materials with virtu-
ally identical porosity but different surface chemistry [22]. Based on these studies,
small micropores in the range 0.5–1.0 nm are critical for CO2 adsorption, while
N-functionalities do not have any beneficial effect.

Other functional groups less explored are boron and sulfur. Boron is an ideal
carbon dopant owing to its special and generally incomparable properties within
the periodic table, such as lower electronegativity and similar atomic size to carbon
[23]. Since boron has one electron less than carbon, when it replaces carbon in the
graphene sheet, localized states below the Fermi level (valence band) appear due
to its Lewis acid character [24]. Up to now, B-doped carbon materials have been
broadly used in different research areas such as super capacitors, fuel cells, oxygen
reduction reaction (ORR), among others, with very promising results [23]. However,
no studies have been reported in the literature so far about the adsorption prop-
erties of these B-doped systems, except the pioneering work of Liu et al. where
an improvement in the adsorption performance of porous biochar towards peroxy-
disulfate (PDS) was observed [24]. Compared to boron, studies dealing with sulfur
doping are very limited and represent a growing field in carbon science. Although
today the high potential of such materials is mainly exploited for fuel cells, super-
capacitors or batteries, little is known about sulphur-doped carbons. Their under-
standing principally covers graphite-sulfur composites and their superconductivity
performance, as well as theoretical investigations related to the effect of individual
sulfur atoms on carbon nanotubes or graphene sheets [14, 23, 25–27]. In the specific
case of sulfur-doped carbons, there are few studies in the literature that suggest a
promoting effect of S doping in the CO2 adsorption performance [28–30]. Seredych
et al. suggest that the improved adsorption performance in the S-doped carbons is
due to the presence of acid–base interactions of CO2 in small pores with sulfur
incorporated into aromatic rings of the pore walls, to polar interactions of CO2 with
sulfoxides, sulfones and sulfonic aids, and to hydrogen bonding of CO2 with acidic
groups on the surface (oxygen groups developed in a subsequent oxidation step) [30].
An important effect of the sulfur-containing functional groups was also proposed by
Sun et al. for polymer-based carbonmaterials. Based on these studies, oxidized sulfur
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groups (-SO3H) exhibit a significant role in CO2 adsorption at low pressures, while
the microporosity exhibits the predominant role at moderate pressures (0.8 MPa)
[29].

Overall, actual results reported in the literature highlights the preferential role of
the porosity defining the adsorption performance of carbon materials, as discussed
in the next section, although some marginal role of the surface chemistry cannot be
completely ruled out, preferentially for sulfur-based functional groups.

2.2 Effect of the Porous Structure on CO2 Adsorption

As anticipated in the previous section, the porous architecture of inorganic mate-
rials is of paramount importance defining their adsorption properties. The presence
of nanocavities with enhanced adsorption potential is a pre-requisite to promote
adsorption of light molecules (e.g., CO2) under low pressure conditions. To this end,
the porous structure has to be properly designed, pore size and shape, to achieve
an optimum packing density for the target molecule [31]. Based on these premises,
carbon materials can be considered one of the most promising candidates due to
the possibility to tune their porous network through proper synthesis routes (e.g.,
carbonization and activation conditions) [31]. The presence of a disordered structure
with voids or cavities in between the graphene-like layers allows to adsorb a large
amount of gas or liquidmolecules, provided that these cavities are properly designed.

CO2 is an acidic molecule with a kinetic diameter of 0.33 nm. CO2 adsorption
at 273 K and atmospheric pressure has been traditionally applied to complement N2

adsorption in the characterization of carbon materials [32, 33]. Whereas N2 adsorp-
tion at cryogenic temperatures (77K) and atmospheric pressure provides information
about the microporosity (pores below 2 nm) and mesoporosity (pores in between 2
and 50 nm), CO2 adsorption at 273 K and atmospheric pressure provides information
about the narrow microporosity (pores below 0.7 nm). This assumption anticipates
that CO2 adsorption at atmospheric pressure (partial pressure 0.03) requires the
presence of narrow pores, preferentially those below 0.7–0.8 nm.

Grand canonical Monte Carlo (GCMC) simulations have shown that CO2 forms a
dense monolayer in pores wider than 0.3 nm, with a complete filling of these cavities
at a pressure of 5× 10–3 atm [34]. These simulations predict a transition from a single
to a double layer of adsorbedCO2 molecules for pores between 0.65 and 0.8 nm, these
two layers remaining unchanged for wider pores, i.e. wider pores do not adsorb addi-
tional CO2 at sub-atmospheric pressures, the central region of the pores remaining
unfilled. These theoretical predictions confirm the above mentioned assumption, i.e.
CO2 adsorption at atmospheric or sub-atmospheric pressure conditions require the
presence of pores below 1 nm to achieve an optimum packing density. These predic-
tions were confirmed experimentally by different research groups [35–39]. Silvestre-
Albero et al. synthesized a series of porous carbon molecular sieves using petroleum
pitch as carbon precursor and KOH and activated agent [35]. The evaluation of these
microporous carbon materials in CO2 capture at atmospheric pressure suggested
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that the total adsorption capacity is not defined by the total surface area (BET) but
rather by the volume of narrowmicropores. Similarly, Martin et al. analyzed the CO2

adsorption on different polymeric porous carbons prepared by physical activation of
a phenolic resin [36]. These authors concluded that CO2 capture at 298 K and atmo-
spheric pressure involves exclusively smaller micropores (<1 nm). A more detailed
analysis about the role of the porous structure in the adsorption performance was
described by Presser et al. by using a series of carbide-derived carbons (CDCs) [39].
The adsorption performance of these CDCs for CO2 at atmospheric pressure was
correlated with the porous structure through the correlation with specific pore size
regions. These correlations anticipated that the optimum pore size for CO2 adsorp-
tion at 0.1MPa is 0.8 nm, while smaller pores (<0.5 nm) are mandatory for processes
working at 0.01 MPa. Last but not least, Sevilla et al. carried out similar analysis
in carbon materials prepared by physical activation with CO2 [21]. These studies
confirmed that the adsorption potential for CO2 is reduced with an enlargement of
the micropores as the activation process proceeds, as shown in Fig. 3.

In conclusion, the above described studies confirm that small micropores (those
below 1 nm) are mandatory to achieve an optimum adsorption performance for CO2

at atmospheric pressure. Although majority of studies described in the literature are
dealing with atmospheric pressure conditions, preliminary studies have shown that
the scenario changes completely at high pressures. Under these conditions larger
cavities are required to achieve an optimum packing density. The knowledge of
the adsorption performance of a given inorganic system at high pressure is highly
important for applications such as gas storage in the transportation sector. It is widely
accepted in the literature that for adsorption processes at high pressure (close to CO2

vapour pressure, i.e. 3.4 and 6.4MPa at 273Kand298K, respectively), the adsorption
of CO2 takes place in cavities similar to those filled by N2 at 77 K and 0.1 MPa [40].
Under these circumstances, CO2 uptake can be notably enhanced because both large

Fig. 3 Comparison of the
fraction of CO2 adsorbed by
undoped carbons at different
activation degrees.
Adsorption temperature of
273 K. Reproduced from
Ref. [21] with permission
from American Chemical
Society
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micropores and mesopores are now available to participate in the adsorption process.
For this reason, the CO2 uptake at high pressures shows a better correlation with the
total pore volume or BET surface area, as it has been already reported in the literature,
rather than with the micropore volume (as stated above for atmospheric pressure
conditions) [40–43]. At high pressures, the optimal threshold pore size increases
with the adsorption pressure since experimental conditions are sufficient to enable
capillary condensation in large cavities (mainly mesocavities). Casco et al. showed
that in the specific case of petroleum-pitch based activated carbons, CO2 adsorption
at 4.5MPa and 298K exhibits a good correlationwith pores below 2 nm, although the
correlation is also quite good for larger pores (<3 nm), see Fig. 4 [44]. These results
constitute an experimental evidence that large micropores and small mesopores are
the optimum cavities to store CO2 at high pressure with an optimum packing density.
Under these conditions, the delivery capacity can be up to 1400 mg CO2/g between
4.5 and 0.1 MPa. Contrary to atmospheric pressure conditions, no clear correlation
could be observed at high pressure with the amount of narrow micropores (<1 nm).

Ashourirad et al. determined that for the case of benzimidazole-based KOH acti-
vated carbons, both the surface excess and the absolute CO2 uptakes at 3.0 MPa and
298 K exhibit a very good correlation with the volume of pores smaller than 2.2 nm
[45]. Similarly, He et al. studied the CO2 adsorption performance of polyaniline-
based KOH activated carbons at 3.0 MPa and 298 K [46]. Under these experimental
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conditions the amount adsorbed was perfectly correlated with the volume of pores
smaller than 4 nm.

Last but not least it is important to highlight that in the last few years, novel mate-
rials have been proposed in the literature able to overpass the adsorption performance
of carbon materials for CO2 adsorption. These materials are the well-known metal–
organic frameworks (MOFs). When activated carbons are compared with the most
promising MOFs (Fig. 5), it seems that the latest offer better performance in terms
of total capacity. For instance, values as high as 250 wt% at 5.0 MPa were reported
for MOF-177 and MOF-200, systems with an exceptional surface area above 4500
m2/g [47]. Based on these premises, Silvestre-Albero et al. compared the adsorption
performance of one of the best performing carbon materials with the aforementioned
MOFs [35]. These studies suggested that properly designed activated carbon mate-
rials (carbons prepared from petroleum pitch with KOH as activating agent) can
compete, and even overpass, MOFs performance in volumetric basis. While acti-
vated carbon VR-93 was able to reach an excess uptake of 500 v/v at 5.0 MPa,
MOF-177 reached an asymptotic value around 300 v/v under similar experimental
conditions. At this point it is important to highlight that the volumetric data forMOFs
were obtained assuming the crystallographic density, i.e. assuming a single crystal
of MOF.

In summary, these results show that wider cavities are needed to store large quan-
tities of CO2 under high pressure conditions. Properly designed carbon materials can
achieve adsorption values as high as 2000 mg/g, in gravimetric basis, or 500 v/v in
volumetric basis, at 5.0 MPa and 298 K. Although MOF can compete with carbon
materials in terms of total adsorption capacity for CO2, one has to keep in mind the
excellent mechanical and chemical properties of carbons as a differentiating factor
to other porous sorbents, for instance several MOFs.
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3 CO2 Adsorption in the Form of Clathrates

As described in previous sections, although carbon materials are excellent sorbents
for CO2 adsorption both at low and high pressure, at this stage it is difficult to
design novel carbon materials able to outperform actual values. This is due to the
presence of a highly optimized porous structure with the proper pore size and shape
for a number of materials reported in the literature. However, recent studies from our
research group have shown that these numbers can be highly improved bymimicking
nature, though the so-called CO2 hydrates. This new strategy consists in trapping
CO2 molecules in the cages created by water molecules in the clathrate crystal.
Under these conditions large quantities of gas molecules can be captured in a very
small volume [48]. Although gas hydrates are very common in nature (for instance
deep under the sea or in the permafrost), their artificial synthesis is not so simple
due to the presence of important kinetic limitations at the gas–liquid interface [49].
However, these kinetic restrictions can be overcome using nanoporous materials as
a host structure to promote the nucleation and growth of these hydrates [50–53].
Under confined conditions, gas hydrates can be grown under milder pressure and
temperature conditions compared to artificial hydrates, and more importantly, with
faster kinetics. Majority of studies reported in the literature involve methane as a
guest molecule, with excellent results in terms of adsorption capacity compared
to the dry system [50, 51, 53]. However, recent studies performed using activated
carbon as a host structure confirm that CO2 hydrate can also be promoted under
confinement conditions, at lower pressures compared to methane hydrates (1.8 MPa
vs. 3.4 MPa) [54]. Under water supplying conditions, the amount of CO2 adsorbed
can be increased from 15 mmol/g up to 40 mmol/g at 10.0 MPa and 275 K (Fig. 6).
Furthermore, these studies anticipate the possibility to replace CH4 by CO2 in these
confined hydrates, thus opening the gate towards in-situ replacement or swapping
in natural and artificial hydrates [55]. This will allow to recover natural gas from
natural hydrate reservoirs, with the associated sequestration of CO2.

4 Conclusions and Perspectives

The main goal of this chapter was to provide some guidelines about the role of
carbon materials in CO2 adsorption processes and the effect of the different vari-
ables (mainly pore size and surface chemistry) defining the adsorption performance.
These studies described in the literature show that the design of the porous structure
(size and shape of the cavities) is crucial to achieve a proper adsorption performance
for CO2 with an optimum packing density. On the contrary, the role of the functional
groups present on the carbon surface is still a matter of debate. For low-pressure
applications, a pore size around 0.8–1.0 nm is defined as a optimum value, while
larger pores (wide micropores and small mesopores) are needed for high-pressure
applications. Concerning surface chemistry, incorporation of sulfur functionalities
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Fig. 6 High-pressure CO2 isotherm at 275 K for a petroleum pitch derived carbon obtained by
KOH activation. Reproduced from Ref. [54] with permission from John Wiley and Sons

has been proposed as a promising approach to improve the gas-framework inter-
actions, with the associated improvement in the adsorption of CO2. However, the
situation is not so clear in the case of nitrogen functionalities. Although some studies
claim a promoting effect of these surface functional groups, the predominant effect
of the porous structure precludes a clear confirmation of this hypothesis. Last but
not least, this chapter incorporates a new approach to store CO2 in carbon materials
based on natural processes. Under water supplying conditions and high pressure,
carbon materials can promote the formation of CO2 hydrates with a similar stoi-
chiometry to the natural systems. Compared to the dry physisorption process, these
crystal structures allow to improve the storage capacity more than 2–3 times. The
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presence of a proper hydrophobicity and wettability makes carbon materials unique
for this approach.
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Graphene-Based Carbons of Tuned
Nanoporosity and Crystallinity

Shuwen Wang and Katsumi Kaneko

Abstract This review introduces the tuning of porosity and crystallinity of
graphene-based porous carbons through a series of methods like chemical reagent
activation (with KOH, ZnCl2 and H3PO4), physical activation (with CO2), compres-
sion and thermal treatment. The KOH activation shows a superior porosity tunability
compared with the chemical reagent activations with ZnCl2 or H3PO4 and CO2 acti-
vation. A shape-retention activation method with ice-templating can be applied to
preparation of free-standing porous graphene monoliths with well-aligned textures.
A long compression of highly porous graphene for 25 h unfolds the double-bent like
structures of nano-sized graphenes. Heat-treatment results in the increase of crys-
tallinity and decrease of porosity of porous graphene monolith; highly crystalline
porous graphenemonolithwith high porosity can be obtained by the heat-treatment at
1873 K. The heat-treated porous graphene monolith shows a variable-range hopping
conduction, being a promising material for electrochemical applications.

1 Introduction

We had active scientific arguments on the upper limit of surface area of porous
carbons in adsorption and carbon sciences 30 years ago; many scientists believed
that the surface area limit of porous carbons was 2630 m2g−1 of the geometrical
surface area of graphene. On the contrary, KOH activation [1] enables to produce
porous carbons whose BET surface area is much larger than 2630 m2g−1, offering
an active discussion for the scientific understanding. We had competitive researches
for developing nanoporous carbons of larger surface area for storage of supercritical
gases such as hydrogen and methane. Very recently Professor Rodríguez-Reinoso
and one of the authors edit the book entitled onNanoporousMaterials forGas Storage
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[2], in which representative porous carbons for methane and hydrogen storage are
given. Nanoporous carbons having the BET surface area larger than 2630m2g−1 may
be called “superhigh surface area carbons” [3]. Kaneko et al. clarified the contribution
of nanoscale graphitic units as the component of nanoporous carbons to the surface
area larger than 2630 m2g−1 without overestimation; they proposed the subtracted
pore effect (SPE) method for more accurate evaluation of the surface area [3–5].
Also they showed that the routine BET analysis lead to overestimation of the surface
area for supermicropores and underestimation for ultramicropores.

Still we have an intensive demand for the superhigh surface area carbon, because
promotion of renewable energy technologies is indispensable to the high surface area
carbon electrodes for supercapacitors [6–9] in addition to efficient adsorbents for
methane storage [10–12]. Outstanding confinement effects were observed with the
relevance to fundamental studies on supercapcitors using porous carbons, stimulating
fundamental science on nanoconfinement. Chmiola et al. [13] found an anomalous
increase of capacitance in ultramicroporous carbons, agreeing with dehydration of
ions in highly confined carbon pores [14]. Futamura et al. elucidated novel concen-
tration effect of co-ions in carbon ultramicropores due to the marked image charge
effect [15]. These novel scientific findings have also encouraged to develop highly
designed porous carbons for better understanding of nanoconfinement effects. Thus,
we must develop porous carbons having customized pore structures depending on
our scientific target or industrial application. Porous carbons are mostly prepared
from a variety of carbon precursors whose structures are too diverse to achieve a full
understanding. Consequently, it’s necessary to innovate nanoporous carbons with
well-defined wall structure and tunable pore structure.

Graphene naturally becomes a versatile nanoscale building block to achieve
nanoporous carbons with designed structure and properties due its unique physical
and chemical properties [16–18]. Graphene-derived porous carbons show superior
performance over conventional carbons due to their high thermal [19–21] and elec-
trical conductivity [22–24], as well as good mechanical property [25–27]. However,
most of the reported graphene-based carbons are of low surface area, or have N2

isotherms of Type II or IV [28, 29], suggesting that micropores are not sufficiently
developed. Consequently, a systematic route on the porosity tuning of graphene-
based porous carbons, especially those with abundant micropore is highly desired.
This chapter offers a review on the porosity development on the graphene-based
carbon by using KOH, CO2, ZnCl2 and H3PO4 as an activation reagent, as well as
their porosity regulation by using high-pressure compression and heat-treatment at
high temperature.
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2 High Surface Area Graphene Monoliths with KOH
Activation

KOH activation is one of the most efficient way for developing nanopores on
graphene-based carbons. It is of significant importance to provide a guideline for the
bottom-up design of graphene-based porous carbons with KOH activation method
[30]. The graphene-based carbons are prepared inmonolith form due to their easiness
for handling. The porous graphene monolith (PGM) can be obtained by KOH activa-
tionmethod; the ice-templatedmonoliths prepared from themixture of KOH andGO
are freeze-dried, heat-treated and washed repeatedly by 1 M HCl and distilled water.
ThePGMshows a remarkable shrinkage (seeFig. 1d) due to itsmicroscopic structural
change. For comparison, the reduced GO (RGO) monolith without KOH activation
(See Fig. 1a) is prepared through heating the GOmonolith in Ar atmosphere at a low
heating rate (1.5 K/min). The RGOmonolith without activation consists of crumpled
and uniform sheets detaching from each other, which construct abundant macrop-
ores (see Fig. 1b). TEM observation indicates RGO monolith has stacking graphene
sheets of large size and integrated shape (see Fig. 1c). On the other hand, PGM is
constructed by irregular lamellar structure (see Fig. 1e), which should stem from
the aggregation of GO on addition of the chemical reagents. The graphene sheets
break into smaller sizes and become entangled after the KOH activation process,
constructing the three-dimensional (3D) network with abundant nanospaces (see
Fig. 1f). Different from conventional highly porous carbon that consists of graphene
units of a few nanometers in scale [31–33], PGMhas graphene sheets of considerably
large size (but smaller than RGO) and integrated structure, being responsible for its
enhanced mechanical and electrical property.

Fig. 1 Morphology of RGO monoliths (a–c) and PGM monoliths (d–f). a, d photos, b, e SEM
images, c, f TEM images
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The N2 adsorption isotherms of non-activated RGO and PGMs prepared with
KOH/C = 1 are all of type IV with a slight combination of type I (see Fig. 2a), indi-
cating the presence of predominant mesoporosity with a little microporosity. The
PGMs have much higher N2 uptake amount than that of RGO in whole P/P0 region,
suggesting the significant development of nanoporosity. The PGMs prepared with
KOH/C = 2 have isotherms with less characteristic of type IV but more character-
istic of type I than those prepared with KOH/C = 1 (see Fig. 2b), suggesting the
deterioration of large mesopores and the development of micropores. The PGMs
prepared with KOH/C = 3 show a significant N2 uptake enhancement at P/P0 < 0.4
(see Fig. 2c), which comes from the substantial increase of micropores. The satu-
ration of adsorption isotherms at P/P0 > 0.5 indicates the disappearance of large
mesopores. On the other hand, the continuous enlargement of micropores induced
by intensive activation (1023 and 1073 K) leads to the development of small meso-
pores, which is evidenced by the notable hysteresises at P/P0 = 0.4–0.6. Even at more
intensive activation conditions with KOH/C = 5, further development of micropores
and mesopores is evidenced according to the larger initial N2 uptake amount in the
low P/P0 region and the distinct hysteresis loop at P/P0 > 0.4 (see Fig. 2d).

The porosity parameters as a function of the activation temperature and KOH/C
ratio are illustrated in histogram for a better comparison. The total and external

Fig. 2 N2 adsorption isotherms (77.4 K) of PGM obtained from KOH activation with KOH/C
= 1 a, 2 b, 3 c and 5 d at various temperatures. Reprinted (adapted) with permission from [30].
Copyright (2014) Elsevier



Graphene-Based Carbons of Tuned Nanoporosity and Crystallinity 157

surface areas are determined by subtracting pore effect (SPE) method [5] using high
resolution αs-plot of the N2 adsorption isotherm. The micropore volume is evalu-
ated by the Dubinin-Radushkevich (DR) equation [34] and the mesopore volume
is determined by Dollimore-Heal (DH) method [35, 36] at P/P0 = 0.95, respec-
tively. The surface area and micropore volume of PGM increase with the KOH/C
ratio and activation temperature within the applied experimental conditions (see
Fig. 3a, b). The most remarkable increase of surface asrea and micropore volume
occurs during the KOH/C ratio increases from 2 to 3. The increase of surface area
is largely caused by the development of micropores. On the other hand, the changes
of external surface area and mesopore volume under KOH activation show similar
tendency in general; both decrease firstly, then increase with the KOH/C ratio under
each activation temperature (see Fig. 3c, d).

The porosity development of PGM with increase of the KOH/C ratio from 1 to 5
can be described by a simple activation model based on the obtained porosity param-
eters and TEM images. The non-activated RGO is constructed by randomly stacked
graphene layers (see Fig. 4a) with abundant interspaces of micrometer scale, which
cannot be determined by N2 adsorption at 77 K. KOH activation with KOH/C = 1
breaks up large graphene layers into fine pieces and brings out smaller interspaces

Fig. 3 Porosity variation of PGMs activated at different temperatures and KOH/C ratio. a Total
surface area, b external surface area, c micropore volume, d mesopore volume
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Fig. 4 Porosity development model of PGM under KOH activation. a Non-activated RGO; PGM
obtained from KOH activation at 1073 K with KOH/C = 1 (b), 2 (c), 3 (d), 5 (e)

(see Fig. 4b), which are mainly large mesopores and/or macropores according to the
remarkable N2 uptake at high P/P0 and the distinct hysteresises (see Fig. 2a). KOH
activation with KOH/C = 2 decreases the mesopores and/or macropores through
destructing the framework between graphene layers, which gives rise to the develop-
ment of micropores through breaking the stacking graphene layers into smaller sizes
and few layers (see Fig. 4c). The marked development of micropores is achieved
with the increase of KOH/C ratio to 3 through the further breaking of the graphene
layers (see Fig. 4d). Activation with KOH/C = 5 exfoliates more graphene layers,
giving rise to the enlargement of micropores and the development of mesopores (see
Fig. 4e). Therefore, graphene-based carbon with a target porosity can be designed
according to this activation model, although the porosity contribution from the edge
carbon should be further considered.

3 High Surface Area Graphene Monoliths
with Shape-Retaining KOH Activation

The high surface area PGM with tunable porosity can be fabricated through a KOH
activation process as introduced in Sect. 2. However, the structural deformation of
PGM during the preparation process limits its application in energy and environ-
mental issues. A shape-retaining route [29] can solve the structural deformation
problem effectively through freeze-drying the sample at each drying process, giving
a much improved structural designability. Firstly, a cylindrical RGO monolith with
diameter and length of about 1 and 3 cm (see Fig. 5a) is prepared by using themethod
as introduced in Sect. 2. The RGO monolith is then filled with KOH solution of the
KOH to carbonweight ratio of 10/1, and quickly frozen by liquid N2 and freeze-dried
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Fig. 5 Morphology of RGO monolith (a–c) and PGM (d–f) obtained after shape-retaining activa-
tion. a, d Photos, b, e SEM images, c, f TEM images. Reprinted (adapted) with permission from
[29]. Copyright (2017) Elsevier

for 24 h under vacuum condition (<10 Pa). The KOH-loaded monolith is activated
at 973 K followed by washing with 0.1 M HCl and deionized water. The product is
frozen by liquid N2 and freeze-dried in vacuum to avoid the structural deformation.
The obtained PGM (see Fig. 5d) can largely maintain its original geometry with less
than 10% volume shrinkage. The bulk density evaluated is 8 ± 0.5 mg cm−3, being
much lower than conventional activated carbons.

The microscopic morphology of RGO monolith can be also well-preserved after
the activation process. Pristine RGO monolith has unidirectional texture structures
parallel to the ice growth direction with inter-sheets bridging each other (see Fig. 5b),
being similar to the reported materials produced by ice-freezing method [37, 38].
Such parallel textures are well preserved even after the activation process, although
some parts are slightly distorted (see Fig. 5e). The TEM observation indicates that
pristine RGO monolith consists of large and integrated graphene sheets of a few
layers (see Fig. 5c), which are exfoliated into thinner and smaller defective graphene
sheets after the KOH activation process (see Fig. 5f). Even so, the entangled and
interconnected graphene sheets of considerably large size guarantee the free-standing
nature of PGM.

The porosity development of PGM throughKOHactivation is evidenced by theN2

adsorption isotherms at 77.4 K. Pristine RGOmonolith has a N2 adsorption isotherm
of type IV(a) with an H4 hysteresis loop (see Fig. 6a), suggesting the presence of slit-
shaped mesopores. After the shape-retaining activation, the isotherm changes into
type I(b) (see Fig. 6b), being indicative of the development of large micropores. The
surface area of the PGM increases from 26 to 990 m2 g−1. Thus-prepared monolith
has wide application potential in the fields which require both fast mass-transfer and
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Fig. 6 N2 adsorption isotherms (77.4 K) of RGO monolith (a) and PGM obtained after shape-
retaining activation (b). Reprinted (adapted) with permission from [29]. Copyright (2017) Elsevier

efficient adsorption due to its unique hierarchical porous structure with both marked
microporosity and macroporosity.

4 CO2 Activation Effect of Graphene Colloids

Porosity development through CO2 activation is achieved by extraction of carbon
atoms from the carbon precursor during the gasification reaction. The RGOmonolith
introduced in Sect. 2 can be activated through heat-treatment in a 30% CO2/Ar flow
(200 mL min−1) [30]. The N2 adsorption isotherms of RGO monoliths activated at
1223 K for 1 and 4 h are both of type IV (see Fig. 7a). However, the adsorption
isotherm of RGOmonoliths activated for 4 h has a steeper uptake at high P/P0 region
comparing with that activated for 1 h; the hysteresis loop changes from H4 to H3,
indicating that longer activation time induces the broadening of mesopores. The
surface area and micropore volume of CO2-activated RGO monoliths (see Fig. 7c)
are much smaller than those of the reported works [39, 40].

Marsh and Rodríguez-Reinoso [41] reported that even trace amount of metal can
play a significant catalytic effect in the gasification of carbon. The GO colloid used
in this study experienced sufficient washing during the preparation process, then the
metal content in RGO monoliths should be very low. In order to testify the effect of
metal on the porosity development, CO2 activation is conducted on RGO monoliths
loaded with Ni or Cu at mole ratio of 1/1000 and 1/200. However, the porosity
development is still small by all means tried (see Fig. 7b, d), suggesting these metal
catalysts are not efficient for the porosity development. The innerness of RGO for
the metal catalyst-aided gasification should be ascribed to the special structure of
graphene units. It is known that at the edges of the graphene planes, CO2 molecules
undergo a reaction 102–103 order faster than those on the basal planes [41]. The
RGO monoliths prepared in this work has more basal planes and less prismatic
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Fig. 7 N2 (77.4 K) adsorption isotherms (a, b) and porosity parameters (c, d) of RGO monoliths
treated by CO2 activation. a, c RGO activated at 1223 K for 1 and 4 h, b, d metal-loaded RGO
activated at 1223 K for 2 h. Reprinted (adapted) with permission from [30]. Copyright (2014)
Elsevier

edges comparing with conventional carbons, then CO2 activation is not an effective
method for RGO.

5 ZnCl2 and H3PO4 Activation Effects for Graphene
Colloids

ZnCl2 and H3PO4 are used for developing pores on GO monoliths [30] due to their
tremendous dehydrating effect. Similar to the preparation and activation of KOH-
containedGOmonoliths as described in Sect. 2, the ZnCl2 (or H3PO4) -containedGO
monoliths are prepared from the mixture of GO suspension and ZnCl2 (or H3PO4) by
using the ice-templating and freeze-dryingmethod, then heated under Ar atmosphere
for 1 h. Theweight ratio of carbon to chemical reagents is adjusted to be 1. TheZnCl2-
contained monoliths are activated at 773 and 873 K, while the H3PO4-contained
monoliths are activated at 623 and 673 K. The amounts of chemical reagents used
and the activation conditions are adopted from the optimized conditions reported
[42–45].

The isotherms of both H3PO4- and ZnCl2-activated RGOmonoliths are of typical
type IV according to the IUPAC classification (see Fig. 8a, b). The relatively small
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Fig. 8 N2 (77.4 K) adsorption isotherms of RGO monolith activated by a ZnCl2 and b H3PO4 at
various temperatures for 1 h, and their corresponding porosity parameters (c). Reprinted (adapted)
with permission from [30]. Copyright (2014) Elsevier

surface area determined from SPE method and the typical type IV isotherm suggest
their micropores are not sufficiently developed. The distinct hysteresis loops with
a steep uptake are observed at high P/P0, being indicative of the presence of large
mesopores. The N2 uptake amounts of ZnCl2-activated RGO monoliths are higher
than those of H3PO4-activated RGOmonoliths, suggesting that ZnCl2 induces better
porosity development than H3PO4. Nevertheless, the surface area and micropore
volume obtained (see Fig. 8c) are smaller than those in the previously studies [42–
45]. The porosity development of carbon throughZnCl2 (orH3PO4) activation should
largely depends on the precursors used. For vegetal precursors, the dehydration of the
cellulose, hemicellulose and lignin compounds byZnCl2 orH3PO4 leaves vacancy on
the carbon matrix, giving rise to the significant porosity development. On the other
hand, GO-based precursors have more ordered structure than vegetal precursors
at atomic level, giving the observed stability on the activation. However, porous
RGO monoliths prepared from ZnCl2-activaiton have significant mesopores, being
promising as catalyst supports or adsorbents for biomacromolecules.
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6 Tuning Porosity Through Mechanical Compression

The porosity of PGM is effectively tuned by themechanical compression process [46]
due to the excellent elastic property of graphene [47, 48]. PGM prepared by KOH
activation method (KOH/C = 10, 1073 K) as introduced in Sect. 2 is compressed at
43 MPa over different time period from 3 to 25 h to obtain graphene monoliths with
various pore structures. The sample compressed for β h is nominated as PGM-βh.
Non-compressed PGM has abundant macroporous structure which is constructed by
the interconnected carbon layers with ruffled surfaces (see Fig. 9a). Compression
for 25 h degrades the macropores and converts the disoriented carbon layers into
stacked walls (see Fig. 9d). The morphology conversion of PGM at nanoscale indi-
cates the folded graphene sheets changes to smooth and flat layers (see Fig. 9b, e).
TEM examination indicate that the fundamental structure of graphene units is well
preserved after the compression process (see Fig. 9c, f).

TheAr adsorption isotherms at 87Karemore appropriate formicropore character-
ization thanN2 isotherms at 77Kdue to its smallermolecular size (theLennard–Jones
size parameter of Ar and N2 molecules are 0.341 nm and 0.375 nm, respectively)
which is suitable for narrow micropore, its non-polar feature which can avoid the
underestimation of micropore size as observed in N2 adsorption isotherms, and the
higher measuring temperature which enables smooth intrapore diffusion [49, 50].
The compression process decreases both Ar and N2 adsorbed amounts (see Fig. 10),
especially in the higher P/P0 region, and shrinks the adsorption hysteresis loop in
their isotherms, suggesting the degradation of mesopores. Sample compressed more

Fig. 9 Morphology of PGM before (a–c) and after (d–f) compression under 47 MPa for 25 h. a,
b, d, e SEM images, c, f TEM images. Reprinted (adapted) with permission from [46]. Copyright
(2017) American Chemical Society
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Fig. 10 Ar adsorption isotherms at 87 K (a), N2 adsorption isotherms at 77 K (b) and variations
of surface area and micropore volume (c) of PGM with the compression time. Reprinted (adapted)
with permission from [46]. Copyright (2017) American Chemical Society

than 9 h has an adsorption isotherm close to Type I(b) according to IUPAC clas-
sification [49], indicating the predominant presence of micropores. Meanwhile, the
compression induces low-pressure hysteresis which relates to the restricted diffusion
in ultramicropore. Extending the compression timeup to 25 hgives rise to the increase
of Ar adsorption amount, which is less remarkable on the N2 adsorption isotherm.
The observed unusual inversion of Ar adsorbed amount and porosity change should
associate with the relaxation of stacking nano-sized graphenes induced by long time
compression.

A relaxation model of stacked nano-sized graphenes with elasticity is proposed
(see Fig. 11). The interstices in the randomly aggregated nano-sized graphenes
mainly offer mesopores and the intergraphene spaces provide micropores; the
mesoporosity is much predominant compared with the microporosity. The initial
compression leads to the bending of nanographene sheets between other nano-sized
graphenes, giving rise to a decrease of nanoporosity, especially the mesopore. Long
time compression restores the bent nanographene sheets into mutually stacked layers
with ultramicropore where Ar molecules can, but N2 molecules cannot access. Thus,
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Fig. 11 Relaxation model of a bent nano-sized graphenes under long-time compression. Reprinted
(adapted) with permission from [46]. Copyright (2017) American Chemical Society

the discrepancy observed betweenAr andN2 isotherms stems from the high elasticity
of nano-sized graphenes.

7 Tuning of Porosity and Structure Through Enforced
Crystallization at High Temperature

High temperature treatment improves the graphitization and reduces the defects of
carbon material effectively, but decreases their porosity at the same time. It is quite
difficult to get highly crystalline carbons having an extremely high porosity.Wemust
search an optimumheating temperature of carbonmaterials having considerably high
crystallinity and high surface area. The unit graphene size of PGM is much larger
than that of the conventional porous carbons. The PGM has a soft carbon nature
and thereby high temperature treatment of the PGM enables to give a highly porous
carbon consisting of well-crystalline graphenes [51]. PGMs prepared from KOH
activation (KOH/C = 8, 1073 K) are heat-treated at different temperatures under
Ar atmosphere. The pristine PGM mainly consists of disoriented graphene sheets
entangling with each other (see Fig. 12a). Heat-treatment at 1873 K converts the
disoriented graphenes into partially stacked graphene layers with wrinkled surfaces
(see Fig. 12b), which is a transitional state between distorted graphene networks and
ordered graphitic structures. Heat-treatment at 2273 K produces stacking graphene
layers with improved uniformity (see Fig. 12c), which further reconstruct themselves
into highly crystalline graphitic structure at 2673Kwith the coexistence of disordered
graphitic parts (see Fig. 12d), i.e., the growth of highly ordered graphitic structure
should only consume the crystallizable part, leaving the disordered structures.

The heat-treatment below 1373 K doesn’t change the N2 adsorption isotherms,
but that at temperature higher than 1373 K decreases the N2 adsorbed amount with
elevation of the heating temperature (see Fig. 13a). The decrease of the N2 uptake
at the submonolayer region suggests the degradation of micropores (see Fig. 13b).
The hysteresis loop changes from Type H4 to Type H2 at the heating temperature
above 1473 K, indicting the heat-treatment induces narrow pore necks on PGM [49].
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Fig. 12 HR-TEM images of a PGM, b PGM-1873, c PGM-2273, and d PGM-2673. The porous
graphene monolith heated at T K is nominated as PGM-T

Fig. 13 N2 adsorption isotherms (77.4 K) of heat-treated PGM represented in linear (a) and
logarithmic (b) coordinates. Reprinted (adapted) with permission from [51]. Copyright (2016)
Elsevier

The hysteresis loop of the sample heated at 2073 K and 2273 K is still evident. The
heat-treatment at 2473 K degrades the mesopore structures, losing the adsorption
hysteresis.
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The evolution of the surface area and pore volume with heating temperature are
illustrated in histogram for a better comparison. The surface area doesn’t change
significantly with heating temperature up to 1373 K, then decreases at the heating
temperature higher than 1373 K (see Fig. 14a). The heat-treatment at 2473 K reduces
the surface area to only20m2 g−1. The changes of total,micro- andmesopore volumes
are similar to that of the surface area (see Fig. 14b). The porosity change with the
heating temperature indicates a structural transformation of porous and disoriented
graphene structures into nonporous stacking graphene layers structures.

The Raman spectroscopy and X-ray diffraction (XRD) evidence the structural
transformation of PGMwith the heating temperature (see Fig. 15). Pristine PGM has

Fig. 14 Porosity variation of PGM heat-treated at different temperatures. a Total surface area and
total pore volume, b micro- and mesopore volumes

Fig. 15 Raman spectra (a) and XRD patterns (b) of PGM heat-treated at different temperatures.
Reprinted (adapted) with permission from [51]. Copyright (2016) Elsevier
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two overlapping broad bands locating at ~1350 cm−1 (D band) and ~1590 cm−1 (G
band), which correspond to the defective part of carbon and the stretching vibration
in the aromatic planes, respectively. These broad D and G bands are typical features
of Raman spectrum of amorphous carbons. The heat-treatment below 1873K doesn’t
change the Raman spectra significantly, while that above 1873 K leads to an evident
decrease of D band and increase of G band; the ID/IG ratio decreases from 1.52 to
0.11with the heating temperature increase form 2073 to 3073K. The structural trans-
formation from Raman spectroscopy begins around 1873 K, being higher than the
temperature suggested by the porosity change. Meanwhile, the peak at 2450 cm−1

that corresponds to the overtone mode longitudinal optical phonons [52] and the
peak at 2700 cm−1 (2D band, also called G′ band) whose frequency and intensity
are strongly influenced by the graphitic crystal state and the number of graphene
layers [53], become distinct and sharp at 2073 K of the heating temperature, whereas
the peak locating at 2930 cm−1 known as (D + G) combination mode [54] dimin-
ishes at 2273 K of the heating temperature. All these changes indicate that the local
reconstruction of defective and disordered graphene layers into an ordered graphitic
structure begins around 1873 K of the heating temperature. The in-plane size of
graphitic crystallites (La) can be determined by using the Tuinstra-Koenig equa-
tion with the ID/IG ratio [55, 56], which will be discussed together with the X-ray
diffraction results.

X-ray diffraction pattern of pristine PGM has only a broad peak around 22.6°,
indicating the non-crystalline structure of PGM. The heat-treatment doesn’t give rise
to a significant change in the X-ray diffraction patterns below 1873 K, suggesting the
mutual ordering of graphene layers needs to overcome a high energy barrier corre-
sponding to the thermal energy of 1873 K (~16 kJ mol−1). Higher temperature above
1873 K induces the (002) peak at 26.4°, which grows with the heating temperature.
The heating at more than 2473 K gives the (100) and (101) peaks at around 44°,
(004) peak at around 55°, (110) peak at around 78° and (112) peak at around 83.5°
in addition to the sharp (002) peak [57], indicating the formation highly crystalline
graphitic structures. The mean sizes of the graphitic crystallites along the c axis (Lc)
determined by using Scherrer’s equation are plotted together with the in-plane size
(La) from Raman spectroscopy as well as the micro- and mesopore volumes for a
better comparison (see Fig. 16). The La values of PGM heated at temperature higher
than 2473 K are more than 20 nm, whereas the Lc values are more than 12 nm.

The structural transformation of PGM with heating temperature is divided into
4 distinct regions: (A) T < 1373 K, (B) 1373 K < T < 1873 K, (C) 1873 K < T <
2473 K, and (D) T > 2473 K. Both porosity and crystallite size don’t change signifi-
cantly within the region (A). In region (B), the porosity starts to decrease, while the
crystallite size does not change; the energy required for the stacking of disoriented
less-crystalline graphenes is larger than the thermal energy at these heating temper-
atures. However, partial breaking of the bridging between the graphene units begins,
collapsing part of the pores. In region (C), the decrease of porosity and increase
of crystallite size occur simultaneously. The PGM having both considerably large
porosity and moderate crystallinity can be obtained at this region. In region (D),
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Fig. 16 Comparison between the crystallite size and pore volume of PGM heat-treated at different
temperatures. Mesopore volume: �, micropore volume: ●, in-plane size of graphite crystallites
La: , mean crystallite size along the c axis Lc: . Reprinted (adapted) with permission from [52].
Copyright (2016) Elsevier

almost all pores collapse due to complete losing of the three-dimensional graphene-
graphene bridges, while La and Lc increase markedly with the heating tempera-
ture due to growth of the stacking structures of graphene through coalescence of
graphene crystallites. PGM treated at 3073 K still has disordered parts according
to XRD patterns and TEM images, suggesting the coexistence of graphitizable and
non-graphitizable carbons in PGM.

The structural transformation model of PGM on high temperature treatment is
proposed (see Fig. 17) on the basis of the experimental results shown above. The non-
heated PGM consists of highly disoriented nanographene sheets which bridge each
other, providing micropores and mesopores. Partial stacking of nanographene layers
leads to the collapse of micropores and mesopores on heating above 1373 K. Heating
at temperature higher than 1873 K induces the coalescence of nanographenes, giving
a remarkable growthof the stackedgraphitic layers and losing apredominant porosity.
A long range ordered graphitic structure is formed at 2473 K, whereas almost all
open nanoporosity disappears.

The electrical conductivity reflects sensitively the graphitic unit-graphitic unit
channel structure, being useful to understand the structural transformation of PGM
on the high temperature heating. The electrical conductivity of PGM is measured by
using a physical propertymeasurement system (PPMS) over the temperature range of
2–370 K (see Fig. 18a). By losing the 18% surface area through the heat-treatment,
PGM-1673 gains 36, 52 and 200% increases of electrical conductivity at 273 K,
77.4 K (at liquid N2) and 4.2 K (at liquid He), respectively. Similarly, PGM-2073
gains 56, 102 and 400% increases of the electrical conductivity at the same temper-
ature shown above. The lnσT1/2 versus T−1/4 plots for pristine and heat-treated PGM
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Fig. 17 Structural transformation model of PGM heat-treated at different temperature regions. a T
< 1373 K, b 1373 K < T < 1873 K, c 1873 K < T < 2473 K, and d T > 2473 K. Reprinted (adapted)
with permission from [51]. Copyright (2016) Elsevier

Fig. 18 The temperature dependences of electrical conductivity of pristine and heat-treated PGM
represented in a linear and b lnσT1/2 versus T−1/4 plots. The ordinate values of PGM-1673 and
PGM-2073 in b are upshifted by 0.3 and 0.6, respectively. PGM: �, PGM-1673: , PGM-2073: .
Reprinted (adapted) with permission from [51]. Copyright (2016) Elsevier

samples are quite different from each other (see Fig. 18b). The lnσT1/2 versus T−1/4

plot of pristine PGM has no linear fit at 100–300 K, while those of PGM-1673 and
PGM-2073 show more linear fit at the same temperature range, which is related
to the variable-range hopping conduction [58, 59]. The electrical conductivities of
PGM-1673 and PGM-2073 show similar temperature dependence to that of polycrys-
talline graphite, suggesting those heat-treated PGM have a semimetallic nature [60,
61]. N2 adsorption, Raman spectroscopy and X-ray diffraction studies (see Fig. 16)
show that PGM-1673 has an imperfect graphitic structure. However, the electrical



Graphene-Based Carbons of Tuned Nanoporosity and Crystallinity 171

conductivity data on PGM-1673 indicates that PGM-1673 has well-combined elec-
trical channels through highly crystalline graphitic layers as well as PGM-2073. N2

adsorption, Raman spectroscopy and X-ray diffraction give the average structure
information, while the electrical conductivity over the wide temperature range is
governed by the most electrically contacted nanographene channels. Therefore, we
understand that even not-well crystalline PGM like PGM-1673 has highly electrical
conductivity linkages though chain-like connections of nano-sized graphene units.
Thus, the electrical conductivity provides a unique structural information.

8 Conclusion

A variety of methods have been proposed for the porosity development of carbon
materials in last few decades, including the chemical reagent activation with KOH,
ZnCl2 or H3PO4 and physical activation with CO2. However, when these methods
are applied to graphene-derived carbon, we obtain very different nanoporosity devel-
opments depending on the activation route. For example, chemical activation with
ZnCl2 or H3PO4 and physical activation with CO2 cannot develop micropores on
graphene-derived carbon effectively. On the contrary, KOH activation of graphene-
based carbon is efficient for activation of graphene-derived carbon. The KOH acti-
vation procedure makes graphenes to be finely divided to provide micropores and to
produce mesopores by reconstruction of the assemblies of the fine graphenes.

On the other hand, a long compression of highly porous graphene leads to an
unusual restoring of the bent nano-sized graphenes due to their high elasticity. Highly
porous carbon with well-crystalline graphenes are obtained by heat-treatment of the
porous graphene monolith (PGM) of a soft carbon nature. The heat-treated PGM
exhibits a variable-range hopping conduction as well as high surface area, being a
promising material as electrodes.

Although the porosity and structure of graphene-based carbon can be considerably
well tuned, the graphene-based porous carbons cannot meet sufficiently the demands
from industries and fundamental studies. This review gives a useful guidepost for
designing and preparation of highly customized porous carbons.
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Application of Adsorption Processes
for the Treatment of Diluted Industrial
Effluents

Nuno S. Graça, Ana M. Ribeiro, Alexandre Ferreira,
and Alírio E. Rodrigues

Abstract Adsorption processes have beenwidely used in the purification of polluted
streams and dilutedwastewaters.Another interesting aspect of these processes is their
ability to concentrate solutes. In conventional fixed bed processes, the treatment
involves a saturation step followed by desorption and regeneration steps. However,
these processes present low efficiency, since only a fraction of the adsorbent is used.
Additionally, the use of chemicals for bed regeneration causes a newproblemofwaste
disposal. The use of a cyclic adsorption process, such as parametric pumping, where
the mobile phase percolates through the adsorption bed upwards and downwards
alternately, associated with a simultaneous change in a thermodynamic variable
(temperature, pressure, pH, etc.), enables the continuous purification of a polluted
stream. This operation mode avoids the use of chemical regenerants and allows the
recycling of the concentrated stream back to the industrial process.

1 Introduction

The first reports of the use of adsorption can be dated back to 2000 BC [1]. However,
only in the 1700s, the phenomenon of adsorption, as today understood, was first
described by Scheele on experiments on gases exposed to carbon [2]. The adsorption
found its first industrial application a few years later by the use of wood charcoal to
clarify sugar during refining [2]. In more recent times, among several applications in
liquid or gas phase, the adsorption based processes have been used in the treatment
of polluted streams and diluted wastewaters [3–5].

Activated carbons are one of the most used adsorbents in the removal of a variety
of compounds from wastewaters. Its relatively low-cost and good removal efficiency
justifies its popularity [6]. However, its reduced response to regeneration appears as a
significant drawback [7]. In large scale facilities, the saturated activated carbon can be
collected and regenerated at high temperatures. An energetically integrated system of
heat exchangers is a typical way to reach these regeneration temperatures. However,
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on a small scale, the use of high temperatures for regeneration is not economically
viable. Therefore, the activated carbon is usually disposed of and replaced by a fresh
adsorbent [8]. A possible alternative to activated carbons can be polymeric resins,
which can be produced with a variety of physical properties such as functionality,
surface area, and porosity. This possibility of choosing some physical properties
allows the customization of the polymeric resins for the selective removal of specific
compounds [9].

Besides its use for water purification purposes, the adsorptive processes have the
ability to concentrate solutes and have the advantage of not being destructive since
they usually do not rely on extreme operating conditions. This aspect is especially
important for valuable solutes. In conventional fixed-bed adsorption, the process is
generally carried out in two steps: the first is the saturation or loading step, which is
followed by the second step of desorption or regeneration. However, this operative
scheme presents two significant drawbacks: one is the need for a chemical regenerant
to get an operative bed, which causes an additional waste disposal problem, and the
second is the lack of efficiency since the adsorbent is only partially used during the
fixed-bed operation.

Apossible alternative to the conventional fixed-bed adsorption is the cyclic process
named parametric pumping, which is based on the fact that the adsorption equilib-
rium of the solutes changes with a thermodynamic variable (temperature, pressure,
pH, etc.). The main difference between the parametric pumping and the conventional
adsorption techniques is that in the conventional processes the feed solution is perco-
lated through the column in just one direction until the column becomes saturated,
and then the column is regenerated. In contrast in the parametric pumping, the evolu-
tion of the process occurs in successive changes of the flow direction coupled with
the variation of a thermodynamic variable. The column is never completely saturated
or regenerated.

Although different parametric pumping operation modes have been described and
studied over the years, more attention has been given to the thermal mode, where
the temperature is the changing variable assuming that the adsorption equilibrium
of the solutes changes with the periodical change of temperature. Since thermal
parametric pumping does not require the use of chemical regenerant agents, it enables
the treatment of industrial wastewaters allowing the recycling of the concentrated
streams back to the industrial process.

Moreover, the use of the parametric pumping process could lead to a reduction
on the equipment costs and energy consumption since the process does not require
phase changes (boiling or freezing), does not need heat sources or “sinks” able to
reach extreme temperatures, and does not require the adding or removing of energy
associated with the phase change [10].

In summary, the parametric pumping process has the potential to overcome the
limitations of the conventional adsorptionprocesses, namely in the regenerationof the
adsorbents. Additionally, its ability to simultaneously treat effluents and concentrate
solutes while operating as a continuous or semi-continuous process opens several
possibilities for its application at the industrial level.
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2 Parametric Pumping

Parametric pumping is a separation technique developed by Richard Wilhelm and
coworkers in 1966 [11]. Its principle of operation is based on the stationary phase
capacity to alternately retain and release specific compounds due to the periodic
change of the equilibrium conditions (through the variation of a thermodynamic
variable) coupled with the shift on the fluid phase flow direction, leading to the
release and transport of the retained species from a region of the column to the other.
Figure 1 shows the movement of a solute during the thermal parametric pumping
operation. During the downwards flow, the movement of the solute is retarded by
the adsorbent due to the cooling of the column (adsorption step). Then, when the
flow direction is upward, the column is heated, and the solute is released by the
adsorbent and carried by the fluid phase (desorption step). By repeating this process,
the solute will move upwards through the column until it eventually comes out to

Fig. 1 Schematic
representation of the
parametric pumping
principle
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Fig. 2 Principles of parametric pumping explained based on a McCabe–Thiele type diagram

the top reservoir. It can be said that the operating principle described is based on
a mechanism of thermally induced retardation-release of the solute [12]. However,
since the beginning of the development of the parametric pumping process, it was
suggested its potential to be implemented using different types of driving potentials
such as electric, pressure, magnetic, and chemical [13]. Therefore, theoretically, any
potential that is able to induce a mechanism of retardation-release can be applied in
a parametric pumping process design.

Simon et al. [14] described the principles of parametric by illustrating the steps of
the cyclic operation with the help of a McCabe–Thiele type diagram (Fig. 2), where
both hot and cold isotherms are represented. Then the following steps are illustrated:

• step 1: The process begins with the column equilibrated at the cold temperature
with the solution to be separated, and the bottom reservoir is filled with the same
solution (point A).

• step 2: The column is heated to the hot temperature (point B).
• step 3: The solution flows through the column from the bottom to the top reservoir

at the hot temperature (points C and B).
• step 4: The column is cooled to the cold temperature (points D and A).
• step 5: The solution flows through the column from the top to the bottom reservoir

at the cold temperature (points E and D)

The process proceeds by repeating steps 2 to 5 for a determined number of cycles.
During the process, the concentration of the solute increases in the top reservoir and
decreases in the bottom reservoir.

Grévillot and Tondeur [15, 16] described an analogy between the parametric
pumping and the distillation processes. The upwards flow during the parametric
pumping hot half-cycle can be compared with the vapor phase, and the downward
flow during the cold half-cycle can be compared to the liquid flow in the distillation.
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The adsorption isotherms at two temperatures can be seen as analogous to the liquid–
vapor equilibrium curve. Additionally, the parametric pumping can operate in total
reflux (batch) or partial reflux (continuous or semi-continuous).

The concept of parametric pumping was also studied as a possible explanation
for the active cellular transport mechanism [17].

2.1 Parametric Pumping Operation

In the original conception of the parametric pumping process, it was proposed an
operation mode based on adsorption–desorption called recuperative mode [11]. In
this operationmode, the fluid phase is heated or cooled before entering the adsorption
column (Fig. 3a). Alternatively, the process can be operated using the direct mode
where the temperature change is imposed through the columnwall (Fig. 3b). Themain
advantage of using the recuperative mode is avoiding the heat-transfer difficulties
present in the direct mode when applied in large scale processes [18].

Ghasem described a combined operationmode of the parametric pumping process
where the temperature change is imposed in both the fluid entering the column
(recuperative mode) and at the column wall through a jacket (direct mode) [19].

Fig. 3 Parametric pumping operation modes: a recuperative mode; and b direct mode
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The parametric pumping process can also be operated as a closed or an open
system. In a closed parametric pumping system (Fig. 3), there are no feed or product
streams; while in an open system (Fig. 4), there is a feed reservoir and two other
reservoirs to collect the top and the bottom products. In the open system, the cycle
usually begins with the column in equilibrium with the feed solution at the hot
temperature, and the feed fluid is placed on the bottom reservoir. During the hot
half-cycle, the liquid solution flows from the bottom to the top reservoir, from where
the top product is withdrawn, and the feed is added. In the cold half-cycle, the liquid
solution flows from the top reservoir to the bottom reservoir, from where the bottom
product is withdrawn. The duration of each half-cycle is determined by the time
required to transfer all the solution contained in a reservoir, either downward or
upward.

Simon et al. [14] presented an alternative operationmode called temperature swing
chromatography (TSC) as a particular case of parametric pumping. In this process,

Fig. 4 Open parametric pumping cycle
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there is no prior equilibration with the feed solution; and the column is filled with a
fresh adsorbent. Before the beginning of the experiment, the solution to be separated
is placed in the top reservoir. Then the process runs through the following steps:

• Cold flow from the top to the bottom reservoir;
• Heating;
• Hot flow from the bottom to the top reservoir;
• Cooling;

In TSC, the displaced volume during the cold flow is always higher than the
displaced volume during the hot flow (Vc > Vh). Therefore, by repeating these
steps, the top reservoir will eventually become empty. The last step of the process
is the regeneration of the adsorbent, by feeding the column with pure solvent at the
high temperature. Therefore, at the end of the process, it will be obtained a bottom
solution containing the less adsorbed components, and a solution resulted from the
regeneration containing the more adsorbed components.

An analogy between TSC and batch rectification can be made. As in batch rectifi-
cation where there is no feed, and a part of the top product is withdrawn, in TSC, the
same asymmetry occurs since the volume of hot flow is less than the volume of cold
flow. The less adsorbed components in TSC break through the column, and the more
adsorbed remain at the top end of the column. Analogously, in batch rectification, the
‘light’ components reach the top of the column, and the ‘heavy’ components remain
at the bottom of the column. Simon et al. [14] showed the advantage of using TSC
relatively to the simple frontal chromatography (FC) by performing experimentswith
arginine.

The use of a multi-column parametric pumping system with multiple adsorbents
presenting different selectivities was proposed by Wankat and Tondeur to separate
a feed mixture into two or more products [20]. Later Sheng and Costa studied two-
column multi-adsorbent systems for the separation of binary mixtures when a selec-
tivity reversal is present [21]. Another multi-column process based on the parametric
pumping concept was proposed for the recovery of aniline. Such a process can be
implemented on industrial processes where the aniline is used as a monomer or
as feedstock for the preparation of a wide range of chemicals [22]. In its simplest
form, the process can be operated with two columns in a three-step cycle. In step
1 (adsorption step), the aniline is removed from the feed mixture by passing the
aqueous solution through column 1 at a low temperature. This step proceeds until
immediately before the aniline breakthrough. During step 1 on column 1, the column
2 (previously saturated) goes through two steps (step 2 and step 3). During step 2, the
adsorbent is regenerated, passing part of the purified water from step 1 (heated by a
heat exchanger) through the column. After that, the column is cooled down using part
of the cold water from step 1. During steps 2 and 3, the aniline is recovered. In the
next cycle, the cooled regenerated column (column 2) will be used in the adsorption
step (step 1), and the saturated column (column 1) will go through steps 2 and 3.
The flow direction in the columns during a cycle is reversed relative to the previous
cycle (Fig. 5).
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Fig. 5 Multi-column
parametric pumping-based
process for aniline recovery

Besides the use of temperature as the changing variable, there are alternative
parametric pumping operation modes where other variables such as pH can be
manipulated [23].Nevertheless, the use of pH-inducedparametric pumpingprocesses
requires that the pH has a significant impact on the adsorption equilibrium. However,
in some separation problems such as heavy metals using strong acid ion-exchangers,
the pH can have minimal influence since the heavy metal cations are non-preferred
species. In this case, the pH is called a weak variable. This limitation can be over-
come by adding a complexing agent to the liquid phase, which will convert part
of the heavy metal cations in neutral species. The degree of complexation of the
different heavy metal cations is dependent on the pH. Therefore, in these conditions,
the manipulation of pH will impact the adsorption equilibrium, and the pH becomes
a strong variable [24].

2.2 Mathematical Modeling

Different mathematical models have been used for the description of the different
parametric pumping operation modes. All these models can be divided into two
categories: complete models and equilibriummodels. The complete models take into
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consideration the dispersive effects (mass transfer resistance and axial dispersion),
while in the equilibrium models, these effects are neglected. The complete models
are generally constituted by parabolic partial differential equations (PDEs), which
can be numerically solved. The equilibrium models are formed by hyperbolic PDEs,
which can be analytically solved using the method of characteristics.

An important step on the mathematical modeling of the parametric pumping
process was given by Pigford et al. [25] by simplifying the model assuming linear
isotherms, local equilibrium between the solid and liquid phases, constant flow, and
absence of axial dispersion. This analytical solutionwas generalized byArris [26] and
applied to different parametric pumping processes [27–29]. Costa et al. [30] used the
equilibrium model, considering non-mixed dead volumes. Besides some unrealistic
assumptions, the simple equilibrium model contains the essential principles of the
process and allows an insight into the separation.

The first complete model proposed by Wilhelm et al. in 1966 [11] included non-
linear isotherms, mass transfer resistance on the liquid/solid interface, but considered
the absence of axial dispersion. A complete model, including axial dispersion, was
proposed later by Wilhelm et al. [13].

Gupta and Sweed [31] used the mixing cell theory to describe the adsorption
column. Wankat [32] applied the stage equilibrium theory to describe the liquid–
liquid extraction by parametric pumping. The stage theory was also used byGrevillot
and Tondeur [15, 16] and Grevillot [33] making an analogy between parametric
pumping and distillation,where the upward flux during the hot half-cycle is compared
with the vapor phase in the distillation. While, the downward flux is compared with
the liquid phase in the distillation process. Apostolopoulos [34, 35] used a quasi-
equilibrium approach to describe the parametric pumping working as a chemical
reactor. The effect of radial heat transfer on the separation was studied by Foo and
Rice [36, 37] using frequency response solutions.

Lumped-parameter complete model

A simplified version of the complete model, which considers a lumped parameter
representation for the mass transfer of the solute between phases, has been success-
fully applied to describe the parametric pumping process in several published works
[38–41]. This model is constituted by mass balances in liquid and solid phases,
a global energy balance, non-linear adsorption equilibrium isotherm, and a linear
driving force (LDF) rate equation to describe the intra-particle diffusional mass
transfer. Additionally, the mass balances to the reservoirs containing the product
from the hot and cold half-cycles (top and bottom reservoirs) are also considered.

Additionally, the model assumes:

• perfect mixing in the reservoirs,
• radial temperature gradients in the packed bed are negligible,
• the heat transfer model is one-dimensional and pseudo-homogeneous,
• the physical properties of the fluid and adsorbent are constant,
• the heat andmass transfer parameters are not affected by the transient temperature

regime,
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• the film heat and mass transfer resistances are negligible,
• Equilibrium between the bulk fluid concentration and the adsorbed phase

concentration at the particle surface,
• Intraparticle mass transfer rate described by the LDF model.

From the mass balance to a bed volume element results,

Dax
∂2C(z, t)

∂z2
± ui

∂C(z, t)

∂z
= ∂C(z, t)

∂t
+ 1 − ε

ε
ρ fh

∂q(z, t)

∂t
(1)

where Dax is the axial dispersion coefficient, ui is the interstitial velocity, ε is the
bed porosity, z is the axial position, t is the time variable, C is the concentration in
the bulk fluid phase, q is the average adsorbed concentration in the solid phase, ρ

is the density of the adsorbent, and fh is the adsorbent humidity factor. Considering
z = 0 the bottom of the column and z = L its top, in the term ±ui [∂C(z, t)/∂z] the
“+” sign corresponds to the cold half-cycle, and the “−” sign corresponds to the hot
half-cycle.

The axial dispersion coefficient can be determined by the following correlation
[42],

u0dp

Dax
= 0.2 + 0.011Re0.48 (2)

with

Re = uiρεdp

η
(3)

where Re is the Reynolds number, u0 is the superficial fluid velocity, dp is the
adsorbent particle diameter, and η is the fluid viscosity.

The mass-transfer rate inside the adsorbent particles is given by the LDF model
[43],

∂q(z, t)

∂t
= ks

[
q∗(z, t) − q(z, t)

]
(4)

where ks is the effective mass-transfer coefficient and q∗ is the adsorbed
concentration in equilibrium with the bulk concentration.

The overall effective LDF rate constants can be determined by the following
correlation [44],

1

ks
= rp

3k f
ρ fh

∂q∗

∂C
+ r2p

�Dpe
ρ fh

∂q∗

∂C
= rp

3k f
ρ fh

∂q∗

∂C
+ 1

kLDF
(5)

where Dpe is the effective pore diffusivity, rp is the radius of the adsorbent parti-
cles, � is a factor equal to 15 for spherical particles, kLDF is the LDF kinetic rate



Application of Adsorption Processes for the Treatment … 185

constant, k f is the external-film mass transfer coefficient, and ∂q∗/∂C is the slope
of the equilibrium isotherm.

The effective diffusivity is given by [45],

Dpe = εpDm

τ
(6)

whereDm is themolecular diffusivity that canbe estimatedusing theWilke–Chang
method [46], τ is the tortuosity of the adsorbent and εp its porosity.

The external-film mass-transfer coefficient can be estimated using the Ranz-
Marshall correlation [47],

Sh = k f dp

Dm
= 2 + 0.6

(
η

ρDm

)1/3(u0ρdp

η

)1/2

= 2 + 0.6Sc1/3Re1/2 (7)

where Sh, Sc, and Re are the Sherwood, Schmidt, and Reynolds numbers,
respectively.

The equilibrium adsorbed concentration, q∗, can be given by the Langmuir model,

q∗ = qmKLC

1 + KLC
(8)

where qm is the adsorptive capacity. The Langmuir equilibrium constant, KL ,
dependence on temperature is given by the Van’t Hoff equation,

KL = KL0exp

(−�H

RT

)
(9)

where T is the temperature, KL0 is the pre-exponential factor of the Van’t Hoff
equation, R is the ideal gas constant, and �H is the enthalpy of adsorption.

The potential for the thermal separation can be evaluated by the b parameter [25],

b = a

1 + m
(10)

where the average slope m = (m(Th) + m(TC))/2 and the deviation a =
(m(Th) − m(TC))/2, with Th > TC .

The thermal capacity factor is given by,

m(T ) = (1 − ε)ρ fh K (T )

ε
(11)

where for the Langmuir isotherm K (T ) = qmKL .
The mass balances of the parametric pumping reservoirs are schematically

represented in Fig. 6.
From the mass balance to the reservoirs during the hot half-cycle results,
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Fig. 6 Schematic representation of the parametric pumping reservoir mass balances

〈CBP〉 = 〈CBP〉n−1 (12)

CT P = (1 − φB)C(L , t)n
(1 + φT )

+ CF
(φB + φT )

(1 + φT )
(13)

and during the cold half-cycle,

CBP = C(0, t)n (14)

where CBP and CT P are the average concentration of the solute in the bottom and
the top reservoirs, respectively, φB and φT the fractions of the total displaced volume
(Q(π/ω)) that are withdrawn as bottom and top product, respectively, and n is the
number of cycles.

From the global energy balance to the column results,

[
ρ f Cp f ε + ρCps(1 − ε)

]∂T (z, t)

∂t
= Kae

∂2T (z, t)

∂z2

± ρ f Cp f u0
∂T (z, t)

∂z
− hwAw(T − Tamb) + (−�H)

∂q(z, t)

∂t
(15)
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where Kae is the axial thermal conductivity, hw is the heat-transfer coefficient of
the wall of the column, Aw is the wall specific area, ρ f is the density of the fluid and,
andCpf andCps are the heat capacities of the fluid and solid phases, respectively. The
term ±ρ f Cp f u0[∂T (z, t)/∂z] has the “ + ” sign for the cold half-cycle (downward
flow) and the “−“ sign for the hot half-cycle (upward flow).

The boundary and initial conditions for the parametric pumping mode are the
following:

For the hot half-cycle,

z = 0 C(0, t) = 〈CBP〉n (16)

T = Th (17)

z = L
∂C(L , t)

∂z
= 0 (18)

∂T (L , t)

∂z
= 0 (19)

for cold half-cycle,

z = 0
∂C(0, t)

∂z
= 0 (20)

∂T (0, t)

∂z
= 0 (21)

z = L C(L , t) = 〈CT P〉n (22)

T = Tc (23)

The initial conditions are,

C(z, 0) = CF (24)

T (z, 0) = T0 (25)

Detailed model

The assumption of a lumped parameter for the representation of inter-phase solute
mass transfer is only valid when the intraparticle gradients can be neglected. Ferreira
and Rodrigues used a complete detailed mathematical model for the recuperative
mode considering the intraparticle mass transfer resistance [48]. In this model, the
mass balance in a volume element described above (Eq. 1) should be replaced by,
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Dax
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ε
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where Cp is the concentration of the solute in the adsorbent pores, and Rp is the
radius of the adsorbent particles.

A mass balance inside the adsorbent particles is included in the model,

ρ fh
∂q(r, z, t)

∂t
+ εp

∂Cp(r, z, t)

∂t
= εpDp

(
2

r

∂Cp(r, z, t)

∂r
+ ∂2Cp(r, z, t)

∂r2

)
(27)

where r is the radial coordinate, εp is the particle porosity, and Dp is the pore
diffusivity.

Contrary to the lumped parameter model, where is considered an average concen-
tration inside the adsorbent particles, in thismodel, the adsorbed-phase concentration,
q, is dependent on the radial position inside the particles.

This model also requires additional boundary conditions for the adsorbent
particles,

r = 0
∂Cp(0, z, t)

∂r
= 0 (28)

r = Rp εpDp
∂Cp

(
Rp, z, t

)

∂r
= 3k f

[
C(z, t) − Cp

(
Rp, z, t

)]
(29)

and the initial condition,

C(z, 0) = Cp(r, z, 0) = CF (z > 0) (30)

The systemof parabolic partial differential equations (PDEs) that constitutes these
complete parametric pumpingmathematical models can be solved numerically using
appropriate computer software. The numeric methods employed usually make use
of finite element orthogonal collocation for the discretization of the spatial variables,
which results in an ordinary differential equations (ODEs) system that can then be
integrated over the time variable.

2.3 Parametric Pumping Applications

After its invention, the parametric pumping process was studied at lab-scale by
different authors for single and multi-component separations. Some examples of
single-component separations are the NaCl from water using retardation resin [49],
toluene from n-heptane using silica gel [50], and phenol from water using Duolite
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ES861 [30]. Some examples of multi-component separations are toluene/aniline/n-
heptane and glucose/fructose/water using cation exchange systems [33, 51].

Table 1 summarizes some examples of experimental systems used in thermal
parametric pumping studies.

Alternative operation modes were proposed over the years. Sabadell and Sweed
[23] combined the recuperative mode with simultaneous pH control in the sepa-
ration of Na+ and K+ ions from aqueous solutions. The concept of pH parametric
pumping also showed its potential for protein separation on ion-exchange columns.
The periodical change of the pH coupled with the change in the flow direction makes
the separation possible due to the net charge of the protein dependence on the pH.
Chen et al. used the pH parametric pumping system for separating haemoglobin
and albumin on CM Sepharose [64]. Hollein et al. showed that the protein separation
could be improved by applying an electrical field to a pH parametric pumping system
[65].

Shaffer and Hamrin [66] combined affinity chromatography with parametric
pumping to reduce the enzyme concentration of an aqueous solution. Oren and
Soffer [67] extended the parametric pumping to electrochemical systems for water
desalinization and isotopes separation.

In the early 1980s, parametric pumping began to be considered for wastewater
purification purposes. The application of a small-scale parametric pumping unit for
the purification of wastewater containing phenol using a polymeric resin was studied
by Costa et al. [30], Almeida et al. [60], and Ramalho [61]. The same purification

Table 1 Summary of adsorbent and chemical systems used by thermal parametric pumping

Adsorbent Chemical system References

Activated carbon Urea-water [52]

Oxalic acid–water [53]

Silica gel Toluene-n-heptane [13, 25, 50, 54]

Toluene-n-heptane-aniline [51]

BioRad AG11A8 Sodium chloride-water [49, 55]

Sodium nitrate-water [56]

Dowex 50X8 K+-H+-water [57]

K+-Na+-water [57]

BioRad AG 50 W-X4 Glucose-fructose-water [33]

Amberlite IR-45/IRC-50 Sodium chloride-water [11, 13, 58]

Duolite C265 Potassium nitrate-water [59]

Duolite ES861 Phenol-water [30, 48, 60–62]

Sephabeads SP206 Salicylic acid–water [39]

Phenol-4-nitrophenol-water [40, 41]

Sawdust carbon Chromium-water [63]
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was later performed by Ferreira et al. using a fully automated pilot-scale adsorptive
parametric pumping unit [62].

2.4 Pilot Scale Process

Phenolic wastewater purification

Phenolic compounds are considered hazardous pollutants because of their potential
to harm human life. These compounds can enter water bodies through discharge
from pharmaceutical, petrochemical, and other chemical manufacturing processes.
Therefore, the use of suitable treatment systems to deal with these wastewaters is a
priority.

The purification of wastewater containing phenol and 4-nitrophenol using thermal
parametric pumping was studied by Otero et al. [40]. The phenolic wastewater purifi-
cation was carried out in a fully automated parametric pumping pilot unit working in
recuperative mode (Fig. 7). The adsorbent used was the polymeric resin Sephabeads
SP206, packed in a borosilicate column with 0.09 m internal diameter and 0.8 m
height.

The process was operated in a semi-continuous way with feed in the top reservoir
and with the operating conditions presented in Table 2. The pilot unit used has a top,
a bottom, and a feed reservoir. The top and the bottom reservoir receive the product
during the hot and cold half-cycles, respectively. A solution of 500 mg L−1 of either
phenol or 4-nitrophenol is pumped from the feed to the top reservoir during the hot
half-cycle using the peristaltic pump 18. The solution is passed through the column
either downward (cold half-cycle) or upward (hot half-cycle) using the peristaltic
pumps 15 or 16, respectively. During the cold half-cycle, valve 11 is open, and
valve 12 closed; the reverse occurs during the hot half-cycle. The end of each half-
cycle occurs when all the solution contained in a reservoir is transferred, which is
determined by pressure transducers placed on the bottom of the reservoirs. The liquid
solution is heated or cooled by heat exchangers, 6 and 7. This study was carried out
using a high temperature of 60 °C for the hot half-cycle and a temperature of 20 °C
for the cold half-cycle. The sampling of the bottom and top products was carried
out, pumping the liquid solution from the respective reservoirs to a fraction collector
using pumps 19 and 17. The solution goes to the fraction collector or the drain by
using three-way solenoid valves 13 and 14. The goal of this process was to obtain
purified water in the bottom reservoir and concentrate the phenolic compounds in
the top reservoir.

The experimental results showed that under the appropriated conditions, after ten
cycles, it was possible to reduce the concentration of phenol to C/CF = 0.0003 and
the concentration of 4-nitrophenol to C/CF = 0.0013. The experimental results were
simulated and compared using the equilibrium and LDF models, showing that the
LDF model provides the best prediction of the experimental results (Fig. 8).
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Fig. 7 Experimental set-up of the parametric pumping unit: (1) borosilicate column; (2) feed reser-
voir; (3) top reservoir; (4) bottom reservoir; (5) fraction collector; (6) and (7) heat exchangers; (8)–
(12) two-ways solenoid valves; (13) and (14) three-ways solenoid valves; (15) and (19) peristaltic
pumps; (T1) and (T2) thermocouples; (P1)–(P3) pressure transducers

Table 2 Experimental
condition used for the
parametric pumping in the
recuperative mode

Operating variables

Q(π/ω)(mL) 20,000

φB 0.15

φT 0.25

tc(min) 85

th(min) 100

Qc
(
mLmin−1

)
200

Qh
(
mLmin−1

)
200

QT P
(
mLmin−1

)
62.5

QBP
(
mLmin−1

)
32
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Fig. 8 Experimental results
(symbols) for the phenolic
wastewater purification in a
pilot-scale parametric
pumping unit together with
the equilibrium model (full
gray lines) and LDF model
(full black lines) simulations.
Top and bottom
concentrations of phenol
(a) and 4-nitrophenol (b) as
a function of time [40]

Salicylic acid bearing wastewater purification

Salicylic acid is another potentially harmful compound to human health. Concentra-
tions of salicylic acid above 800 mg/L after 6 h of post-exposure can be extremely
toxic and possibly lethal [68].

The same parametric pumping pilot unit described above with the same adsorbent
and operating at the same conditions (Table 2) was used in the purification of wastew-
ater containing salicylic acid [38]. The high temperature of 60 °C was chosen for the
hot half-cycle, and the temperature of 20 °C was used for the cold half-cycle. The
experimental results showed that the concentration of salicylic acid in the purified
stream (bottom reservoir) was reduced nearly 100 times when compared with the
feed concentration (CF = 101 mg L−1). The comparison between the experimental
and simulated results showed that the LDF model provides a good prediction of the
process (Fig. 9).
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Fig. 9 Experimental results
(symbols) for the operation
of the parametric pumping
system salicylic
acid/water/Sephabeads
SP206, together with the
model predictions (full
lines). The top and bottom
product concentrations are
shown as a function of time
in recuperative thermal
parametric pumping [38]

3 Final Remarks

The importance of the adsorptive processes in water treatment systems has been
growing due to the necessity to deal with the increasing occurrence of anthropogenic
compounds in the aquatic environment. Moreover, there is a need for the develop-
ment of decentralized water treatment systems able to overcome the inadequacy of
the conventional centralized systems to manage, treat, and provide quality water in
rapidly growing urban areas [69]. However, the use of such decentralized systems can
be limited by its necessity of having a constant supply of spare parts and consumables
[70]. Therefore, in the case of the adsorptive processes, the ability to regenerate and
reuse the adsorbent is an essential feature. Processes such as parametric pumping
are good candidates to be used in decentralized water treatment systems due to its
capacity for the in-situ regeneration of the adsorbent while providing continuous or
semi-continuous operation.

Despite the potential showed since its invention, the parametric pumping process
never found widespread industrial application. Nevertheless, the possibility of the
parametric pumping-based processes to be applied in decentralized water treat-
ment systems could undoubtedly justify the revival of the interest in the study and
development of this process.
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Activated Carbons for H2S Capture

Sebastião Mardonio Pereira de Lucena, Daniel Vasconcelos Gonçalves,
José Carlos Alexandre de Oliveira, Moises Bastos-Neto,
Célio Loureiro Cavalcante Jr., and Diana Cristina Silva de Azevedo

Abstract The size and dispersion-repulsion forces of the H2S molecule make acti-
vated carbon a first-choice adsorbent material. With a wide degree of freedom in the
distribution of pores and possibilities for impregnation, the activated carbon can be
carefully designed, through synthesis techniques, to meet the particular separation
process. In this chapterwe describe themain variables to guide the choice or synthesis
of an activated carbon suitable forH2S retention.We review themost recent studies of
textural characterization and what we have learned about the structure–property rela-
tionship in H2S capture. We present the promising molecular simulation technique,
still weakly explored for this specific application, detailing how it can be useful.
Additionally, we review specific details of dynamic tests to guide the dimensioning
of units on an industrial scale.

1 Introduction

Activated carbons have been successfully and widely used for adsorption separations
both in liquid and gas phases. One of the most common applications in the gas phase
consists in pollutants concentration reduction to regulatory environmental limits.
Some of these gas phase phase applications are: removal of sulfur gases (H2S and/or
SO2), removal of volatile organic compounds (VOCs), mercury (Hg) removal from
in gaseous streams, H2 storage by adsorption, and other specific applications in the
military and nuclear fields [1].

Hydrogen sulfide (H2S) is particularly undesirable in industrial and public oper-
ational processes due to its toxicity and corrosiveness. The H2S toxicity has been a
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health public concern since the beginning of the last century, when the rayon indus-
trial production developed, being one of the first genuinely multinational industries
[2]. The rayon production process uses carbon disulfide for cellulose treatment that
is afterward contacted with sulfuric acid. H2S is then generated as a by-product of
the CS2 reaction with sulfuric acid. H2S concentrations in the range of 30–50 ppm
were measured in this industrial sector and were then related to loss of vision by
workers in that industry [2]. Because of the very low concentrations of H2S found in
the rayon industry, adsorption removal was the process of choice for this problem,
with activated carbon as selected adsorbent. Not only are workers exposed to risks
in industrial units where toxic gas is produced, the population in the vicinity of the
plants and the environment are also penalized.

In recent years, the widespread use of biogas from landfills or waste water treat-
ment plants, as source of clean and sustainable energy, there has been an increasing
and urgent need to remove H2S from the biogas streams. The European Biogas Asso-
ciation (EVA) reports a total of ca. 18,000 biogas plants producing ca. 65TWhamong
the EuropeanUnion countries in 2018. In particular, the number of biomethane plants
grew from 187 plants in 2011 up to a total of 540 plants in 2018 [3].

For gas streams with high H2S concentrations, the Claus process is largely used.
However, the tail gases of the Claus process still carry ca. 3–5%ofH2S. For these low
H2S concentrations, adsorptive/catalytic processes are more economically feasible
than reduction/absorption processes usingMEA/DEA in solution [4]. The capture of
H2S using activated carbonsmay occur by three differentmechanisms: (1)—Physical
adsorption of the gas; (2)—Chemisorption and resulting formation of carbon–sulfur
surface products and (3)—Selective catalytic oxidation with deposition of elemental
sulfur. Depending on the mechanism involved, regeneration of the carbon may be
performed using vacuum or inert gas (physical adsorption) or solvent extraction
(elemental sulfur). However, removal of carbon–sulfur surface products is rather
complicated and should be avoided [5].

H2S experimental measurements are difficult and costly, which means that
even today many several thermodynamic properties, under different conditions, are
unknown. Furthermore, these experimental difficulties of using H2S sums with the
typically amorphous structure of activated carbons, accessed only indirectly through
their textural characteristics, leaving concerns about the precise mechanisms that
result in successful adsorption projects. This chapter attempts to gather the most
relevant aspects related to the use of carbonaceous materials to capture H2S.

2 Carbon Textural Properties

For engineers and synthesis chemists, it shall be important to define which textural
properties of a carbon sample would optimize the capture of H2S by adsorption.
The characterization needs to be performed carefully to provide a clear corre-
lation between the carbon structure and its H2S adsorption properties, which is
unfortunately not always reported in the open literature.
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As a general rule, most authors report that a suitable carbon for this application
should ideally present both micropores and mesopores. It has been accepted that
these carbons should have mesopores in the range 30–80 Å [5]. Recent studies have
shown that carbons for H2S removal should have pores regularly distributed above
and below 10 Å or even 4 Å [6–8].

Acompilation of carbon samples that have been reported in studies forH2S capture
is listed in Table 1 with their respective pore size distribution (PSD) shown in Fig. 1.
These carbons were selected for having very similar textural properties in order to
provide better basis for performance comparison among them. For instance, all of
them have pH approximately 10 and had been impregnated with Na and have shown
high efficiency for H2S separation. The influence of the textural parameters of the
carbons in Table 1 (surface areas, pore volumes and PSD) will be discussed in this
section, while other factors such as impregnation concentration (CImpregnant), pH and
flue gas composition will be evaluated in the next section. In addition to the textural
parameters of area and pore volume, it is essential that PSD calculation be performed
(Fig. 1). It is also helpful that the respective probe-gas isotherms be presented.

In general, we may observe that the BET areas vary from 815 to 1518 m2/g, and
total pore volumes between 0.38 and 0.69 cm3/g. These intervals are relatively wide
to be able to establish a clear correlation between the adsorption capacity and the
textural properties. Nevertheless, Chen et al. [6] has shown that, for a similar series
of activated carbons, both BET area and pore volume correlate well with the obtained
adsorption capacity.

Because the pore size distribution is limited to narrower intervals, this would be
a more adequate textural parameter to correlate with the H2S adsorption capacity.
The carbon samples of Desorex K43-Na, P3 I, WSC 10 e VA 10 all have pores up to
a maximum of 20 Å, except for N31, with pores up to 50 Å. Also, all pore volumes
are approximately evenly distributed between pores of sizes below and above 10 Å,
except for Desorex K43-Na with a higher proportion of pores below 10 Å. Further-
more, in contrary to all other carbons, Desorex K43-Na presents ultramicropores
(<4 Å).

Thus we may conclude that activated carbons, in order to be preliminarly consid-
ered for H2S capture, should meet the following conditions: (1)—balanced pore size
distribution up to 20 Å; in case most pore volume is below 10 Å, ultramicropores
should be present, and (2)—minimum BET area of 800 m2/g. It should be observed
that for any of the PSD’s presented in Fig. 1, increasing the pore volume in the range
below or above 10 Å (or 4 Å) would benefit the H2S capture capacity. For instance,
Bandosz [10], tested a series of carbons (W1,W2 andW3, fromWestvaco), with pore
size distributions above 10 Å that are very similar, but with different pore volumes
below 10 Å. Samples W1 and W3, with similar pore volumes below 10 Å, captures
295 and 230mg/g, respectively.On the other hand, the sampleW2,with pore volumes
below 10 Å much lower than for samples W1 and W3, the H2S retention was only
17 mg/g.

Since the pore size distribution is the most consistent textural property to indicate
the eventual applicability of the carbon sample for H2S adsorption, more recent
kernels, in which the surface heterogeneity is taken into account, should be used for
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Fig. 1 PSD of selected carbons presented in Table 1. WSC10, VA10, P3-I and N3-I were obtained
from N2 isotherms at 77 K. Two PSDs from N2 at 77 K and CO2 at 273 K are presented to Desorex
K43-Na carbon

this evaluation [11–14]. Furthermore, at least two different probe molecules should
be used: N2 at 77.4 K or Ar at 87 K for larger pores, and CO2 at 273 K to investigate
the presence of ultramicropores.

The occurrence and importance of ultramicropores have been more studied
recently. A series of commercial carbons with high performance (Desorex K43)
was found to show their pore volumes concentrated below 20 Å. Measurements of
CO2 isotherms at 273 K for this carbon series showed the presence of ultramicropoes
in all samples. The adsorption capacity of H2S increased with increasing ultramicro-
pores volumes [8]. Next the micropores were blocked with CO2 and then the same
H2S stream was evaluated. That blocking let to a drastic decrease in H2S retention
[15]. For samples in which chemisorption was the dominant adsorption mechanism,
there was a reduction up to 400% in H2S capacities.

3 Physical and Chemical Adsorption

The textural parameters must be analyzed together with the variables related to the
amount of impregnation (Cimpregnant), pH, H2S concentration and moisture in the flue
gas (H2S flue gas).

Among the various possibilities of impregnating agents (Na, K, Fe), as long as
their incorporation does not substantially change the pore distribution, increasing
the concentration of the impregnating agent increases the retention of H2S [7]. Most
of the impregnating agents are incorporated via the wet method which has certain
deficiencies regarding the distribution in the carbonaceous material. Studying KOH
impregnation in coal-based carbon, Yan [16] found that in addition to differences in
concentrations of approximately 15% on the surface, where bright and dark areas
could be discriminated, the analysis of the interior of the pellets showed concentra-
tions of 50–80% below those found on the surface. Very often the impregnating agent
can block the pores of the activated carbon, for this reason further PSD analysis must
be done after impregnation.

As the first and second ionization of H2S occurs at pH 7.2 and 13.9 respectively,
a moderately basic microenvironment, with higher pH values, favors impregnation,
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for this reason this parameter must also be taken into account. Studies show that
there is a limit pH value of 5, below which, regardless of the favorable PSD, H2S
retention will be severely compromised [17].

The concentration of H2S and the humidity of the gas streammust also be defined.
It is recommended that the same carbon be tested in currents with high (>500 ppm)
and low H2S concentration (<100 ppm). High concentration tests are preferred
because they save time and resources. However, accelerated tests (high concentra-
tion) may not adequately describe the kinetics of a low concentration H2S stream
[18]. Accelerated tests can be used in an initial screening and then, if necessary, tests
at lower concentrations, close to field conditions should be done.

Moisture is a factor of high impact on the performance of an activated carbon. It is
believed that a monolayer of water induces the H2S dissociation process, increasing
the capture considerably. The effect of humidity can be seen by comparing cases 1
and 2 for the carbon Desorex K43 Na (Table 1), 80% of relative humidity increased
retention inmore than 10 times. The lowerH2S retention for samples 5–8 is also due to
the lower current humidity (24% RH). Other examples of increased retention related
to moisture have been reported in the literature [10]. Not only does the humidity of
the stream influence the capture of H2S, if the sample is pre-humidified to the limit
of 2 mmol of water per g of carbon, the H2S retention can increase from 2 to 6 times
[10].

3.1 Chemisorption and Oxidation

The chemisorption process involves the production of HS− ions which is promoted
by the presence of water and the impregnating agent. Once the HS− and dissocia-
tively adsorbed oxygen (O*) ions are available, the conversion reactions to elemental
sulfur (Sx), SO2 and H2SO4 takes place. Adsorbed oxygen molecules are the source
of dissociative adsorbed oxygen (O*). Probably the active sites of oxygen adsorp-
tion and dissociation should be edges or defective walls that can exerted stronger
interactions with O2 molecules [6].

Below, the main proposed reaction:

HS− ion production

Water film

H2S + H2O → HS− + H3O
+

impregnating agent
Na2CO3 [6]

H2S + CO2−
3 → HS− + HCO−

3

H2S + HCO−
3 → HS− + H2CO3
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KOH [19]

H2S(g) + KOH(q) − C → KHS(q) + H2O

KHS(q) ↔ K+(q) + HS−(q)

HS−(q) ↔ HS−(ads)

2xHS−(ads) + xO∗(ads) → 2Sx(ads) + xH2O

Conversion reactions [6,10]

C−O∗ + HS− → Cf + S∗ + OH−

xS∗ → Sx

S∗ + O2 → SO2

SO2 + 0.5O2 + H2O → SO2−
4 + 2H+

Proposed mechanisms for other impregnating agents and in conditions with
different concentrations of HS− can be found elsewhere [4].

In an attempt to make the microstructure of activated carbon compatible with the
adsorption/chemisorptionmechanism, Chen [6] proposed a schematic representation
of the process (Fig. 2). In this representation, the oxidation of H2S can be divided
into 4 steps: (1) The impregnant deposits in the larger pores (>7 Å); (2) A water film
or/and clusters are formed in the micropores and even mesopores, resulting from
water accumulation and condensation in the presence of moisture; (3) H2S dissolves
in the water films and dissociates into HS− ions. At the same time O2 dissociates
into dissociatively adsorbed oxygen (O*); (4) HS− reacts with O* to form elemental
sulfur or sulfur oxides. In the larger pores where the HS− concentration is higher,
the reaction favors elemental sulfur as main product. In the small pores the low HS−
concentration and high O* and surface energy shifts the equilibrium to production
of SO2 and H2SO4.

3.2 Physical Adsorption

In a H2S capture process where the amounts retained are attributed to the processes
of chemisorption, oxidation reactions and physical adsorption that occur simultane-
ously, it is extremely difficult to define the individual contributions of each mech-
anism. In an attempt to clarify the contribution of the physical adsorptive process
to the H2S accumulation, a molecular simulation model, which will be explained in
detail in the next section, was used [20].

Combining the molecular simulation model with the representative pore method-
ology [20] it was possible to estimate the theoretical amount adsorbed exclusively by
physical adsorption (Table 2). Note that the amounts adsorbed exclusively by physis-
sorption are much lower than the total amount retained in the impregnated samples.
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Fig. 2 Schematic representation of role of different pore sizes in the process of H2S oxidation.
Source Chen [6] Reproduced with permission of ACS

Two conclusions can be drawn from these results: non-impregnated samples basically
adsorb by physical adsorption as shown by the proximity of the predicted value to the
experimental value. Physical adsorption contributes very little to the total adsorbed
when chemisorption processes are also present. However, as previously discussed,
physisorption in ultramicopores is an active part of the H2S retention process.

According to the molecular simulationmodel, the smaller pores of the ultramicro-
porous range adsorb the largest possible amounts of H2S. The amount adsorbed falls
quickly as the pores increase in size as shown in Fig. 3. These molecular simulation
calculations indicate that ultramicropores are the main responsible for H2Smobiliza-
tion.Without this mobilization, which is eminently based on physical adsorption, the
following processes of chemisorption and oxidation could not proceed. This mecha-
nism was confirmed in the experiment that blocked these pores, verifying adsorption
decreases of up to 400% [15]. A recent study revealed that molecules adsorbed in the
pores of activated carbon has considerable mobility [21], reinforcing this hypothesis.
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Fig. 3 Simulated adsorption
isotherms of H2S at 298 K
on carbon slit-pores of 4 and
6 Å (effective pore
width—Heff)

4 Molecular Simulation

Molecular simulation is the most efficient method when it is necessary to discover
details of the molecular interaction with the surface, inaccessible by experimental
techniques or to extrapolate the temperature and pressure conditions available in
laboratory equipment or even to test hazardous components. Although the method
has consistently contributed to several problems in the adsorption community [22],
we find few investigations dedicated to the study of H2S adsorption in carbonaceous
materials.

Over the past ten years, the technique has been used to study adsorption on
metalorganic structures—MOFs [23–25] and carbon nanotubes [26,27]. The first
study of molecular simulation of H2S on activated carbons [20] was carried out to
predict monocomponent adsorption and mixtures with CO2 and CH4 using the grand
canonical ensemble.

Central tools in molecular simulation are the elaboration of adsorbate and adsor-
bent models, the definition of the potential and the samplingmethod of the accessible
states [28]. Activated carbons are commonly represented by slit-pores, which consist
of walls with two or 3 sheets of graphene regularly spaced to represent the pores sizes
(Fig. 4).

The model of the H2S molecule that has shown best results was developed by
Kristof and Liszi [29], being able to accurately reproduce the H2S liquid–vapor
equilibrium.The potential needed to predict interactionsmost used is that of Lennard-
Jonnes (LJ):

U
(
ri j

) = 4εi j

[(
σi j

ri j

)12

−
(

σi j

ri j

)6
]

where εij is the well depth, σij is the diameter, and rij is the distance between the
interacting atoms i and j.
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Fig. 4 View of graphene sheet and slit-pore model

In the case of the slit-pore model, the parameters εij and σij of the potential LJ
equation are well known [30] however the interaction between the molecule and the
carbon surface needs experimental data from the graphite equilibrium isotherm. The
most suitable method for searching accessible states to obtain adsorption data is the
Monte Carlo algorithm [31] in the canonical grand ensemble.

The value of the parameter εij between the surface of the slit-pore model and the
H2Smolecule was obtained byGonçalves [20], from the reproduction of the isosteric
heat of 40 kJ/mol at low coverage obtained experimentally for a series of activated
carbons [32]. The solid–fluid interaction parameter εij was estimated as 96.2 K. Once
this parameter was defined, it was possible to predict the H2S adsorption isotherm
in activated carbon RB4 (Fig. 5) [20].

This same methodology was used to predict the amounts adsorbed exclusively
by physisorption on the carbons shown in Table 2. It was also this methodology,
based on molecular simulation, that made it possible to evaluate the importance of
ultramicopores for H2S adsorption. An advantage of molecular simulation is the

Fig. 5 Experimental and
simulated adsorption
isotherms of H2S at 298 K in
activated carbon RB4
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Fig. 6 Study of a mixture of 200 ppm of H2S with 40% of CO2 in an 8.9 Å pore showing the
cooperative effect of CO2 molecules favoring H2S adsorption. The upper view of the graphene pore
wall is shown with adsorbed CO2 and H2S molecules. In the detail, the distances in Å between H2S
and CO2 are highlighted. Hydrogen in white, sulfur in yellow, carbon in grey and oxygen in red.
Source Gonçalves et al. [20]. Reproduced with permission of Elsevier

easy prediction of multicomponent mixture. For example, a cooperative effect of
CO2 molecules favoring H2S adsorption has been recently reported by Gonçalves
[20] (see Fig. 6).

In another study Huang [33] molecular dynamics was performed in a hybrid
graphene-Au model with the potential for studies on activated carbons. The model
was able to reproduce the adsorption energies of H2S, H2O and CO on the gold
surface. A reference pore of 46.5 Å was prepared for the studies. One wall consisted
of graphene sheets as usual in the activated carbons slit-pores models and the other
wall was made up of Au (111) atoms.

Typical gases from reformer streams such as H2O, CO2, CO andH2Swere studied
individually and in mixtures. The behavior of water in the concentration of 0.29–
3.67mol/Lwas examined indicating how themorphology of thewater film, necessary
to accelerate the formation processes of HS− ions, could be. The study also found
that H2O and H2S create dense H-bonding networks.
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5 Breakthrough Curves and Design (Dynamic Column)

For practical applications of H2S adsorption separations, fixed bed columns are
generally used due to their easy and continuous operation. However, for an effi-
cient process, besides a good selection of the carbon material and its properties (as
seen in the previous sections), it is important to understand and model the dynamics
of the fixed bed adsorption process. In this section we will present two recent studies
to illustrate the important parameters for the design of an industrial column for this
application. Also, the regenerability of the adsorption in conditions similar to the
real process applications shall be evaluated in this continuous and dynamic process
mode.

The tests are typically performed in a fixed bed unit as schematically shown
in Fig. 7. The H2S concentration in the feed stream is established via mass flow
controllers prior to entering a fixed bed containing the adsorbent under temperature
control. The sulfur concentration at the outlet of the adsorbent column is measured
through an appropriate sulfur sensor, e.g. a Pulsed Flame Photometric Detector
(PFPD) within a gas chromatograph. Details about the experimental procedures and
conditions may be found in Castrillon [9], Menezes [8] and Oliveira [15].

In a typical breakthrough experiment, performed at given constant flow rate and
temperature, the adsorption capacitiesmay be estimated by integrating the area above
the breakthrough curve at the breakpoint (t = tb) and at saturation (t = ∞), using the
following equation:

Fig. 7 Experimental scheme of a dynamic unit for measurement of breakthrough curves
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q0 = C0

MB

⎡

⎣Q

t∫

o

(
1 − C

C0

)
dt − VCε

⎤

⎦

where q0 is the adsorption capacity of the fixed bed at breakthrough or saturation,
C0 is the feed concentration, and C is the concentration at the outlet of the column as
a function of time. ε is the void fraction of the bed, Q is the feed flow rate, VC is the
column volume, andMB is the mass of adsorbent packed in the bed. The breakpoint
time is usually considered as the time elapsed until the sorbate concentration at the
bed outlet reaches a given fraction of the feed concentration.

Commercial samples of activated carbon (from Donau Caebon GmbH, Germany)
have been evaluated through dynamic breakthrough experiments using a fixed bed
unit. Experiments showed that chemical adsorption plays an important role in H2S
removal by adsorption from gaseous streams. A comparison of breakthrough curves
performed under similar conditions of flow rate and temperature is shown in Fig. 8.
The impregnation of the parent carbon (Desorex K43) with Fe2O3 (Desorex K43-Fe)
or with NaOH (Desorex K43-Na) enhanced significantly the adsorption capacity for
H2S at 298 K, more specifically for the sample impregnated with NaOH (see Table
3).

The adsorption capacities obtained for breakthrough experiments using different
temperatures for the same materials are reported in Table 4. An increase in sorption
capacity with temperature was observed for both impregnated samples, especially
for the one with NaOH. This is a clear evidence of the occurrence of chemical
adsorption as a major mechanism for the H2S retention in the carbon structure,
since physisorption would certainly be suppressed at higher temperatures and such
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Fig. 8 Breakthrough curves of H2S in commercial carbons, with and without chemical impregna-
tion, at 298 K. τ (dimensionless time) is based on the feed volumetric flow rate
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Table 3 Adsorption
Capacities of H2S in
commercial activated
carbons, with and without
chemical impregnation, at
298 K

Carbon samples qbt (mg/g) % pores < 4 Å

Desorex K43 0.34 9.3

Desorex K43-Fe 2.38 8.1

Desorex K43-Na 8.16 17.7

Table 4 H2S adsorption capacities in commercial activated carbons, with and without chemical
impregnation, at different temperatures

Carbon samples qbt (mg/g)

298 K 323 K 348 K 423 K

Desorex K43 0.34 0.24 0.34 1.02

Desorex K43-Fe 2.38 2.69 4.01

Desorex K43-Na 8.16 10.20 15.64

low partial pressures. In the case of the carbon matrix (Desorex K43), interesting
results were found. The first increase in the temperature (from 298 to 323 K) led to a
reduction of theH2S adsorption capacity, as expected from a pure physical adsorption
mechanism. However, as the temperature is further increased (from 323 to 348 K),
the H2S capacity increases back to a value similar to 298 K. This may be related
to the adsorbing molecules overcoming mass transfer resistances within the carbon
framework and thus accessing ultramicropore regions in the carbon that could not
be accessed at lower temperatures. This is further enhanced going to an even higher
temperature (423 K) in the breakthrough experiments.

Finally, an important feature for any continuous industrial separation process is
the regenerability of the adsorbent throughout consecutive cycles in operation. In
Fig. 9, the breakthrough curves for four consecutive cycle, at 298 K, are displayed
for each carbon material (parental and impregnated with NaOH or Fe2O3). Before
the first cycle and between each two consecutive cycles, the adsorbent bed was
regenerated at 423 K under constant flow of an inert gas (He). The experimental
adsorption capacities of H2S observed in each cycle are listed in Table 5. There is
a drastic decrease in adsorption capacity between the 1st and 2nd cycles, for all
samples. This trend is also observed in the following cycles, but somewhat less
intensely for the nonimpregnated sample. But still, in all situations, the impregnated
samples (specially the one with NaOH) show higher adsorption capacities up to
the 4th cycle. This indicates a need to include in an eventual industrial process for
H2S removal a step for chemical regeneration of the carbon samples right after the
physical regeneration with high temperature and inert gas flow.
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Fig. 9 Breakthrough curves of H2S in commercial activated carbons, with and without chemical
impregnation, for four consecutive adsorption/desorption cycles at 298 K. τ (dimensionless time)
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Table 5 H2S adsorption capacities in commercial activated carbons, with and without chemical
impregnation, in four consecutive cycles of adsorption (298 K) and desorption (423 K)

Carbon samples qbt (mg/g)

Cycle 1 Cycle 2 Cycle 3 Cycle 4

Desorex K43 0.34 0.20 0.20 0.20

Desorex K43-Fe 2.38 0.88 0.58 0.48

Desorex K43-Na 8.16 3.74 2.72 1.73

6 Outlook and Perspectives

With the renewed interest in the capture of H2S in biogas units, efforts have been
made to improve the capture technology according to the specifics of this industry.
The adsorption process is suitable for these units because they are disseminated
close to urbanized areas and they have medium and small size. Despite the great
competition with other adsorbent materials, activated carbon is still the material
with the best cost–benefit ratio. The resumption of studies on these processes based
on a better understanding of the relationship between the structure and oxidation
reactions can bring gains to the entire list of processes that face the challenge of
safely extracting H2S from the process. Studies to allow better characterization of
activated carbons, identify reaction mechanisms and better design strategies for PSA
units are necessary to make more compact and economical units feasible. Important
areas of research are still improperly explored: regeneration strategies, with evident
economic and environmental benefits and molecular simulation, where important
insights can be obtained from the application of quantum methods, Monte Carlo and
molecular dynamics. Beginning in the first war rayon factories and passing through
the oil, mining, chemical industries of barium carbonate and dyes, the capture of H2S
is not yet a fully solved problem.
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The Immersion Calorimetry as a Tool
to Study of the Adsorbate-Adsorbent
Interactions on the Adsorption
of Emerging Pollutants onto Activated
Carbon from Water: Case
Methylparaben and Paracetamol

Valentina Bernal, Juan Carlos Moreno-Piraján, Liliana Giraldo-Gutierrez,
and Fernando Gómez-Granados

Abstract More and more liters of water are demanded to supply the needs of the
world’s population. However, many of the human activities generate water pollution.
Some of the emerging pollutants, as pharmaceuticals, are hazardous for the environ-
mental and human health. The adsorption on activated carbon is used as tertiary
treatment in wastewater plants, in this step the emerging pollutants are removed
when the molecules are resistant to other techniques. The immersion calorimetry
is a technique used to determine the energy exchange during the formation of
pollutant-activated carbon interactions, there are the most important interaction on
the adsorption because the amount of pollutant adsorbed depends to the affinity with
the adsorbent surface. In this work we using the immersion calorimetry to determine
the affinity between the activated carbon and a pharmaceutical compound (pollu-
tant) and its correlation with the adsorbate uptake. The tests were carried out on
three activated carbons with different content of oxygenated groups and aqueous
solutions of paracetamol and methylparaben. A deep thermodynamic study of the
adsorbate-adsorbent interactions was carried out by calculation of two enthalpies:
The immersion and interaction enthalpy. The first determines the energy associated
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with the formation of solvent-adsorbent and adsorbate-adsorbent interaction while
the second, only evaluates the energy exchanges during adsorbate-adsorbent interac-
tion. The values obtained for immersion enthalpy are between−38.9 and−69.5 J g−1

at solutions 6.62 mmol L−1. The interaction enthalpy has values in the range of −
19.2 and 48.8 J g−1. The endothermic enthalpies are associated with a highest affinity
solvent-activated carbon.

Keywords Activated carbon · Adsorption · Enthalpy · Interactions ·
Methylparaben · Paracetamol · Wetting

1 Introduction

1.1 Clean Water as an Indicator of Development:
Technological Challenges and Risks of Emerging
Pollutants

According to United Nations Educational, Scientific and Cultural Organization
(UNESCO) in its inform “Water for a sustainable world (2015)”, the world popula-
tion growth is closer to 80million persons per year and a global water deficit of nearly
40% is expected by 2030, and nowadays, the 20% of the groundwater sources on the
word are being overexploited [1]. At the same time, this would imply agricultural
(food security), health and energy problems.

The problem is not only related with the water supply, the pollution of water
resources accents other problems relatedwith the public health and the environmental
care. According to the United Nations Committee on Economic, Social and Cultural
Rights the access to safe water and sanitation is a human right but close to 745million
people do not have a good source of drinking water and other 2500 million do not
have good sanitation facilities either [2].

The Word Health Organization (WHO) in the Guidelines for drinking-water
quality shows that the pharmaceutical and chemical pollutants are the main sources
of water contamination [3]. The increases in the pharmaceutical waste is produced
by the change in the consumption habits of drugs like painkillers, antidiarrheal,
antipyretic and other over the counter medicines. Also, to the increase in patients
with comorbidities. This led to consider the pharmaceuticals as emerging pollutants.

According to theWHO, partially consumed drugs generate residues that contami-
nate water resources. Likewise, part of the drugs administered to humans and animals
are not metabolized in the ADME process (Absorption, Distribution, Metabolism,
and Excretion) and are eliminated through the urine and stool, reaching the sewage.
Additionally, pharmaceutical molecules can accumulate in soils [3].

For instance, Paracetamol or acetaminophen is one of the most used drugs to treat
the pain due to its analgesic and antipyretic properties. In countries such as Greece
and Portugal the paracetamol sales are close 200 tons, 6300 tons in UK, and 10,000
tons in France. Only in UK, the paracetamol sales generated £191 million [4]. The
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increase in analgesic consumption is related to the appearance of molecules of this
type in wastewater and other water sources [5–7].

Several of the effects of these molecules on the environment are currently known.
For paracetamol, the main effects reported are endocrine disruption, oxidative stress
and hepatotoxicity in male fish [8], other studies indicated intrauterine growth
retardation and teratogenic effects of prenatal exposure in Zebrafish [9].

Furthermore,Methylparaben is used as an excipient inmanypharmaceutical forms
and is massively added to cosmetics and personal care.

products for its antimicrobial properties. Its presence in water resources around
theword has been reported in literature, the concentrations found in rivers of Portugal
and U.S.A are between 8.8 and 26 ng L−1 [10]. The studies indicate that the
Methylparaben generates endocrine disruption in marine mammals, fish, birds and
humans. Additionally, one of the most important problems with this compound is
its accumulation in tissues which generates bioaccumulation and biomagnification
[10, 11].

One of the biggest challenges forwater treatment plants in respect to these contam-
inants is that they present physicochemical characteristics that make them persistent
tomany procedures. Some of these characteristics are small size, high Partition Coef-
ficient, solubility in water higher than 30 ppm and a photolysis half-life greater than
one week [12].

Particularly, in the countries that reusing water to irrigate the crops, the laws are
strict and the detection limits of these pollutants are lowest. For this reason, the water
treatment plants require applying more than one process to remove the pollutants.
Even so, its complete removal cannot be assured.

A conventional water treatment plant includes processes such as chlorination,
ozonation, adsorption, and reverse osmosis.By2008, in theUnitedStates, a plantwith
these characteristics had a cost of US$ 136 million and it could process 378,000 m3

[13]. The use of adsorption as tertiary treatment in the water plants has a lower cost
than ozone, ozone/ H2O2 and ultrafiltration and removal results similar between them
[14]. Furthermore, adsorption is less likely to form harmful compounds derived from
pharmaceuticals if the adsorbent is an inert material. This is not the case of chlorina-
tion or oxidation with H2O2, which for example generate dioxins or organochloride
compound [15].

The activated carbon (AC) is one of the most used adsorbents in water treatment
plants because its physicochemical properties as largest surface area and porous
structure allow the remove of inorganic and organic pollutants such pharmaceutical
compounds. The international annual output of activated carbon are 500,000 tons
[16], however its price depends the precursor, e.g. the activated carbon from coal has
a cost of USD 1190–16,346/tons, from coconut shell between 1870 and 18,267/tons
andwhen the precursor used iswood the prices hover aroundUSD2200–16,016/tons.
For this reason, the investigation in new precursors and materials to prepare AC is
booming [17]. To avoid the unnecessary production of activated carbon, physical and
chemical processes are made in the adsorbent to modify the initial properties of a
commercial AC, and in this way increase the adsorption capacity of the contaminants
that are to be removed.
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Until now it has been seen that access to drinkingwater is an indicator of economic
development. However, beyond the technical aspects (costs, types of adsorbents, flow
rates), the true development is visualized through the improvement of processes
through the application of science and engineering.

Thewater purification by adsorption is amuch-studiedfield in chemistry, chemical
engineering, civil engineering and physics. The research for each of these disciplines
is united in the software’s development that would simulate the adsorption and thus,
predict the adsorption capacities of the pollutants, the time required to complete the
process, the energy released or adsorbed, and the adsorbent amount dosage [18–20].

1.2 Removing the Pharmaceutical Compounds from Water
by Adsorption on Activated Carbon: A Thermodynamic
Viewpoint of the Adsorbate-Adsorbent Interactions

From chemical point of view, the adsorption is the result of the compensation on the
surface forces by the interaction with a molecule in gaseous or aqueous phase, the
adsorbate. The interactions can be strong or weak, but this will depend to the affinity
adsorbent-adsorbate. If the interactions are strong, the process is irreversible and the
energy exchange is greater. The process is classified as chemisorption and implies
the reaction between the chemical groups on the adsorbent and the pollutant. When
the interactions are weak only involve Van der Waals and London forces and the
energy exchange has values lower than the chemisorption [19, 21, 22].

In both cases, Chemisorption or physisorption, the aim of the process is the
binding of drug to chemical groups on the adsorbent and in this way, to increase
the remove of the pollutant. The scaling of adsorption as a chemical phenomenon
on an industrial scale requires kinetic and thermodynamic favorability, otherwise the
adsorbate-adsorbent interactions may not form or the process may be very slow and
its application unfeasible.

The formation of the adsorbate-adsorbent interactions is a rallying-point of several
steps on the process. This is largely due to the relation between thermodynamics
and kinetic describes in the kinetic-molecular theory, as shown in Eq. (1) where the
kinetic constant (Kc) is expressed as a function ofA (the frequency or pre-exponential
factor) and e(−Ea/RT), that represents the fraction of collisions that have enough energy
to react. This mathematical model is known as Arrhenius equation.

Kc = Ae
−Ea
RT (1)

The Arrhenius equation applied to the adsorption is explained in Fig. 1.
In the first step of Fig. 1, the reactants form a heterogeneous system (solid–liquid)

and is comprised of activated carbon and the pollutant dissolved in the water. The
reactants have a higher level of energy than the products, because the activated
carbon has a high surface energy. In the second step, the transition state is forming.
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Fig. 1 Application of the kinetic-molecular theory to adsorption of drugs in aqueous solution on
activated carbon

In the system, the solvent molecules are present in a greater proportion than the
pollutant, therefore the interaction solvent-activated carbon is formed to compensate
the surface energy on the adsorbent, then the pollutant (drug) must be displaced the
solvent from the surface to form the adsorbate-adsorbent interactions. The energy
required to displace the solvent will depend to the force of this interaction and the
affinity drug-activated carbon [23–25]. Finally, in the third step the energy in the
system decreases by the formation of adsorbent-adsorbate interactions [26].

The energy exchanged during the formation of the adsorbate-adsorbent interac-
tions does not correspond to the total energy of the process; Additionally, the kinetic
energy derived from the diffusion of the adsorbate through the porous matrix and
the potential energy associated with the distance between the adsorbate and the pore
walls must be taken into account.

From the molecular point of view, it is assumed that the formation of adsorbate-
adsorbent interactions on the adsorption follows the kinetic-molecular theory; there-
fore, as the temperature increases, the collision factor with the functional groups on
the adsorbent surface decreases.

At the same time, the interactions adsorbate-adsorbent are relatedwith the adsorp-
tionmodels, that is,mathematicalmodels used to describe howmuchdrug (adsorbate)
is adsorbed based on the initial amount of the compound in the solution once the
chemical equilibrium is reached at a certain temperature. Some of the most used
models to describe the adsorption of pharmaceutical compounds in activated carbon
is the Langmuir and Freundlichmodel, thesemodels classify the adsorption as homo-
geneous or heterogeneous, respectively. In the first case, Langmuir’s model assumes
that only interactions between adsorbate and specific groups are formed on acti-
vated carbon, therefore the energy exchanged in the process remains constant. The
Freundlich’s model allows the formation of interactions between the adsorbate and
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more than one functional group on the adsorbent, additionally it contemplates the
interactions between neighboring adsorbate molecules [27, 28].

1.3 Physicochemical Characteristics of the Adsorbent
and Adsorbates and Their Effect on the Adsorption
Interaction

As previously mentioned, the interactions adsorbate-adsorbent are very important on
the adsorption of pharmaceutical compounds using activated carbons as adsorbent;
however, the type of interactions formed depend of the physicochemical character-
istics on the activated carbon and adsorbate (drug). This issue will be addressed
below.

As mentioned above, paracetamol and methylparaben are used as adsorbates in
this study because these compounds are widely employed in pharmaceutical and
personal care products, and they are considered pollutants by their appearance in
water resources. The chemical structures and physicochemical characteristics are
presented in Table 1.

The adsorption on activated carbon requires that the adsorbates have a small size
because the adsorption is carried out on the micropores (pores with internal width

Table 1 Chemical structures
and physicochemical
characteristics of
methylparaben and
paracetamol

Methylparaben Paracetamol

Molecular size (Å2) 8.69 × 5.02 8.50 × 5.70

Molecular weight 152 151

pKa 8.50 9.46

Log P 2.17 0.91

Solubility in water at
298 K (M)

0.024 0.027

Hydrogen acceptor
count

2 2

Hydrogen donor count 1 2
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lower than 2 nm); thus, if the both adsorbates have molecular sizes lower than this
value is expected that the diffusion do not a problem [29].

Moreover, the chemical equilibriums present in the adsorption system must be
taken into account, in this point the solution chemistry plays a very important role
in the adsorption performance. The equilibriums constants are the representation of
acid–base and solubility equilibria; therefore, at solution pH values higher than 10
both adsorbates will have negative electric charges associated with the deprotonation
of phenol group. Depending on the type of functional groups present on the activated
carbon surface, the electrical charges can induce the formation of ionic and ion–dipole
interactions or, conversely, favor the formation of repulsion forces. Additionally,
electric charges increase the polarity of the adsorbatewhich disadvantages the affinity
with activated carbon.

On the other hand, the solubility is an indicator of the solvent-adsorbate affinity,
if its value is very large, the adsorption process is expected to make a higher energy
consumption to separate the adsorbate molecules from the solvent and thus be able
to adsorb on the activated carbon. The Lundelius rules is an empirical rule that corre-
late the solubility and adsorption performance for a homologous series of adsor-
bates (similar chemical structures), the rule indicated that adsorption from solution
increases when the molecules become more hydrophobic; then, their solubility in
water decrease [30].

From the environmental point of view other chemical properties are relevant, e.g.
the partition coefficient allows determining if a compound can accumulate in fatty
tissues or other matrices with non-polar or amphipathic characteristics. A high Log
P value indicates that the compound can bioaccumulate in animal body fat and pass
to humans through the trophic chain, as well as can be strongly retained from organic
matter present in soils, sediments and biota.

The chemical groups present in the structure of the adsorbate make it possible to
determine the behavior of the molecule in the acid–base balance and to establish,
for example, the number of possible hydrogen bonds that can be formed in the
adsorbate-adsorbent interactions.

Activated carbons are defined as amorphous solids composed primarily of carbon,
although they may contain heteroatoms such as oxygen, nitrogen, sulfur, among
others, from the raw materials used to prepare the activated carbon, almost always
lignocellulosic and industrial residues, polymers, anthracitic or bituminous carbon.
Additionally, the content of heteroatoms can be modified once the activated carbon
is obtained through physical and chemical processes.

From the structural point of view, activated carbon is made up of graphene layers
that are located randomly giving rise to the characteristic porosity of this solid.
Chemical groups are usually located on the adsorbent surface, but some groups such
as oxygenated functions can form at the pore edges. This will also have practical
implications in the adsorbate diffusion if the molecule does not have small size.

The effect of the chemical groups on the activated carbon interactions will be
addressed during this work but the effect of precursors on the characteristics of
activated carbon will not be explained.
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Currently, adsorption on activated carbon remains a relevant topic in research due
to its industrial uses. One of the areas most studied on pharmaceutical adsorption
in aqueous solution is the development of adsorbents whose surface chemistry has
been modified to increase the adsorbate-adsorbent affinity.

In the literature it is found that the main methods to modify the surface chemistry
of activated carbons that will be used to adsorb paracetamol and methylparaben are:
immersion in strong acids or bases, salts and heat treatment at high temperatures.

Table 2 summarizes some of the main results in the literature about the use of
activated carbonswithmodified chemical surface on the adsorption ofmethylparaben
and paracetamol. Some of the treatments done on the samples (commercial activated
carbons or lignocellulosic materials) were performed before activation to observe
their effect in the physical properties of the adsorbent.

The electrostatic interactions between the adsorbate and the adsorbent depend not
only on the pKa of the adsorbate, but also on the electric charge on the adsorbent,
which is quantified by the point of zero charge (pHpzc), that corresponds at a pH
value where the number of electric positive charges is equal to the negative charges
on adsorbent surface. At pH values above the pHpzc the electric charge of the surface
is negative, thus if the adsorbate is an weak acid will have the same charge and the
repulsive forces increase in the system disfavoring the adsorption [29].

To determine the effect of adsorbate-adsorbent interactions on the adsorption of
Paracetamol and methylparaben on activated carbon, three activated carbons with
different surface chemistry were used. Table 3 summarizes the methods used to
modify the surface chemistry of a commercial activated carbon (CAC).

The methods used to characterize the activated carbons CAC, AC-H+ and AC-T
are summarized in Table 4.

The results of the physicochemical characterization of the activated carbon are
reported in Table 5.

The effect of the treatments carried out on the activated carbons in both physical
and chemical properties has been reported in previous works. The oxidation with
HNO3 increases the acid groups present in the starting activated carbon (mainly
carboxylic acids); However, the formation of these groups occurs at the edge of the
micropores, which decreases the adsorption of Nitrogen due to steric effects, thus,
the surface area and micropore volume on AC-H+ decrease [29].

The heat treatment decreased the content of phenol groups on the starting sample,
however the content of carboxylic acids increased due to reactions between free
radicals (formed by the breaking of carbonaceous chains) and environmental CO2.
The temperature generated the collapse of carbonaceous structures that generated
newporosity, this favored the nitrogen adsorption, therefore, an increase in the surface
area [42].

The work is focused in thermodynamic issues of the interaction adsorbate-
adsorbent on the adsorption of emerging pollutants, as pharmaceuticals, from
aqueous solution. it was studied the energy exchange when the activated carbons
are putted in contact with water and drug solutions at different concentrations
using calorimetric techniques. The experimental data was correlated with the
physicochemical properties of the activated carbons and the solution chemistry.
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Table 2 Methods tomodify the surface chemistry of activated carbons and their effect on adsorbate-
adsorbent interactions

Modification method Reagent Effect on chemical
surface groups

References

Immersion of AC in strong
acids after carbonization

HNO3, H2O2
Paracetamol
Adsorption capacity:
11.09 mg g−1

Methylparaben
Adsorption capacity:
2.20 mg g−1

It increases the formation
of phenolic and
carboxylic groups. pHpzc:
3–5
The interactions
adsorbent-adsorbate are
favored by the increase of
carboxylic acid groups

[29, 31, 32]

Impregnation of precursor
in strong bases before the
carbonization

NaOH, KOH
Paracetamol
Adsorption capacity:
7.57 mg g−1

Methylparaben
Adsorption capacity: not
reported

It Induces the formation
alcohols, phenols and
esters and an increasing
in the total basicity. pH
pHpzc: 8.74

[31]

Impregnation of precursor
in salts before the
carbonization

NH4Cl-
Paracetamol
% removal: 88%

It Increases the formation
of Hydroxyl, aliphatic,
carboxylic, and carbonyl
groups. pHpzc: 7.8. The
paracetamol adsorption
decreases at highest
values of pH

[33]

Cu(NO3)2-
Methylparaben
% removal: 52%

It generates an increase in
the total acidity and
phenolic groups. The
uptake of methylparaben
increases by the
formation of specific
interactions between the
adsorbate and acidic
groups

[34]

Thermal treatments at
high temperatures on AC

1073 K, 1173 K, 1273 K
Paracetamol
Adsorption capacity at
1073 K: 1.38 mg g−1

Methylparaben
Adsorption capacity at
1073 K: 1.53 mg g−1

The temperature
decreases the content of
acidic groups by thermal
instability of them

[32]
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Table 3 Methods for obtaining activated carbons CAC, AC-H+ and AC-T

Activated carbon Modification method

CAC Commercial activated carbon (Carbochem brand GS50). The sample was
washed with HCl to eliminate the impurities and then was washed with
distilled water until to reach pH constant. The activated carbon was dried at
383 K and stored in amber glass containers leaving minimal headspace

AC-H+ A part of the activated carbon CAC was taken and immersed in a
concentrated solution of HNO3 at boiling point for 24 h. The sample was
filtered and washed with distilled water until to reach pH constant. The
activated carbon was dried at 383 K and stored in amber glass containers
leaving minimal headspace. The aim was modifier the surface chemistry of
CAC increasing the acidic chemical groups by oxidation

AC-T Other part of the activated carbon CAC was subjected to heat treatment at
1073 K for 2 h in a furnace Thermolyne™ with cell in quartz an inert
atmosphere (N2). The activated carbon was stored in amber glass containers
leaving minimal headspace. The aim was modifier the surface chemistry of
CAC decreasing the chemical groups which thermal stability are lower than
1073 K (thermal reduction)

2 Calorimetry: Fundamentals and Methods

2.1 Calorimeters

The heat is the energy transfer between two bodies with different temperatures. The
exchanged energy is contained in the bodies and is called internal energy, during
physicochemical processes it can take different forms: kinetic, potential, thermal,
electrical energy, among others. On adsorption, the uncompensated internal energy
at the activated carbon surface is compensated through adsorbate-adsorbent inter-
actions, therefore the new complex is more stable because it has lower potential
energy.

In aqueous solution, energy transfer can not only be attributed to the formation of
adsorbate-adsorbent interactions, since the solvent is found in a greater proportion
and also interacts with the functional groups present on the adsorbent surface, one
of the challenges of adsorption on activated carbon is to decrease its affinity for the
solvent without affecting the affinity for the adsorbate. However, the magnitude of
the energy associated with the solvent-adsorbent interactions is not the same asso-
ciated with the solvent-adsorbate interactions, in this work these energy differences
are reported and based on the results, the affinity of the adsorbent for one of the
components of the system is determined.

The instruments used tomeasure the heat floware the calorimeters. Current studies
in calorimetry are based on the results obtained by Tian in the period between 1923
and 933. During this period Tian developed a more sensitive calorimeter, that is
still in use today, and allows the measurement of energy outputs of the order of a
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Table 4 Methods used to characterize the activated carbons CAC, AC-H+ and AC-T

Method Used to determine Brief description References

N2 adsorption/desorption Surface area (BET), pore
volume (microporous-
DR), pore size distribution
(DFT)

The process was carried
out in an apparatus
Autosorb 3B
(Quantachrome
instruments, Anton Paar)
at 77 K in a cell 9 mm. The
weight of the sample was
approximately 0.3 g. The
activated carbon was
previously desorbed at
393 K for two hours

[35–37]

Boehm Titration Acidic functional groups:
carboxylic acids, phenols
and lactones
Total basicity

The content of functional
groups is known through
an acid–base back
titration. A quantity of
500 mg of each activated
carbon were weighed in
amber glass containers and
added to 50 mL of the base
solution to determine the
content of acidic groups
(0.1 M NaOH, Na2CO3 or
NaHCO3). To determine
the total basicity, we used
as immersion liquid 50 mL
of 0.1 M HCl solution and
the same quantity of
activated carbon. The
containers were stored at
298 K under constant
agitation for 5 days. After
this, aliquots of the
supernatant were taken
from each container and
the sample was titrated
with NaOH or HCl
solution, respectively

[38, 39]

Mass titration pHpzc 50–500 mg of each
activated carbon was
weighed and placed in
glass containers with
10 mL of 0.1 M NaCl. The
samples were stored under
agitation (150 rpm) and
constant temperature
(293 K) for 48 h. Finally,
the pH of each solution
was measured

[40, 41]



228 V. Bernal et al.

Table 5 Physicochemical characteristics of activated carbons CAC, AC-H+ and AC-T

Activated
carbon

Surface
area (m2

g−1)

Micropore
volume
(cm3 g−1)

Content of
phenol
(μmol g−1)

Content of
lactones
(μmol g−1)

Content of
carboxylic
acids
(μmol g−1)

Total
basicity
(μmol g−1)

pHpzc

CAC 864 0.34 46.6 21.8 22.2 742 5.40

AC-H+ 469 0.18 53.9 490 106 735 3.40

AC-T 1127 0.42 6.36 21.2 66.1 1210 11.1

microwatt (μW). In the International System of Units (SI), heat is expressed in the
unit of energy Joule (J) equivalent to W s.

The calorimeters do notmeasure the quantity of heat produced directly but records
the rate of heat production (calorific power) expressed as ∂Q

∂t . The experimental data
obtained with the apparatus correspond to a continuous curve that represent the
change of calorific power with the time. The heat change is calculated from the area
under the curve for time interval.

The calorimeters can be classified through the parameter called thermal conduc-
tivity (p), which is directly associated with heat flux (θ) and temperature as shown
in Eq. (2).

θ = p(T i − T e) (2)

Ti and Te represent the temperatures of the internal and external boundary in the
calorimeter. The internal boundary corresponds to the calorimeter container “cell”
and the external boundaries are the walls of the surrounding cavity. Therefore, the
energy exchanged during a chemical process, as the adsorption, increases the temper-
ature in the cell and it generates a temperature difference between the two boundaries
and the production of the heat flow.

According with the values of calorific power, the calorimeters are classified in
three types adiabatic, isothermal and Tian-Calvet. The differences between them are
summarizes in Table 6.

The apparatus used to determine the heat exchange generated during the immer-
sion of activated carbon in water or in aqueous drug solutions was the Tian-Calvet
calorimeter.

As indicated above, in Tian-Calvet calorimeters, the heat generated in the cell is
measured through thermopiles, therefore it is governed by the principles of thermo-
electricity, that is differences the heat is equivalent to the electric charge, the heat
flow rate to the electric current, the temperature to the voltage, the thermal resis-
tance to the electric resistance, and the heat capacity to the electric capacitance.
The thermoelectric measures depend the several effects such as: seebeck, Peltier and
Joule.

These physical phenomena occur in thermocouples, which are the structural units
of thermopiles, they are made from two different metals (A and B) and their union
allows the flow of the electrons.
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Table 6 Types of calorimeters

Calorimeters Characteristics

The thermal conductivity is zero or the values are
smallest. Thus, it does not exchange heat with the
environment because the internal (A) and external (C,
good conductor of heat) limits are separated by an
insulator (B)
The temperature is measured with a thermometer
adapted to the calorimeter cover

In this calorimeter the heat generated in cell (A) is used
to induce the fusion of a solid (it is putted in D) that has
previously been weighed. The generated liquid is
collected in the test tube (E), its weight is proportional
to the heat produced
The letter B is still an insulating wall
The thermal conductivity is very large

The heat generated in the cell (A) is conducted to the
external jacket (C) through the thermopiles that
surround the cell (red squares). The electromotive force
produced by the thermopiles is proportional to the
calorific power transferred
G represents the galvanometer

The seebeck effect is the formation of an electric current (E) associated with
the difference in temperatures at the junctions of metals AB and BA. An elec-
tromotive force can also occur, its magnitude will depend on the nature of the
metals and the difference in temperatures (T2-T1). In Eqs. (3) and (4) are repre-
sented the thermoelectric power (e.m.f) for a thermocouple (tc) and thermopile (tp),
respectively.
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e.m. f = ∂E

∂T = (T2 − T1)
(3)

E = n(e. f.m)(∂T ) (4)

where n represent the number of thermocouples in the thermopile.
If a current is passing through the entire system, and the temperature of the system

is uniform, there is a temperature change in themetal joints, where AB heats upwhile
BA is cooled. This phenomenon is known as Peltier effect. The magnitude of effect
will depend to the peltier coefficient (Pc), the temperature and the current (i)

calori f ic power = Pc.i (5)

Very similar is the Joule effect, which quantifies the amount of heat energy
produced by an electric current. Equation (6) shows the mathematical expression.

E = i2.R.T (6)

It can be seen that the calorific power is proportional to the square of the current,
to the resistance of the material to the flow of the current and the time.

TheTian’s equationpermits the calculation of the temperature differences between
the container of the sample (cell) and surroundings in a certain period of time (�T(t))
from the heat production rate during the sameperiod of time (�(t)) as shown inEq. (7)
or Tian equation.

�(t) = −�T (t)

Rth2
− CSC .

d�T (t)

δt
(7)

where Rth2 is the thermal resistance between calorimeter vessel and surroundings and
Csc is the heat generated in the sample and transferred to the vessel. These are both
instrumental parameters and they are determined through the apparatus calibration.

To integrate up Eq. (7), the mathematical expression becomes in (Eq. 8):

t f inal∫

tini tial

�T (t)δt = −Rth2 ·
t f inal∫

tini tial

�(t)(t)δt + CSC .Rth2 ·
t f inal∫

tini tial

δ�T (8)

From Eq. (8), the calorimetric curve (Fig. 2) represents the energy exchange in
the system as a function of time, thermal resistance, the temperature difference and
the heat production rate.

There are two peaks in Fig. 2, one corresponds to the heat flow generated in
the immersion and the other to the electrical calibration; in both cases, the peaks
formation are related with the heat production rate, which increases to a maximum
and subsequently decays as a function of time. The heat generated in each process is
associated with the area under the curve of each peak. The last step is necessary in
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Fig. 2 Calorimetric curve
obtained after the immersion
of the activated carbon in
water

calorimeters that involve an electrical compensation of the thermal effect to determine
the sensitivity of the apparatus. Additionally, the calibration is done by measuring
variables such as voltage and current, which can be measured with great accuracy.

In this work, Eqs. (9)–(11) were used to calculate the heat transferred during the
immersion of the activated carbon in the aqueous solutions of methylparaben and
paracetamol.

Kcal = volt (V ) ∗ current (A) ∗ time (s)

Area under curve (calibration peak)
= Watts/volt (9)

Qimm = Kcal ∗ Area under curve (immersion peak) (10)

�Himm = Qimm

activated carbon mass(g)
(11)

Kc represents the calibration constant of the calorimeter, Qimm is the heat of
immersion and �Himm is the immersion enthalpy.

The enthalpy and heat are related through Eq. (12):

�H = Qp (12)

Equation (12) indicates that the enthalpy change is equal to the heat at constant
pressure.

The internal energy (U) of the system is equal to the sum of the heat and work
(Eq. 13), assuming that solids and liquids are incompressible, thus the term �V is
zero and the internal energy is equal to heat.

U = Q − P�V ; �U = Q = �H when�V = 0 (13)
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2.2 Immersion Calorimetry: A Versatile Tool to Understand
the Interactions Adsorbent-Drug

The adsorbate-adsorbent interactions are relevant for the studies of the stability of
pharmaceutical formulations. Hollenbeck et al. [43] studied the interactions between
the microcrystalline cellulose and water through immersion calorimetry, they found
that a nearly linear decrease in the heat of wetting as themoisture content increases in
the cellulose, this behavior is correlated with a homogeneous surface. Additionally,
the heat evolved during the wetting of the solid is not related to the total area on the
solid but to the surface area exposed to water. The authors indicated that the energy
exchange is not related with distribution of energy sites on the adsorbent surface
because the immersion heat does not decrease with the occupation of active sites on
the cellulose [43].

Gibson et al. used the immersion calorimetry to study the adsorption of the
polymer (pigments and opacifiers) on the additive surface. They also analyzed the
interaction between some solid additives used in tablet film coating and polymers as
hydroxypropyl methylcellulose. According to the authors, the immersion enthalpies
in water of titanium dioxide, red iron oxide and Talc A is −751.2, −997.4 and +
28.3mJ g−1, respectively. The exothermic values indicate highest affinity to the solids
for the water, however, when the immersion liquid is a solution of hydroxypropyl
methylcellulose (2%) the values of enthalpies increased in all systems because the
polymer reduced the surface tension [44].

In 1991, Buckton et al. worked in the relation of wetting in other pharmaceu-
tical issues such as: dispersion of powders to form suspensions, the effect of binders
in the process of wet granulation and dissolution rate of solid dosage forms in the
gastrointestinal tract. Thus, immersion calorimetry is used as a technical to improve
the formulations because the role of surface energies and polarities has been investi-
gated as amethod of predicting interactions between the components of a formulation
when the contact angle measurement cannot be performed [45].

Landin et al. used the immersion calorimetry to compare the characteristics of
microcrystalline cellulose from different countries and different moisture contents,
the aim of the authors was studied the water-cellulose interaction. The authors indi-
cate that the immersion enthalpy increases with the content of –OH groups, however
the major contribution to the immersion enthalpy is attributed to the –OH groups
from the amorphous component of the cellulose. In other words, celluloses with
highest crystalline content have fewer interactions with the water [46].

Hogan and Buckton investigated the effect of moisture in the crystallization of
α-Lactose monohydrate. The studied the water adsorption on lactose and their inter-
actions by immersion calorimetry; the authors indicated that the energy exchanged
during calorimetry is related with the binding of water on the lactose surface, and this
is the greatest part of the overall wetting response. Therefore, as amorphous lactose
can adsorb more amounts of water than crystalline structures its enthalpy values are
greatest [47].
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Ridder et al. using the immersion calorimetry to determine the hydrophobicity
of different modified zeolites used to remove pharmaceuticals compounds from
demineralized and surface water. The results reported in the study show that the
heat of immersion have values between 7.30 and 32.6 mJ/m2, these values increased
with the H2O vapor uptake which are between 0.45 and 0.66 mg m2 [48].

Terzyk and Rychlicky studied the adsorption of paracetamol on activated carbon,
they determined that the adsorbed amount decrease with the surface affinity by the
water. The interaction AC-water was determined by immersion calorimetry, they
reported that immersion enthalpies have values between −53.5 and −95.6 J g−1 and
−85.8 and −120.5 J g−1 in water and paracetamol solution, respectively [24].

Moreno-Marenco et al. reported the thermodynamic and adsorption data for
methylparaben on activated carbons impregned with metallic salts before the activa-
tion. The authors shown the immersion enthalpy at 100 mg L−1, the enthalpy values
are between −22.45 and −45.23 J g−1, when the concentration of methylparaben is
doubled the enthalpy remains constant [49].

2.3 Methodology

Immersion enthalpies were determined for activated carbons AC-H+, CAC and
AC-T in methylparaben and paracetamol solutions at 293 K. A heat conduction
microcalorimeter Tyan-type was used to determine the enthalpies changes (Fig. 3).
First, 10 mL of drug solution with concentration between 0.07 and 6.62 mmol L−1

were placed in a cell inside the calorimeter (Fig. 3 item 2). On the other hand, 0.1 g of
CAC was weighed in a glass ampoule which adapts to the top of calorimeter (Fig. 3

Fig. 3 Calorimeter type Tian-Calvet
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item 1). The change in temperature between the system and the surroundings when
the wetting of the solid occurs is determined through thermopile sensors (Fig. 3 item
5). The data capture is madewith amultimeter (Fig. 3 item 8) and begins with the turn
on of apparatus and ending with the calibration. This includes the time to reach the
calorimeter’s thermal equilibrium (baseline) and the electrical potential changes due
to the wetting of the activated carbon in the drug solution or solvent. The calorimeter
requires electrical calibration after the electrical potential returns to baseline.

The procedure was repeated with activated carbons AC-H+ and AC-T and using
also water as immersion liquid. To determine the enthalpic effect of substituents
containing in the phenolic ring of the adsorbates, it determines the immersion
enthalpy in phenol solutions at the same concentration that the drug solutions used
in the study.

The Hess Lawwas used to determine the enthalpic contribution (�Hint; Eq. 14) of
the methylparaben or paracetamol to immersion enthalpy and in this way determine
the effect of the adsorbent-adsorbate interactions eliminating the interactions solvent-
adsorbent. As the adsorbates share the phenolic ring in their structures the contribu-
tion of the substituents to the adsorbent-adsorbate interactions (�Hsub; Eq. 15) can
be evaluated in the same form.

�Hint = �Himmdrug solution − �Himmwater (14)

�Hsub = �Hint − �Himm phenol solution (15)

3 Insight the Interactions Between Activated Carbon
and Methylparaben or Paracetamol in Water Solution

In a previous work, it was reported that the adsorbed amount of methylparaben and
paracetamol on activated carbon depends to the diffusion: film and intraparticle;
and the formation of the interactions adsorbate-adsorbent [50]. Only the last step is
affected by the solution chemistry (solute concentration, pH and ionic strength). The
aim of this work is the analysis of these effects on the formation of the adsorbate-
activated carbon interactions using immersion calorimetry.

Table 7 reports the adsorbed amount of methylparaben or paracetamol on the acti-
vated carbons at equilibrium time and an initial concentration of the drug solution

Table 7 Adsorbed amount of methylparaben or paracetamol on activated carbons CAC, AC-H+

and AC-T at equilibrium time

Compound Q AC-H+ (mmol g−1) Q CAC (mmol g−1) Q AC-T (mmol g−1)

Methylparaben 1.10 1.43 1.52

Paracetamol 0.76 1.21 1.38
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Fig. 4 Calorimetric curves obtainedby the immersionof the activated carbonAC-H+ in paracetamol
(a) or methylparaben (b) solution at 293 K

of 6.62 mmol L−1. According to the data, the adsorption is favored on the acti-
vated carbon AC-T for both adsorbates, they also show that the adsorbed amount of
methylparaben is greater than the achieved by the paracetamol, despite the fact this
adsorbate has smallest molecular size.

One of the most notable result is the adsorbed amount of methylparaben on acti-
vated carbon AC-H+, which is a 45% higher than the adsorbed amount of Parac-
etamol achieved on the same activated carbon, this result is correlated with the effect
of surface chemistry in the formation of activated carbon-adsorbate interactions.

Then, it is shown the calorimetric curves obtained from the immersion of the
activated carbon AC-H+ in the paracetamol (Fig. 4a) and methylparaben (Fig. 4b)
solution. In both figures (a, b) the electrical potential increases with the time due to
immersion of activated carbon in the solution, the area under the immersion peak
is a balance between the formation of the interactions water-activated carbon, their
breakdown, and finally, the formation of the adsorbate-activated carbon complex.
Thus, the height of the peak does not only correlate with the concentration of phar-
maceutical. However, Fig. 4a, b show that the highest immersion peaks are achieved
at high concentration of the adsorbates.

In Fig. 4 only is shown the immersion peak due to the calibration peak depends
to the electric work provided in the calibration but not with the interactions in the
system.

The immersion enthalpy was calculated from the immersion and calibration data,
the data are reported in Table 8.

The behavior of the immersion enthalpies for some system is similar; indeed, it
does not depend to the adsorbate. For AC-H+ in methylparaben solution, as well as
AC-H+ and CAC in paracetamol solution the values of the immersion enthalpy only
increases from a concentration of pharmaceutical solution close to 0.66 mmol L−1.
For the immersion of CAC in Paracetamol solution the drug concentration necessary
to increase the enthalpy is higher than the above systems, being 1.32 mmol L−1.

In AC-T, the immersion enthalpies values do not vary significantly with the
increasing in the adsorbate concentration.



236 V. Bernal et al.

Table 8 Immersion enthalpy of the activated carbons CAC, AC-H+ and AC-T in aqueous solutions
of paracetamol or methylparaben

Initial
concentration
(mmol L−1)

�Himm paracetamol (J g−1) �Himm methylparaben (J g−1)

AC-H+ CAC AC-T AC-H+ CAC AC-T

0.07 −34.72 – −41.94 −18.34 −8.330 −42.28

0.20 −32.90 −8.820 −43.15 −18.85 −11.73 −44.32

0.33 −30.75 −11.62 −42.43 −17.81 −15.43 −40.27

0.46 −33.25 −10.95 −32.38 −18.37 −13.99 −40.86

0.66 −29.09 −8.610 −35.31 −18.17 −10.16 −38.45

1.32 −46.14 −9.710 −45.43 −30.65 −39.68 −42.53

3.30 −55.50 −31.71 −29.17 −30.35 −53.97 −46.61

6.62 −65.79 −54.32 −44.26 −69.47 −59.31 −38.86

These behaviors are related with the affinity of the activated carbon by the solvent
and the number of adsorbate molecules required to displace the adsorbed solvent.

Overall, it is observed that the values of immersion enthalpies are higher for parac-
etamol than methylparaben in AC-H+, in CAC at high concentrations of adsorbate
the highest values are achieved in the methylparaben solution and in AC-T the values
are close for the both adsorbates.

The interactions between the water and activated carbon, specifically the effect of
the different surface chemistry on the affinity with the solvent, were also evaluated
with immersion calorimetry. The results are reported in Table 9.

The calorimetric curves and immersion enthalpies show that the affinity of the
activated carbons for the water increases following the trend AC-H+ > CAC > AC-T;
indeed, it is the same trend for the content of phenols on the activated carbon. Thus,

Table 9 Calorimetric curves and immersion enthalpies of CAC, AC-H+ and AC-T in water at
293 K

CAC (J
g−1)

AC-H+ (J
g−1)

AC-T (J
g−1)

−49.7 −66.6 −27.4
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Fig. 5 Relationship between
immersion enthalpy of the
activated carbons CAC,
AC-H+ and AC-T in water
and their content of phenolic
groups

the formation of the activated carbon–water interactions is favoredwith the increasing
on the phenol groups on the adsorbent surface (Fig. 5). This is understandable, given
that more water molecules will be attracted to the adsorbent surface, if it is polar.

The values of the immersion enthalpy of the activated carbons inwater have values
higher than the determine in drug solutions except for the activated carbon AC-T,
this is an indicative of the affinity between the last-mentioned activated carbon and
pharmaceutical compounds, which leads to a greater adsorption capacity for them.

To evaluate the interactions adsorbent-adsorbate we used the Hess law subtracting
the immersion enthalpy in water to the immersion enthalpy in drug solution as shown
in Eq. (14), the results are reported in Table 10.

Most of the interaction enthalpies values between the both adsorbates and the
activated carbons CAC and AC-H+ are positive, this indicate that the formation
of the adsorbate-adsorbent interactions is a endothermic process, which could be
related with the energy required to displace the water-adsorbent interaction because
the interaction is very strong (Fig. 6), or an increase in the potential energy in
the adsorbate-adsorbent complex, hence, it will be most unstable that the solvent-
adsorbent interaction. This leads to, a decrease on the adsorption capacity of the two
adsorbates.

In addition, only in the drug solution with the largest concentration the values are
negative, therefore, to displace the adsorbent-solvent interaction it requires a greater
quantity of adsorbate molecules.

On the contrary is the adsorption in AC-T, the both adsorbates present negative
values for the interaction enthalpy in the all concentration range, thus, the formation
of the interaction are favored mainly because the affinity of the activated carbon by
the water is lowest than that for the other activated carbons as it is shown in Fig. 6.

At low concentration of the pharmaceuticals, the interaction enthalpies in CAC
and AC-H+ show a difference between the interactions formed by each adsor-
bate. For the Paracetamol case, the interaction enthalpies have values close to each
other, therefore, the content of acidic groups (different to phenol) on the activated
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Fig. 6 Relationship between
the immersion enthalpy of
the activated carbons in
water and the interaction
enthalpy
(adsorbent-adsorbate
interaction)

carbon does not affect the formation of the paracetamol-activated carbon interac-
tion. However, the enthalpies values for methylparaben-activated carbon interac-
tions decrease when the content of acidic groups on the adsorbent also decreases.
This behavior can be explained making some assumptions about the chemistry of the
adsorbent surface and the chemical structures of adsorbates. In the case of activated
carbon, it assumes that the only chemical groups on the surface were determined
by the Boehm titration, therefore, if the phenol groups formed the interaction with
the water, the active sites available will be the carboxylic acids and lactones, which
are carbonyl groups or Hydrogen acceptor groups. On the other hand, paracetamol
has two Hydrogen acceptor groups and methylparaben one, therefore, the interac-
tions acid–base according to Brønsted-Lowry theory can be formed, as well as the
formation of additionalHydrogen bonds. Thus, by probability, paracetamol-activated
carbon interactions are more likely to form.

In all concentration range, the pH of the solutions has values between 3–6, the
lowest valueswere found inAC-H+ andCAC (pHAC-H+ = 3; pHCAC = 5.5), therefore,
the electric charge on the adsorbent surface is negative for the both activated carbons,
this leads an increase in the polarity on the surface and greater affinity for the water.
At the same time, the negative electric charge can decrease the interactions with the
adsorbent by repulsion forces.

In Fig. 7a is shown that the adsorbed quantity of paracetamol or methylparaben
on the activated carbons is directly related to the interaction enthalpies.

The adsorbed quantity of the adsorbates has a magnitude in mmol g−1 between
0.8 and 1.6, therefore, it is not possible that this quantity is only related to the forma-
tion of acid–base interactions and hydrogen bonds because the content of carbonyl
groups is very low since its values are less than 90 μmol g−1, except in AC-H+,
but its polarity is highest and the adsorbate affinity decreases. Figure 7b shows that
the interaction enthalpy decreases with the content of basic groups on the activated
carbon, which include amines, pyrones, and π-electrons, the latter are considered
as Lewis bases. Currently, many investigations indicated that the π−π or π-stacked
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Fig. 7 a Relationship between the interaction enthalpy (adsorbent-adsorbate) and the adsorbed
quantity (Q) of paracetamol or methylparaben. b Relationship between the interaction enthalpy and
the total basicity of the activated carbons

are the most important interactions on the adsorption of aromatic compounds, like
the pharmaceuticals used in this work, on the activated carbon. However, these inter-
actions also depend to the solution chemistry because at extreme pH values, other
interactions can be formed first such as π-H+ in acidic medium or π-OH in basic
solutions.

Up to this point, this work has shown the importance of the surface groups on the
activate carbon on the adsorption of paracetamol and methylparaben, however the
chemical groups in the adsorbate’s structures also contributed to interactions with
the adsorbent, thus, to the enthalpy change.

Both adsorbates share the phenolic ring as a core of the structure, in Table 11 it
reports the immersion enthalpy od the activated carbon in phenol solutions at different
concentration to know the contribution of this group in the adsorbate-adsorbent
interactions.

The immersion enthalpies of the activated carbons in aqueous solution of phenol
increase proportionally with the concentration of solute. Additionally, the values
reported in Table 11 are lower than the values determined in water, except for the
immersion of AC-T in solutions with higher concentration of solute. In conclu-
sion, the adsorbent has a low affinity by the phenol because this adsorbate has a
lower polarity than water and it requires more energy to displace the solvent on the
surface. For this reason, the immersion enthalpies are positive in most systems, even
to increasing the concentration of phenol, therefore, the hydrogen bonds formed
between phenol groups on the adsorbent surface and water are stronger than the
formed between phenol groups in both system components.

The contribution to the adsorbent-adsorbate interactions by the substituents
around the phenolic ring also was determined using the interaction enthalpy, the
results were reported in Table 12.

It is observed in Table 12 that the interactions enthalpies associated with the
contribution of the substituents around the phenolic ring on the adsorbate-adsorbent
interaction. To calculate the contribution of the substituents in the enthalpy changes
only were used the interaction enthalpies at high concentration of adsorbate because
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Table 12 Contribution to the interaction enthalpy by the substituents on the chemical structures of
methylparaben and paracetamol

Initial
concentration
(mmol L−1)

�Hint AMIDE (J g−1) �Hint ESTHER (J g−1)

AC-H+ CAC AC-T AC-H+ CAC AC-T

1.32 −26.8 −1.9 −23.4 −11.1 −31.9 −29.6

3.30 −21.9 7.80 15.3 −35.9 −14.5 −11.2

6.62 −8.80 −14.9 4.10 −9.6 −19.9 0.4

under conditions increase the interaction between the adsorbates and the activated
carbon. The enthalpies are negative in most systems, it indicates the formation of
interactions with the adsorbent; in the case of the interaction between AC-T and the
amide group, to increase the concentration of paracetamol the enthalpy also increases,
this trend can be explained by two ways, in the first case, the number of paracetamol
molecules is greater than the content of available chemical groups on the surface
and is necessary the displacement of the solvent to generate new active sites. In the
second case, to increase the number of molecules in the carbonaceous matrix the
space is reduced and steric hindrance can affect the organization of the molecules in
the system, thus, their interactions. The positive value for the interaction enthalpy
between AC-T and methylparaben can be explained by the second case.

Assuming that the interactions solvent-adsorbent only involve Hydrogen bonds
and each chemical group on the surface only interact with one molecule of water, the
immersion enthalpies values inwater correspond to the energy exchangeby formation
of Hydrogen bonds. These values are greater than the values reported in Table 12, it
suggests that the main interaction does not correspond to hydrogen bond formation
but π-stacked and acid–base interactions. Additionally, the interaction enthalpies in
phenol solution are positive indicating low affinity adsorbent-adsorbate.

Because of similarities between both chemical structures of the adsorbates, it
could not be found a difference in the contribution to the substituents to the interaction
enthalpy.

4 Conclusion

The immersion calorimetry is a tool useful to determine the energy exchanged during
thewetting of the adsorbentwith the solvent or aqueous solutions of pollutants present
in water resources, the values determinate can be used to define the affinity of the
adsorbent surface by the components of the system. For this reason, the immer-
sion calorimetry provides experimental data that can be used to developing adsor-
bents with specifics characteristics for the adsorption of pollutants that resist other
treatments carried out in the water treatment plants.
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Conversion of Nonconventional
Aluminosiliceous Sources
into Microporous Adsorbents for Water
Remediation

M. R. Gonzalez, A. M. Pereyra, and E. I. Basaldella

Abstract Human activity has led to a high degree of industrialization, which has
drastically increased in the last decades. Industrial growth has meant more waste
generation and, at the same time, a negative environmental impact. Consequently,
the need of searching for novel processes related to waste minimization and reuse
arises, as is reflected in the increasing number of research works related to the reuse
of industrial wastes in recent years. The present survey deals with the general evolu-
tion of the preparativemethodologies employed for the recycling of aluminosiliceous
wastes, particularly by hydrothermal zeolitilization. The study focuses on the reuti-
lization of two distinctive industrial residues: the discarded catalysts coming from
the cracking unities used in the oil industry and the fly ashes generated in coal energy
production. Both materials are high volumewastes produced by the industrial energy
sector. Their use as a negative-cost rawmaterial in the synthesis processes of zeolite-
containing microporous materials and their potential applications as adsorbents in
environmental remediation technologies will be emphasized.

1 Zeolite Based Adsorbent Obtained
from Aluminosiliceous Wastes

1.1 Aluminosiliceous Industrial Wastes: Origin, Features,
and Environmental Implications

Huge amounts of inorganic solid aluminosilicate residues from the industrial sector
are generated each year. The management of those enormous volumes of waste
increasingly requires improved solutions for their treatment or disposal to reduce or
eliminate their negative impact on the environment. This situation becomes relevant
considering the perspective that in the near future, the disposal of this kind of waste
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will be limited because of more severe environmental regulations. So, among the
industrial wastes that are generated every year, we will place special emphasis on
those from power generation such as spent catalysts discarded from oil cracking
units and fly ash produced in thermal power plants, both materials predominantly
composed of aluminosilicates or silicates.

Fluidized catalytic cracking (FCC) is one of the main processes in the refinery
industry. Although it has been used for more than 75 years, it is still the main
technology used nowadays to obtain gasoline. The catalytic cracking units annu-
ally generate approximately 840,000 tons of exhausted FCC catalyst worldwide
[1]. The enormous amount of spent catalyst generated each year constitutes a solid
waste that is difficult to handle and dispose of. Several papers dealing with the
reuse of this particular residue can be found in the literature, its incorporation as
a non-contaminant additive in cement formulations being particularly highlighted
[2, 3].

On the other hand, electric power generation from coal combustion in thermoelec-
tric plants is still present in a large number of countries, especially in the developing
world. A high amount of fly ash generated by the combustion of coal is produced
each year. Worldwide, this type of waste represents approximately 750 million tons
[4] per year. Due to the amount generated and its physical and chemical properties,
this waste also constitutes an environmental problem in terms of its final disposal.
Different papers have reported its use as an additive in concrete [5, 6], as filler
for the construction of road bases [7] or as pozzolanic material in cement mortar
formulations [2, 3].

The above considerations encouraged the study of possible recycling methods
based on the chemical and mineralogical characteristic of both wastes, Fig. 1. For

Fig. 1 Current and new strategies for the management of aluminosiliceous wastes



Conversion of Nonconventional Aluminosiliceous Sources … 249

Fig. 2 SEM micrographs of spent FCC catalyst from the YPF refinery located in Ensenada,
Argentina. a X100 magnification and b X500 magnification

this purpose, the study and characterization of the discarded material is an important
step on the way to establish accurate reusing methodologies.

In the case of FCC catalysts, the main components are synthetic zeolite (15–
50 wt%), kaolin clay (60–25 wt%), an aluminosiliceous matrix (ca. 5 wt%), and
binder (ca. 20wt%, usually Ludox). The zeolite present in FCC catalysts corresponds
to the Y type (FAU group), usually fully hydrogen exchanged (USY) [8, 9]. The
chemical composition of spent FCC catalysts turns out to be 50% of SiO2 and 45%
of Al2O3, the remaining 5% is distributed among other minor components. The FCC
catalyst is usually shaped as smooth surface, rounded pellets 60–100μm in diameter.
Figure 2 shows the scanning electron microscopy (SEM) micrograph of a spent FCC
catalyst collected at the largest of four refineries run by YPF, located in Ensenada,
Buenos Aires, Argentina.

In the case of fly ashes, it is known that most of them contain mullite
(Al4.52Si1.48O9.74) and quartz (SiO2) as the main crystalline compounds, along with
an important fraction of amorphous phase. Hematite (Fe2O3) and calcite (CaCO3)
are also present as traces. The chemical analysis of fly ashes frequently reveals the
presence of silica and alumina in a SiO2/Al2O3 molar ratio > 1, and depending on
the coal origin and type of combustion, a small fraction of other components such as
Na2O, Fe2O3, TiO2, MgO, K2O and CaO [10]. Fly ashes are composed of spherical-
shaped particles, differing in size, which can reach up to 300 μm in diameter. The
particle surface is not uniform, smooth spherical entities covered with small deposits
or presenting areas with different roughness are commonly observed. Figure 3 shows
the SEM image of the fly ash coming from AES Central Thermal San Nicolás Power
Plant, located in San Nicolás, Buenos Aires, Argentina.
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Fig. 3 SEM micrographs of fly ash provided by AES Central Thermal San Nicolás Power Plant,
Argentina. a X100 magnification and b X500 magnification

1.2 Recycling Alternatives: Zeolite-Based Adsorbents

The zeolitic structures exhibit valuable features that convert them in indispens-
able materials for many technological applications. Based on their ionic exchange
capacity, selective adsorption, ordered structure, high surface area, etc., they are
widely used in cation exchange, adsorption and catalytic industrial processes.

The chemical formula of a zeolite is M2/nO: Al2O3: y SiO2: w H2O, where “n” is
the valence of the M cation, “y” (the silica to alumina ratio) a number ≥ 2, and “w”
the water content in the zeolite [11].

Zeolites are microporous crystalline aluminosilicates with well-defined structures
that consist of [SiO4]4− and [AlO4]5− tetrahedra linked by oxygen atoms. The frame-
work contains channels and cavities with molecular dimensions from 3 to 10 Å occu-
pied by alkali and alkaline earth metal cations (Na, K, Ca, Mg) and molecules of
water or other adsorbates and salts. The cations compensate the negative charge of
the zeolitic framework and can be easily removed and exchanged for other cations
[12]. The microporosity of zeolitic materials provides high surface areas reaching
500–900 m2 g−1.

Particularly, theNaA framework (stoichiometry:Na12[(AlO2)12(SiO2)12]:27H2O)
has a specific arrangement in which the unit cell contains 24 tetrahedra, 12 [SiO4]−4,
and 12 [AlO4]−5. When fully hydrated, there are 27 water molecules per unit cell
and there is also one sodium cation for one aluminum in the network. These sodium
ions are loosely held together, so one of the main uses of this material is based on its
cation exchange properties.

This zeolite has a cubic structure with a three-dimensional network of pores 4.2 Å
in diameter. The structural arrangement shown in Fig. 4 consists of the union of three
polyhedra (Fig. 4): a cube, a truncated octahedron cube, which is the sodalite cage or
β-cage, and a 26-sided polyhedron representing the supercage (11.4 Å in diameter).
The unit cell of zeolite NaA is cubic, consisting of eight α-cages parallel to the [1 0
0] surface. This cage possesses the inner symmetry of an octahedron and shares 6-
and 8-membered rings with the β-cages. The β-cage (or sodalite cage) is the pseudo
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Fig. 4 Polyhedral
composition of the structural
arrangement of zeolite A,
according to the
International Zeolite
Association (IZA) [13]

unit cell consisting of 24 T atoms (six 4-rings, four 6-rings, three 6–2 units or four
1–4–1 units) linked through double 4-rings for one cube face [13].

The thermal stability, high selectivity, non-toxicity and good mechanical resis-
tance of zeolite A make it a versatile material for numerous applications such as
catalytic processes [14], molecular sieve in gas separation [15], in wastewater treat-
ment [16, 17], and for antimicrobial purposes [18–20]. Along with zeolite Y, it is the
most commercialized microporous solid worldwide. The main feature arises from
the Si/Al ratio = 1, which provides the highest cation exchange capacity.

As can be seen, the synthesis of zeolites requires two main precursor species
based on silica and alumina. These reactants are involved in a hydrothermal process,
occurring in closed vessels at controlled conditions of dilution, pH, and temperature.

Taking into account the chemical composition of both the discarded FCC and the
fly ash, the production of synthetic zeolites may be a potential alternative for their
reuse. The high aluminosilicate content of the mentioned wastes allows their use as a
negative-cost rawmaterial in the synthesis of zeolites. Thesematerials offer the possi-
bility of producing different zeolites by varying the previous treatments and altering
the reaction conditions used for their reordering in zeolitic networks. In parallel, this
fact takes enormous importance since it is a way of obtaining high technology value
products from a residue that presents difficulties for its final disposal.

1.3 Key Steps in the Synthesis of Adsorbent Materials:
Activation and Hydrothermal Crystallization

Many factors play an important role in the hydrothermal transformation of traditional
raw materials into zeolite materials. The zeolite structure as well as its textural prop-
erties, which in turn define the ion exchange and adsorption properties, is determined
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by the starting mixture composition (silica, alumina, water, and alkali source molar
ratios), temperature, reaction time, and liquid/solid ratio.

The zeolitization carried outwith nonconventional aluminosiliceous sources addi-
tionally involves a careful previous study of the structural and chemical composition
of the starting waste materials for selecting the correct synthesis procedure.

In the mineralogical analysis of the industrial wastes under study, inorganic struc-
tures such as quartz or mullite are always present in different proportions, depending
on the source. These components do not react along the usual low temperature
hydrothermal process currently used in the industry for getting the LTA or FAU struc-
tures. The consequence is a final low-purity product where the desired zeolitic phase
coexists with those undesirable remnant phases. In this way, different methodologies
to convert the whole waste product into zeolitic materials are based on including an
“activation” step preceding the hydrothermal synthesis.

1.3.1 Activation Process

During the activation process, the operating methodology is aimed to improve the
reactivity of the residues towards the generation of zeolite by increasing the avail-
ability of silica and alumina components. This objective is extremely important,
because not only the selected activation procedure should allow high conversions,
but also avoid extended reaction times and the use of high synthesis temperatures or
pressures in the next step, the hydrothermal transformation.

In the search of methodologies to modify or dissolve the unalterable phases
contained in impure raw materials, the first approach was the use of a calcination
treatment as activation step, similar to the effective process used to synthesize zeolites
from mining materials, such as kaolinite products [21].

The traditional activation for these clays involves a careful calcination at above
the dehydration temperature and at values not as high as those required for the
occurrence of new structural compromises. The desired transformation leads to the
damage of the kaolinitic structure, producing metakaolinite as the activated, reactive
amorphous phase. The zeolitilization of metakaolinite by hydrothermal synthesis
proceeds easily using the suitable reaction parameters, leading to the crystallization
of the most aluminum-rich zeolite A. If the activation temperature is increased about
900 °C, the generation of an amorphous phase, known as pre-mullite, is observed.
The pre-mullite formation reduces the alumina reactivity, the zeolitization process is
delayed, and the clay, under suitable reaction conditions, is converted into the more
siliceous FAU structure, a material characterized by a Si/Al molar ratio higher than
1 and lower in aluminum content compared to zeolite A.

This methodology of zeolite synthesis from kaolins is well known [8] and was
patented in due course [22] for the FCC catalyst manufacture. Some drawbacks
related to kaolin quality are found in this process, because very pure, micronized
kaolin particles are required. Iron oxides and quartz, usually found as kaolin impu-
rities and undesirable in the catalyst formulation, are not transformed under the
patented hydrothermal synthesis conditions, remaining in the final product.
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Fig. 5 X-ray diffraction patterns of mechanically activated wastes. a Exhausted catalyst: CAT0
(original sample), CATM (after 1200 s of milling). b Fly ash: FA0 (original sample), FAM (after
3600 s of milling) (adapted from [26])

Extensive grinding was also studied as an alternative activation method, in which
the kaolin clay was ground using an oscillating mill. This particular activation
produces efficient conversions of kaolin clays to zeolites, similar to those obtained by
heat activation. The kaolinite structure was tribologically transformed into an amor-
phous phase whose hydrothermal conversion in zeolites yielded acceptable results,
but the effective grinding times for activation were too long [23].

Based on the experience gained from working with clays, similar methodologies
were considered for obtaining zeolitic materials from the discarded FCC catalyst.
In the first experiences on the transformation of the exhausted catalyst into zeolitic
structures, the milling procedure was applied as an activation step. The decrease in
catalyst crystallinity and particle size after 1200 s of mechanical treatment allowed
better conversion into zeolite compared to those obtained with the untreated catalyst
[24]. As can be seen in Fig. 5a, the zeolite Y initially present in the exhausted catalyst
completely disappeared after milling.

On the contrary, when mechanical milling was applied to activate the fly ash, the
results were quite different. Short milling times (from 60 up to 1200 s) produced
no changes in the ash crystalline structure, and zeolite P was generated after
hydrothermal synthesis. Nevertheless, a reduction in the diffraction peaks was
observed frommilling times of 3600 s (Fig. 5b). This change in crystallinity is related
to the size reduction and particle shape modification of the mineral phases originally
present in the fly ash, such as hematite, quartz, and mullite. A wide enlargement
of the diffraction peaks corresponding to quartz and mullite was clearly detected,
indicative of the formation of nanocrystalline particles by milling [25]. Even so,
the reactivity of the ash towards zeolite A was very low and could be improved by
using longer milling times. At this point, special attention should be paid to avoid
contamination of the sample due to Fe from the attrition of the mill cylinders [23].

Based on more exhaustive studies, an alternative method of aluminosiliceous
waste activation by means of alkaline fusion was developed. This methodology
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involves calcination in the presence of different alkali sources. The studies focus
on improving the conversion into zeolite A by varying the temperature, heating
times, and the residue/alkali mass ratios used for the calcination treatment [9, 27,
28]. Thus, for both residues, several activation methodologies based on alkaline
fusion with NaOH [29–31] and Na2CO3 [28, 32] were proposed. Fusion pretreat-
ment favors the production of zeolite X, or zeolite A, whereas the non-activated
samples are mainly transformed into hydroxysodalite or a mixture of Na-P1 and
Na-X at extended reaction times [28, 33, 34].

The calcination of wastes in sodium carbonate mixtures (50 wt%) leads to partic-
ular and significant structural modifications. As an example, Fig. 6 shows the X-
ray diffraction patterns of the two wastes after the fusion treatment. The crystalline
phases originally present in the residues (zeolite Y, mullite, quartz, etc., see Sect. 1.1)
completely disappeared after the alkaline fusion step, meanwhile, the growth of
new crystalline compounds was observed. It is interesting to note that the diffrac-
tion patterns obtained after fusion are identical for both samples, regardless of the
waste type. The two emerging NaAlSiO4 crystalline polymorphs were identified as
nepheline and low-carnegieite.

Depending on the temperature and time of pretreatment, other minor crystalline
phases were formed, due to the possible interaction with Na2CO3 (Fig. 6). At the
pretreatment conditions studied, phases such as sodium calcium aluminum oxide
silicate hydrate, sodium aluminum silicate, and sodium aluminum silicate hydroxide
hydrate were found in the solid obtained after fly ash calcination. For the discarded
catalyst, sodium silicate, sodium aluminum silicate hydroxide hydrate and sodium
silicate appeared.

Fig. 6 X-ray diffraction
patterns of exhausted
catalyst (CAT) and fly ash
(FA) after heating in the
presence of Na2CO3
(800 °C, 1 h). SASH: sodium
aluminum silicate hydroxide,
SC: sodium carbonate, L:
low-carnegieite, N:
nepheline (adapted from [9])
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The total amount of NaAlSiO4 polymorphs generated was strongly dependent on
the operating conditions defined for the pretreatment step and on the structural nature
of the aluminosiliceous waste.

It is also important to determine the alkali amount required for enhancing the
waste transformation. After heating, residue/sodium carbonate weight ratios higher
than 50% induce nepheline and low-carnegieite crystallization, but in this case, a
fraction of non-reacted original waste remained. Lower ratios produce a solid having
a crystalline composition identical to that obtained using 50% by weight. There-
fore, from a technological and economic point of view, a weight ratio equal to 1 is
recommended.

Depending on the nature of the waste, there is a temperature at which the total
amount of polymorphs is maximum. The amounts of low-carnegieite and nepheline
can be estimated by considering the sum of the intensities of their characteristic
reflections on X-ray diffraction patterns. Thus, as can be seen in Fig. 7, for a preset
calcination time of 1 h, the diffraction patterns obtained for the pretreated wastes
at 800, 830 and 850 °C, show the highest intensities at the working temperature of
800 °C for the catalyst (Fig. 7a) and at 830 °C for the fly ash (Fig. 7b).

For each waste, the relative composition of the two polymorphs after heating at a
preset temperature depends on the activation extent. At a constant selected temper-
ature, the solid is preferentially rearranged into one of the polymorph structures
as the heating time increases. In general, after Na2CO3 calcination, the spent FCC
catalyst produces a large amount of nepheline compared to low-carnegieite. On the
contrary, for the fly ash, a greater amount of low-carnegieite is observed compared
to nepheline.

As seen in Fig. 8, fly ash activation produces the maximum percentage of low-
carnegieite at 830 °C and 1 h of calcination time. In the case of the discarded catalyst,
low-carnegieite formation was favored during the first hours at 800 °C, not exceeding
38%. The spent catalyst was preferentially transformed into nepheline, which inmost

Fig. 7 X-ray diffraction patterns of products formed after 1 h of calcination in the presence of
Na2CO3 (50%) at different temperatures. a Exhausted FCC catalyst. b Fly ash (adapted from [9])
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Fig. 8 X-ray diffraction patterns of the fusion activated solids obtained at different heating times.
a Exhausted FCC catalyst treated at 800 °C. b Fly ash treated at 830 °C (adapted from [9])

of the cases achieved 100%. This transformation could be induced by the particular
chemical composition of the waste [35–38].

For these reasons, a careful study of the residue transformation during activation
allows establishing the lowest temperatures and the shortest times compatible with
appreciable zeolite conversions.

The fusion treatment involves the generation of new phases by a Na2CO3-fluid-
mediated reaction. The heating at 800–830 °C in the alkaline media allows the break-
down of all the ordered structures present in the starting materials such as zeolite,
mullite, and quartz, increasing the Si and Al availability for being rearranged as
NaAlSiO4 polymorphs. In the wastes, the aluminum and silica atoms were linked
to oxygen atoms forming octahedral or tetrahedral units, which in turn were linked
among them through the oxygen atoms. The aluminosilicate chainswere decomposed
in [AlO4] and [SiO4] free tetrahedral units and transformed into the new crystalline
phases low-carnegieite and nepheline. The presence of NaCO3 promotes the free
tetrahedra generation by the chemical bond-breaking effect of Na+, which occurs
along with CO2 formation [39].

Furthermore, the noncrystalline fraction could involve a similar route: the amor-
phous aluminosilicate dissolution takes place during alkaline fusion, followed by
the polymerization of active groups towards three-dimensional networks made of
various units of connected SiO4 and AlO4 tetrahedra, and the incorporation of Na+

as compensation ions [40, 41].

1.3.2 Hydrothermal Synthesis

The formation of zeolite microporous structure consists of nucleation and crystal
growth processes occurring under hydrothermal conditions. During crystallization,
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the alkalinity and the cation species present in the reacting system control the forma-
tion of the polyhedral building units giving a specific framework type. Besides, the
time needed for obtaining the optimum conversion into a pure A-type zeolite is very
sensitive not only to the chemical composition of the synthesis media but also to
working temperature. The presence of Na ions strongly influences the formation of
D4R units, sodalite and α-cages. Thus, when the silica to alumina ratio is maintained
constant, the increase of pH or reaction temperature accelerates the nucleation and
zeolite growth, promoting the conversion into smaller sized crystals.

Considering the aforementioned statements, when using unconventional raw
material for the synthesis, the real composition of the starting components, i.e.,
the available or true reacting sources, must be experimentally determined, and the
composition of the solution synthesis must be adjusted accordingly.

At this point it is very important to highlight that in general, the SiO2/Al2O3

ratio in the wastes is higher than that commonly used for synthesizing NaA, and an
extra alumina source is needed. Additionally, the effects of changes in the chemical
compositions of the startingmixtures on the conversionmust be analyzed because the
effective molar ratios vary during the crystallization. The solubilization of nutrients
originally present in the solid phase, i.e., the silica and alumina fractions emerging
from the solid to the liquid phase, is a function of the activation treatment and of
the Na2O concentration. In our studies, NaAlO2 commercial solution was selected
as the extra aluminum source optionally added at the beginning of the synthesis.

Once the synthesis batch is formed, the mixture is aged at room temperature for
48 h and placed afterwards in a conventional air oven at 90–100 °C. The course of
the reaction was followed by taking aliquots at different times. The obtained solid
products were washed and dried in air at 110 °C.

The particular interactions among the ionic species in the alkaline solution and the
aluminosilicate frameworks of NaAlSiO4 polymorphs generate a new equilibrium in
the phase composition at the end of the aging [9]. In the case of the activated spent
catalyst, a low dissolution of polymorphs was observed. By comparing the reflec-
tions in X-ray diffraction patterns of polymorphs before and after aging (Fig. 9a),
a very small decrease in the heights of nepheline and low-carnegieite diffraction
peaks occurred. On the contrary, all the activated fly ash showed preferential disso-
lution of nepheline, while low-carnegieite remained almost constant. The diffraction
patterns presented in Fig. 9b show a fly ash sample where the initial characteristic
peaks of nepheline were significantly diminished as a consequence of 48 h of aging,
meanwhile the low carnegieite content remained almost unaltered.

The higher resistance to nepheline dissolution in alkaline media can be supported
considering the linkage among SiO4 tetrahedra. The nepheline phase is based on
a tridymite-like structure, while the low-carnegieite is based on a cristobalite-like
structure, so this crystalline arrangement determines their dissolution behavior. For
all the hydrothermal synthesis experiments carried out with alkaline activated and
aged wastes, as the reaction time increased, the NaA zeolite seemed to be gradually
formed from the soluble silica and alumina species present in the liquid phase and
also from the solid polymorphs of NaAlSiO2 previously formed by alkaline fusion.
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Fig. 9 Changes in the X-ray diffraction patterns of the samples after 48 h aging. a CAT/800 °C/1 h
and aged sample.bFA/800 °C/12 h and aged sample. L: low-carnegieite, N: nepheline, SAS: sodium
aluminum silicate hydroxide hydrate, SCA: sodium calcium aluminum oxide silicate hydrate, and
SC: sodium carbonate (adapted from [9])

The evolution of the X-ray diffraction patterns of the aged phases during the
course of the hydrothermal crystallization is shown in Fig. 10. As the reaction time
increases, the reflections corresponding to the polymorphs decrease, whereas the
characteristic peaks of NaA zeolite increase. It is interesting to note that the low-
carnegieite is always completely transformed, regardless of the nature of the reacting
solid. Table 1 summarizes the synthesis results obtained for both residues.

During the synthesis, the alkalinity of the batch solution contributes to the disso-
lution of Si4+ and Al3+ present in the activated wastes. Considering for both wastes a
reaction batch as reference, changes in the initial chemical composition (changes in

Fig. 10 X-ray diffraction patterns of the solids obtained at different synthesis times starting from
the activated wastes. a Catalyst at 0 h (ZCAT/0 h), 3 h (ZCAT/3 h), and 6 h (ZCAT/6 h). b Fly ash
at 0 h (ZFA/0 h), 3 h (ZFA/3 h), and 6 h (ZFA/6 h) (adapted from [9])
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Table 1 Pretreatments and maximum conversion into zeolite A

Pretreatments Hydrothermal synthesis

Waste
type

Milling
time (min)

Calcination Na2CO3

Temperature
(°C)

Time (h) Reaction
time (h)

Conversion
into NaA (%)

Zeolite
product

Ref.

CAT – – – 3 18 X + A [28]

FA – – – 23 – HS + P [26]

CAT 20 – – 16 – X [24]

FA 10 – – 6 – P [26]

FA 60 – – 48 20 A + Tr
HS

[26]

CAT – 800 4 6 79 A +
TrP/HS

[9]

FA – 800 12 6 74 A + Tr
HS

[9]

A: zeolite NaA, X: zeolite X, HS: hydroxysodalite, P: zeolite P and Tr: traces

sodium aluminate, sodiumhydroxide, water concentrations) influence the percentage
of NaA obtained.

Samples without any activation prior to the hydrothermal synthesis lead to the
formation of different microporous solids according to the structural nature of the
residue. In similar crystallization conditions, the inactivated catalyst induces NaA
and NaX co-crystallization in low amount (18% of NaA). On the contrary, the results
in the case of the fly ash indicated that even at higher reaction times, only HS+NaP1
are observed, and inert phases such as quartz, mullite remain in the final product.

As can be seen in Table 1, the mechanical treatment applied for shorter times
leads to zeolite X for the catalyst and to zeolite P for fly ash. Long milling times
are required to produce structural changes in the fly ash that improve the silica and
alumina reactivity. Even so, the levels of conversion into NaA were very low.

In summary, the synthesis conditions favored the transformation of polymorphs
into zeolite A by a complete topotactic process, mainly by the contribution of the
low-carnegieite phase. The process could involve the fold of the planar arrangements
of rings present in aluminosilicates (as a single six-membered ring, S6R) into an α-
cage. The dissolved fraction of polymorphs during the aging time could also favor
zeolite A formation due to the enrichment of active silicates in the synthesis batch.
The results show that the highest reactivity towards zeolite crystallization could be
obtained by selecting suitable aging conditions for getting the nepheline fraction
entirely available before inducing zeolite growth.

In addition to structural changes, morphological differences in the surface of the
particles were evidenced during the activation treatment and hydrothermal synthesis.
Figures 11 and 12 show, respectively, the SEM images of the catalyst and fly ash
particles after alkaline fusion pretreatment and after being aged for 48 h at room
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Fig. 11 Morphological transformation of exhausted catalyst. a After alkaline fusion pretreatment
and being aged for 48 h, X1000. b After 6 h of synthesis, X1000. c After 6 h of synthesis, X5000

Fig. 12 Morphological transformation of fly ash. a After alkaline fusion pretreatment and being
aged for 48 h, X500. b After 6 h of synthesis, X2500. c After 6 h of synthesis, X2500

temperature in alkaline solution (Figs. 11a and 12a) and after 6 h of hydrothermal
synthesis (Figs. 11b, c, and 12b, c).

The SEM observations allow verifying the similarity in the surface transforma-
tion of both residues. The fusion activated solids consisted of rounded particles
with a surface covered by needle-shaped crystals associated with low-carnegieite
polymorphs.

During the synthesis, the growth of cubic crystals on the particle surface was
increasingly detected. SEM analysis revealed that the starting spherical morphology
was maintained and the surface was completely covered by cubic crystals. As cubic
crystals are the typical morphology of NaA, these results confirm those obtained
by X-ray analysis. It is interesting to note that the conservation of the spherical
morphology of ash particles along the whole process indicates a reordering of the
solid phase. As mentioned, the transformation of low-carnegieite present in the solid
phase into NaA involves the reordering of the orthorhombic low-carnegieite network
to the cubic lattice of NaA, i.e., the conversion of low-carnegieite to NaA takes place
by a direct solid–solid transformation.
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2 Heavy Metal Contamination

For many years, industrial activities have caused an increase in the contamination of
waterways. The presence of toxic metals and anionic pollutants in aqueous courses
is a problem that affects the environment and public health [42].

It is very common to find heavy metals such as Cr, Cu, Pb, Zn, Cd, Ni, etc., in
the wastewater generated by metallurgical and mineral processing industries. These
metallic contaminants are carcinogenic and also accumulate dangerously in living
organisms. Toxicmetals can be found in high concentrations (even up to 500mgL−1),
but the maximum levels are limited by governmental regulations. Particularly, in the
case of chromium, lead, cadmium, and nickel in water for human consumption, the
World Health Organization established limits of 50, 10, 3, and 70 μg/L respectively.

Hexavalent chromium compounds are more toxic and carcinogenic than trivalent
ones [43, 44] due to their facility to break through the cell membrane [45]. The
enzymatic and nonenzymatic reactions occurring inside the cells produce the Cr6+

reduction to Cr5+, Cr4+ and Cr3+ [46]. These reactive chromium intermediates are
capable of generating a wide spectrum of reactive oxygen species, which cause
damage to proteins, lipids, and DNA, an effect known as oxidative stress [47].

Therefore, it is important to develop technologies for controlling the pollutant
concentrations in discharged wastewater. In recent years, various methodologies
have been proposed to solve this problem, including ion exchange processes [48],
membrane separation [49] and adsorption [50]. Currently, the processes based on
exchange and adsorption are the most studied since they are the easiest to implement
and generally have high efficiency [51]. The materials such as active carbons [52],
carbon nanotubes [53], polymers [54], and especially zeolites [55] represent one of
the best options in terms of efficiency and cost-effective issues.

The use of reconverted residues having a large percentage of zeolite NaA as
microporous adsorbent is a valid alternative for the removal of heavy metal cations
in water purification processes. In this way, it is necessary to carry out a wide range
of physicochemical and structural characterizations, kinetic studies, equilibria at
different pH, etc., to establish the ability of these synthetic materials to remove the
toxic cations present in aqueous solutions. In the following section, our studies related
to the effectiveness of the previously obtained zeolitized residues as water purifiers
are presented.

2.1 Chromium Adsorption by Using Zeolitized FCC Catalyst

The sorption of Cr3+ in aqueous media was studied in a discontinuous system, by
contacting the zeolitized material with the chromium-containing aqueous solution,
under stirring. The effect of the initial chromium concentration (Ci), the working
temperature (T), and the solid/liquid weight ratio (S/L) were varied in order to study
their influence on the kinetic aspects of the sorption process and on the sorption
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capacity. Some selected results showing the reduction of chromium concentration in
the exchange solution as a function of time are shown in Figs. 13 and 14, for Ci =
42 and 135 mg L−1, at two temperatures (25 and 50 °C) and two solid/liquid ratios
(1 and 3).

It was noted that the temperature increase accelerated the cation exchange process.
Also, the removal of Cr3+ proceeded faster at higher solid/liquid ratios. It was evident
that a system for removing 100%of chromiumcation could be designed.At pHvalues
atwhich the precipitation of chromiumcompounds is avoided, the sorption procedure

Fig. 13 Cr3+ concentration in liquid phase by using a 1 g or b 3 g of zeolite A-rich catalyst (ZCAT)
at T = 25 °C and T = 50 °C (Ci = 42 mg L−1)

Fig. 14 Cr3+ concentration
in liquid phase by using 3 g
of zeolite A-rich catalyst
(ZCAT) at T = 25 °C and T
= 50 °C (Ci = 135 mg L−1)
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involves hydrated chromium cations replacing sodium cations, occupying exchange
positions and counteracting the negative charge of the zeolite A network.

A notable pH increasewas produced along theCr3+ sorption process, starting from
3.5 to nearly 6.5 at the end of the exchange. It could be attributed to the occupation
of the cation exchange sites by the hydrated Cr3+ species and the corresponding
desorption of sodium cations. Competition for exchange sites with hydrogen also
decreased rapidly as the pH was raised in the range 1.5–5.0 and contributed to the
increased sorption.

The SEM and EDS studies of the sorbent phase after the highest Cr3+ sorption are
shown in Fig. 15. Itwas observed that the initialmicrospheroidal catalystmorphology
was maintained. Additionally, EDS mapping showed that the presence of chromium
was significantly higher in the outer microsphere surface, where the zeolite crystals
were mostly situated, than in the interior region (Fig. 15).

Fig. 15 SEM–EDX analyses for zeolite A-rich catalyst after the highest Cr3+ sorption. a SEM
micrograph of the polished catalyst particle. b Chromium EDX mapping corresponding to the area
shown in a

Fig. 16 X-ray diffraction
patterns for zeolite A-rich
catalyst before and after
chromium cation exchange
(adapted from [56])
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Fig. 17 FT-IR spectrum of zeolitic material before and after contact with a solution of 135 mg L−1

Cr3+ (adapted from [56])

Additionally, the structural analyses carried out by XRD (Fig. 16) and FTIR
(Fig. 17) showed that the incorporation of Cr3+ into zeolite crystals reduced the
height or intensities characteristic of the zeolite structure.

TheX-ray diffraction patterns before and after cation exchange shownodifference
in the positions of the peaks associated with the zeolite A structure, indicating that
the network parameters are preserved and reflections of oxides or hydroxides are
absent.

Although the exchange Na+/Cr3+ in zeolite A has a high degree of irreversibility
[57], the obtained results show that chromium incorporation has not modified the
crystal structure. Additionally, an appreciable decrease in peak intensities after
chromium exchange was observed.

After the exchange with 135 mg L−1 of Cr3+ solution, the FT-IR absorption
bands associated with the D4R zeolite units (between 450 and 600 cm−1) decreased
markedly. A new band between 800 and 900 cm−1 appeared which may be ascribed
to the onset of zeolite amorphization [58].

The zeta potential versus pH curves corroborated the absence of a net charge
change in the range 2–7 (Fig. 18). In fact, Cr3+ cations predominantly occupied
exchange sites in the zeolite framework, as inferred fromXRDanalysis. These results
are in complete agreement with the Cr3+ adsorption on bentonite [59].

The incorporation of Cr3+ cations within the crystal structure might be consid-
ered beneficial for cation inertization, because electrostatic attraction contributes to
avoiding leaching.
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Fig. 18 Zeta potential
curves of corresponding to
a zeolite A-rich catalyst,
b zeolite A-rich
catalyst/Cr3+/42, c zeolite
A-rich catalyst/Cr3+/135
(adapted from [56])

2.2 Cadmium Sorption by Using the Zeolitized Wastes

The removal of Cd2+ from aqueous solutions was carried out separately by using
the zeolite A-rich materials obtained from FCC catalyst and fly ash. The cationic
exchange procedurewas the same used for capturing theCr3+, as described in 2.1. The
influence of parameters such as temperature, initial concentration, and solid/liquid
weight ratio on the adsorption capacity were also studied. Besides, for the kinetic
studies, samples of the solid phases collected at predetermined exchange times were
analyzed. The decrease of Cd2+ in the exchange solutions as a function of time, using
the zeolite A-rich solids at 25 °C, is shown in Figs. 19, 20 and 21, respectively.

In the present conditions, the exchange reaction using both materials showed a
very fast depletion of the cation concentration in the exchange solution, Figs. 19 and
20. Particularly, the zeolitized fly ash exhibited a better Cd2+ retention.

Additionally, the increase in the pH value recorded along the exchange reaction
encouraged Cd(OH)2 precipitation. The removal of Cd2+ cation seemed to be always
higher than 93%, being the best results obtained from the zeolitized fly ash.

It was also noted that when the initial concentration of Cd2+ increased, the effec-
tiveness in eliminating the cation largely depended on the S/L ratio. Figure 21 shows
the evolution of cation concentration in the liquid phase using 1 g or 3 g of both
zeolitized solids when the initial concentration of Cd2+ increased to 500 mg L−1.
Thus, for more concentrated Cd2+ solutions (for example Ci = 500 mg L−1, Fig. 21),
sorption improved at an increased S/L ratio. It is important to note that the zeolite
A-rich fly ash still has a better performance compared to the zeolite obtained from
the FCC catalyst.

Furthermore, it seems to be very important to consider the pH changes produced
by changes in the S/L ratio or the initial Cd concentration. As an example, the Cd2+

sorption by using zeolitized fly ash notably decreased when Ci increased (Table 2).
As previously mentioned, depending on the working pH values, the removal of

cadmium could occur by two mechanisms:
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Fig. 19 Cd2+ concentration in liquid phase by using a 1 g or b 3 g of zeolitized catalyst (ZCAT)
and zeolitized fly ash (ZFA) (T = 25 °C, Ci = 42 mg L−1)

Fig. 20 Cd2+ concentration
in liquid phase by using 3 g
of zeolite A-rich catalyst
(ZCAT) and zeolite A-rich
fly ash (ZFA) at T = 25 °C
(Ci = 135 mg L−1)

a) the capture process where the Cd2+ replaces two Na+ cations, occupying
exchange positions in the zeolite structure, and b) the Cd(OH)2 precipitation at high
alkalinities, mainly observed using zeolitized fly ash.

In general, the removal effectiveness could be associated with hydrolysis
phenomena and coordination changes of the ionic species, together with the adsorp-
tion, exchange, and precipitation processes that are likely to occur when the ionic
concentration, temperature or pH parameters are changed.
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Fig. 21 Cd2+ concentration in liquid phase by using a 1 g or b 3 g of zeolite A-rich catalyst (ZCAT)
and zeolite A-rich fly ash (ZFA) at T = 25 °C (Ci = 500 mg L−1)

Table 2 Cd2+ sorption by using zeolitized fly ash as a function of time

Time (min) Ci = 400 mg L−1 Ci = 600 mg L−1

pH S/L = 1 pH S/L = 1

C (mg L−1) C (mg L−1)

0 6.92 400 6.78 600

5 h 7.16 93 7.19 260

24 h 7.34 81 7.21 230

Fig. 22 SEM–EDX analyses for zeolite A-rich fly ash after the highest Cd2+ sorption. a SEM
micrograph of the solid obtained after cadmiumexchange.bCadmiumEDXmapping corresponding
to the micrograph shown in a
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A SEM image of a zeolitized fly ash particle after Cd2+ exchange and the corre-
sponding Cd2+ SEM–EDXmapping image are shown in Fig. 22a and b. The Cd EDX
mapping shows the Cd2+ ions inside the zeolitic structure.

The high efficiency obtained in the removal of Cr3+ and Cd2+ indicates that these
materials are very effective for the purification of chromium/cadmium-contaminated
waters. These products, which aremainly composed of a zeolitic structure, could also
be appropriate for the retentionofmanyharmful cations, including those coming from
radioactive wastes.
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Abstract The disposal of water for human use and consumption, as well as its pollu-
tion by anthropogenic activities, is an issue of worldwide concern, mainly because
of the amount of diseases and deaths that they generate in the population. In this
chapter, an analysis is presented about the importance of water, the types of pollu-
tants present in water and their sources of pollution. Likewise, it highlights the
importance of adsorption processes as a technology of easy implementation and low
cost in the treatment of water which uses various adsorbent materials such as bone
char. Animal bone chars represent a versatile adsorbent alternative because of the
diversity of pollutants that can be removed from aqueous solutions, among which are
heavy metals, anions and organic contaminants. These materials can be synthesized
from animal bones such as pork, chicken, cow, fish, sheep, among others. Similarly,
this study includes a bibliometric analysis on the study of bone chars, characteris-
tics, uses, synthesis methods, characterization, removal mechanisms and some case
studies on their environmental application in the removal of pollutants from water
such as fluoride, cadmium and triclosan.
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1 Introduction

Water is one of themost abundant natural resources on the planet and is indispensable
for the development of life and human activities. Due to its importance, it is necessary
to develop efficient and low-cost technologies for its use and reuse. Similarly, it is
necessary to produce water of adequate quality for consumption or use. There are
various physicochemical and microbiological parameters that determine the quality
of this resource and that are important to evaluate. Among these parameters are
heavy metals, organic compounds and anionic pollutants such as fluoride. These
compounds, even at low concentrations, represent a risk to human health and living
organisms, so the development of affordable technologies for their application in the
removal of the pollutants from water is an area of interest.

Bone char is considered a promising green material, since it is synthesized from
biomass (animal bones) generated as waste, which is usually not valorized. Its use
contributes with a dual purpose, the valorization of the waste and its application
in the development of environmental technologies, so it is also seen as one of the
environmentally friendly and cost-effective ways for removing heavymetals, anionic
pollutants and emerging organic compounds from water.

In this chapter, a review is conducted of bone char and its environmental applica-
tions, including its characteristics, uses, synthesismethods, characterization, removal
mechanisms, as well as a bibliometric analysis obtained from various sources that
show interest in this material due to its capacity to remove various pollutants from
aqueous solutions and other environmental applications. In addition, some studies
focused on the application in the removal of fluorides, heavymetals and some organic
compounds in aqueous solutions using bone chars from fish, cattle, pork and chicken,
are presented.

2 The Importance of Water

Water is one of the fundamental resources for the conservation of biodiversity on
the planet since it is essential for living organisms. Approximately, 97.5% of all
water on Earth is salt water and is found in the oceans. This cannot be used without
the application of expensive desalination techniques, which require a high energy
demand. Water is the natural substance with the largest territorial surface, covering
70% of the planet, and only 1.75% is frozen in form of glaciers and ice caps, which
are freshwater depositories not easily available for an immediate application. Only a
small proportion of water (around 0.75%) is found in rivers, lakes and aquifers, and
it is available for the support and development of human life in its various activities,
mainly domestic, agricultural and industrial (Fig. 1) [1, 2].

Figure 2 shows the average water consumption in the world as extraction
percentage ofwater (%) for the agricultural, domestic and industrial sector, during the
2003–2007 and 2013–2017 periods. It can be observed that the highest consumption
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Fig. 1 Water distribution on Earth

Fig. 2 Average extraction percentage of water consumption in the world for the agricultural,
domestic and industrial sector, a 2003–2007 period, including 100 countries, b 2013–2017 period,
including 75 countries

corresponds to the agricultural sector in both periods. However, it is noted that the
extraction percentage of water in the industrial sector increased considerably during
the 2013–2017 period compared to 2003–2007 period [3]. This reflects a worldwide
trend of the growth of industrialization in the countries and therefore of a greater
demand in the extraction of water for industrial uses, so its contribution of water
extraction will probably continue increasing in the next years [4].

Global drinking water demand has increased at a considerable rate due to the
exponential population growth. This leads to high water demand in industrial and
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agricultural sector. The overexploitation of aquifers combined with undiminished
deforestation has led to disorganization of carefully balanced ecosystems, making it
difficult for natural environments to replenish fresh water. Furthermore, due to the
lack of strict policies, untreated and unregulated agricultural and industrial runoffs
are degrading the existing surface water and groundwater sources by pollution [2].

According to the World Health Organization (WHO), around 3900 children die
every day due to the consumption of contaminatedwater, inadequate hygiene and lack
of sanitation. Waterborne diseases are the second leading cause of infant death in the
world after respiratory diseases.Water scarcity, lowwater quality and poor sanitation
negatively affect food security, livelihood options and educational opportunities,
especially for the poorest families on the planet [5]. Therefore, the care of water
resources and the development of methods and technologies that allow the control
and prevention of water pollution are of utmost importance.

3 Water Pollution

Water is considered to be contaminated when its appearance, smell or taste change
and its physical, chemical or biological elements produce adverse effects on the envi-
ronment and living organisms [6]. The identification of contaminated water become
complicated when pollution is intermittent or its physical characteristics are not
affected [7].

The hydrogeological and hydrogeochemical characteristics of groundwater are
altered by anthropogenic activities such as urbanization, industry and agriculture. The
wastewater generated by these activities is a source of various types of c pollutants
such as pathogens, heavy metals, and organic and inorganic compounds [8].

Therefore, it is necessary to determine the quality of the water by means of phys-
ical, chemical and microbiological characteristics of water samples and its compar-
ison with quality standards. In this way, it is possible to identify if the water is suit-
able for the quality requirements associated with a given use, for example, human
consumption, and if applicable, the probable purification processes required for the
removal of undesirable substances [5].

The most important diseases in the healthcare sector are largely attached to the
use and consumption of contaminated water, which represent a high risk on human
health, causing gastrointestinal damage such as diarrhea, hepatitis, vomiting, and
skeletal and endocrine systems affectations. Diarrhea is the second leading cause of
death for children, which means that approximately half a million children die from
this disease every year. In addition, heavy metals such as lead and nickel affect the
nervous system, liver, and skin [9–11].

TheWHOestimates thatmore than 663million people are exposed to diseases due
to the consumption of contaminated water, causing more than 502,000 deaths from
diarrhea per year. This population ismainly exposed as a result of non-existent, insuf-
ficient or inadequately managed water services and sanitation. The lack of a treat-
ment system for agricultural, domestic and industrialwastewatermeans that thewater
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sources used for consumption are contaminated, mainly by chemical compounds that
cause severe damage on human health, even at low concentrations, such as heavy
metals, anions and emerging organic compounds [12].

3.1 Heavy Metals

The water pollution by heavy metals is an urgent problem that is increasing world-
wide [13]. These pollutants are naturally present in soil and water, but they are also
normally emitted into the environment by various anthropogenic activities that make
use of a wide variety of chemical products with these compounds [14, 15]. A heavy
metal is a metal or metalloid that can have a density greater than water (3.5–7 times
greater); and that, even at trace levels, represents a threat to human, plant and animal
life and health due to its persistence in the environment and bioaccumulation through
the food chains [15, 16].

Heavy metals include arsenic (As), cadmium (Cd), copper (Cu), chromium (Cr),
tin (Sn), mercury (Hg), nickel (Ni), lead (Pb), selenium (Se), thallium (Tl), vanadium
(V) and zinc (Zn). These can be found in the environment in the form of organic
compounds, phosphates, hydroxides, oxides, silicates, sulfates and sulphides. The
natural sources of these pollutants are sea salt sprays, volcanic eruptions, forest fires,
rock weathering, biogenic sources, and windborne soil particles [15].

However, anthropogenic sources contribute more to environmental pollution by
the emission of heavy metals. The discharge of wastewater of agricultural activ-
ities, metallurgical-mining, electroplating, electronic and metal finishing process,
and leachates generated at waste disposal sites are the most representative [15, 16].
In addition, metals emitted in the form of dust, such as in the emission of Pb by
automobile exhaust, emission of Cu and Zn in smelting processes, emission of Hg,
Ni, Se, Sn and V by burning fossil fuels, are carried by the wind and runoff, reaching
surface water and later underground water [15]. Worldwide, drinking water has been
identified as the main source of As poisoning, and the population can also be exposed
to this metalloid when they consume food grown on contaminated soil with As or
when is irrigated with contaminated water with As, being the use of insecticides
and herbicides, or the manufacturing industry the main sources of emission of this
pollutant into the environment [17]. Se is a non-metallic mineral that is used in some
supplements or multivitanimics for human health, however at high concentrations in
the long term it can cause nausea, vomit and diarrhea. This element is found natu-
rally in the Earth’s crust, interacting with the different elements of the environment
(water, air, soil and sediments). Moreover, its presence in industrial waste water,
mainly from oil and metal refineries and agriculture, is a double issue of prevention,
firstly because it is a difficult element to eliminate and secondly because of the effects
on human health [18]. Table 1 shows the main sources of anthropogenic emissions
of metals and metalloids as well as their effects on human health.

Derived from the toxic effects on human health, heavy metals have to be removed
from wastewater to prevent pollution of surface water and groundwater, and to avoid
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Table 1 Main sources of anthropogenic emissions of metals and metalloids and their effects on
human health (Adapted from [16, 19, 20])

Heavy metals and
metalloids

Anthropogenic
emission sources

Reference value [21]
(mg/L)

Effects on human health

As Agricultural
applications products
such as insecticides,
herbicides, fungicides,
among others
Smelting and refining of
minerals
Glass manufacturing

0.01 Carcinogenesis
Effects on the
cardiovascular,
dermatologic, nervous,
hepatobiliary, renal,
gastrointestinal, and
respiratory system

Cd Mining and smelting
Production of alloys,
pigments, stabilizers
and batteries

0.003 Decreases in bone
mineral density and
osteoporosis
Gastrointestinal tract
erosion
Pulmonary, hepatic, or
renal injury
Coma

Cr Fossil fuels burning
Manufacture of plastics
and electroplating of
metals
Leather tanning
Wood preservation

0.05 Liver and kidney
damage
Skin ulceration
Central nervous system
disorders

Cu Mining and
metallurgical processes

2 Damage to the kidney
and stomach
Nausea and diarrhea

Hg Extensive use in
industrial applications
(batteries and steam
lamps)
Extraction processes

0.006 Physiological stress,
abortion and tremors
Brain toxicity,
blindness, mental
retardation, and kidney
damage

Ni Cosmetics, batteries and
spark plugs production

0.07 Reduced cell growth
Cancer
Effects on the nervous
system

Pb Fossil fuels burning,
mining, and
manufacturing
Batteries and metal
products production
Oxides for paint, glass,
pigments and chemicals

0.01 Effects on the central
nervous system and
gastrointestinal tract
Damage to the kidneys,
fetus and reproductive
systems

Se Oil discharges from
refineries
Mining

0.01 Effects on the
circulatory system
Hair loss
Nausea and diarrhea

(continued)
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Table 1 (continued)

Heavy metals and
metalloids

Anthropogenic
emission sources

Reference value [21]
(mg/L)

Effects on human health

Zn Mining and
metallurgical processes

– Anemia and cholesterol

problems of intoxication and public health. The removal of heavy metals from
aqueous solutions is generally accomplished by precipitation, sedimentation, and
filtration. However, there are drawbacks with these treatments since they tend to
generate an excessive amount of sludge which is hazardous andmust be treated after-
wards. An inexpensive alternative to removing heavy metals from aqueous solution
is adsorption, which uses adsorbent materials such as activated carbon, biosorbents,
activated alumina, and minerals (clays, zeolites, others). Recently, the removal of
heavy metals from wastewater through biosorption processes using biomass has
been of great interest due to the abundance of these materials, their economic avail-
ability, and the adsorption capacity of metals [22–24]. Some materials have been
tested as biosorbents for metal removal, including soybean hulls [25], cottonseed
[26], Capsicum annuum seeds [27], Tamarindus indica seeds [28], moss [29, 30],
banana peels [31], apple peels [32], sawdust [33], sunflower stalk [34], pine bark
[35], carrot and tomato waste [36], peanut shells [37], raw wheat bran [38], orange
and lemon peels [39], grape stalks [40], tea waste [41], seaweeds [42], corncob [43],
animal bone chars [44, 45], among others [46].

3.2 Emerging Organic Compounds

Emerging compounds are organic compounds of anthropogenic origin that are
present in surface and groundwater. They are not regulated as international agen-
cies have not yet established water quality standards for these pollutants [47]. More
than 1000 emerging compounds have been identified and are classified into groups,
including pharmaceuticals, personal care products, UV filters, endocrine disruptors,
hydrocarbons, illicit drugs, food additives, metabolites, fire retardants, pesticides,
among others [48].

The presence of these pollutants in the environment is mainly attributed to the
discharge of wastewater and treated wastewater. Sources of pollution with emerging
organic compounds in surface water and groundwater correspond to agricultural
activities due to the application of various pesticides and the introduction of varios
drugs of veterinary use (mainly antibiotics and hormones) in cattle; industrial activi-
tieswhere are processed or used these compounds, domesticwastewater; and landfills
[49, 50].

Conventional secondary processes, as activated sludge and trickling filters are
widely used in wastewater treatment; however, both are not designed to remove
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emerging organic compounds, so treated wastewater is discharged to surface waters
with trace concentrations of these pollutants [51].

Treated and untreated wastewater discharged directly into surface waters (rivers,
lagoons, seas…) is an environmental pollution problem which represents a risk to
human health and aquatic organisms [50]. This problem could lead to lethal effects
on aquatic organisms and human life even at very low concentrations [52].

Some of the treatment methods developed to the removal of emerging organics
compounds from water are activated carbon adsorption, filtration, micro and ultrafil-
tration, advanced oxidation process, photolysis, ozonation, gamma radiolysis, sonol-
ysis, reactors and bioreactors, membrane process, among others. However, these
methods are not efficient to remove these pollutants, have high energy demands,
operational and maintenance, and may cause secondary pollution. Therefore, there
is a need to develop effective and alternative methods for removing emerging organic
pollutants from the environment [53–57].

Adsorption is a promising method worldwide for removing emerging organic
pollutants since it is low initial cost for implementation, has simple operating design
and could be highly-efficient. The application of different adsorbents such as, acti-
vated carbons, composite adsorbents, modified biochars, bone chars and nanoad-
sorbents have been reported, being developed mainly for removing pharmaceutical
products [52, 58, 59].

In recent years, application of biochar has attracted increasing attention for being
an effective, inexpensive and environment friendly. Animal biochar or bone char
has been of interest for application in the removal of emerging organic compounds
however, its use has been a slightly explored area for solving this issue [60].

3.3 Fluoride

Fluoride is the lightest andmost electronegative element in the halogen group. It is the
13th natural mineral in nature, is widely distributed on the earth’s crust (625 mg/kg)
and has and great mobility at higher temperatures [61, 62]. Its concentration is in
the range of 1–35 mg/L in groundwater, around 1 mg/L in sea water and nearby
0.5 mg/L in lakes and rivers [63]. Fluoride is a pollutant in water which has been
a problem of global concern for the adverse effects on human health since few
decades [61]. Erosion of fluoride-rich minerals from granites and volcanic rocks
is the natural source of fluoride in waters. However, some anthropogenic activities
contribute significantly to environmental pollution with fluoride as glass manufac-
turing, ceramic industries, mining and metallurgical proccess, coal burning, electric
and electronic industries, production of pesticides and fertilizers, among others [62].

Fluoride intake has always been considered a key factor for prevention of dental
caries and improvement of human dental health. A concentration of fluoride in water
of at least 0.7 mg/L is recommended for preventing dental caries [64]. The WHO
recommends a minimum of 0.5 mg/L fluoride in the drinking water and 1.5 mg/L
fluoride by intake, considering the volume of water consumed and from other sources
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[21]. However, prolonged period of water intake containing high levels of fluoride
may lead to a number of injurious effects, from slight dental fluorosis to skeletal
fluorosis [62, 65]. Other negative impacts have been reported on human health as
decreased red blood cells and thyroid function, hypertension, decreased fertility,
nervous system impairment, osteoporosis, oxidative stress, renal disease, decreased
intelligence in children, among others, through bioaccumulation of this pollutant
[66, 67]. Different treatment methods have been developed to solve this issue of
environmental pollution and human health risks.

The widely applied technologies for the removal of fluoride from water include
coagulation, ion exchange, precipitation, membrane processes and adsorption, or a
combination of these technologies. However, these have some limiting factors for
their use in water defluoridation as use of toxic compounds, high operating cost,
waste production and strict experimental conditions. Adsorption techniques have
been quite popular in recent years for the removal of fluoride from water due to
their simplicity and a wide range of adsorbents [63, 68]. The cost of adsorption
process is associated to the unit price of the sorbent, so in last years, researches
are focused on the production of low-cost adsorbents from cheaper materials [69].
Some materials tested as adsorbents for fluoride removal are: activated alumina [70],
and modified activated alumina [71]; calcium-based sorbents [72], and iron-based
sorbents [73]; synthetic sorbents using two or multi-metal oxides/hydroxides [74,
75]; natural materials as natural zeolites [76], synthetic zeolites [77, 78], modified
attapulgite [79], bentonite clay [80], kaolinite clay [81], laterite [82], among others;
biosorbents using microalgal biomass [83], and chitosan beads [84]; agricultural
waste as corn cobs [85], and nut shell [86]; biochars [87, 88], and bone char [45,
89–91]. Bone char has gained significant attention as a green sorbent due to its low
cost, facility of preparation and biocompatibility [63].

4 Bone Char

Millions of tons of bone waste are generated annually from the meat industry.
According to the Organization for Economic Cooperation and Development, an
increase of 40 million tons in meat production is expected in the next 10 years
[92]. Consequently, there will be a considerable increase in generated bone waste
worldwide. These materials require a proper solid waste management, so its use for
the synthesis of bone char, could be used with dual-purpose, the first one as adsor-
bent material to remove pollutants from water and the second one to provide a better
solution in waste management [93].

Animal bones contain bone apatitewhich is a carbonate apatitewith a composition
of 6–9% carbonate in the apatite structure. The carbonization process leads to change
the formofmineral in the bone fromapatite to hydroxyapatiteCa10(PO4)6(OH)2 [94].
The compounds found in bone char are hydroxyapatite (70–76%), amorphous carbon
content (9–11%), calcium carbonate (7–9%), calcium sulfate (0.1–0.2%), iron as
Fe2O3 (<0.3%), acid soluble ash (<3%), and have a density 0.65 g/cm3 [93, 95, 96].
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Bone char is considered as one of the adsorbents with low negative impact on
the environment and human health, compared to other adsorbents such as carbon
obtained from wood residues [97]. Furthermore, its regenerative capacity makes it a
promising green adsorbent. However, several factors such as the initial concentration
of the adsorbate and the adsorption capacity could determinate the life time of bone
char [98].

4.1 Bibliometric Analysis

Globally, there is an interest in bone char for its easy preparation and implementation,
low cost and its wide variety of removal of pollutants from aqueous solutions. In
order to investigate world scientific publications related to research on bone char,
a bibliometric analysis was performed. Web of Science database was used as the
data source and the data presented in this study were mined on July 8, 2020 using
the search terms “bone chars”, “bone char”, “pyrolyzed bones”, pyrolyzed bone”,
“carbonizado de hueso” and “carbonizados de hueso” as Title. The timespan was
2000–2020.

Table 2 shows the first 15 most cited papers according to bibliometric analysis.
It can be observed that no relevant papers were published in 2002 and 2003, being
excluded, considering the 2000–2010 period. In addition, three of the most cited
papers were published in 2007, two were published for each year in 2000, 2001,
2006 and 2009. For the rest of the years, only one paper was published. Papers from
2011 onwards are not presented in this list due to their recent publication, having a
low number of citations.

Authors from China are predominantly the most cited, followed by those from
India. The most cited papers are distributed in 10 journals, the Journal of Colloid
and Interface Science being the most frequently cited (4), and number of citations
(820), followed by Water Research with 2 papers and 717 citations.

Figure 3 shows the categories of study field where the papers related to the use
of bone char are located. It is evident that most of the papers is focused on topics of
environmental or chemical applications, however, this field can be slightly imprecise
by the type of journal in which it has been published rather than by the publication’s
topic.

4.2 Raw Materials

Cow, chicken, fish, sheep and pork bones have been used as precursors for the produc-
tion of bone char. One of the reported advantages in the use of these raw materials
for production of bone char is their high availability as they are waste from the meat
industry [63]. In the 2008–2017 period, the global per capita consumption of poultry
grew strongly, being the type of meat most consumed, perhaps because it is cheaper;
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Table 2 Top-cited bone char related papers published between 2000 and 2020

Rank Year Title Lead author Journal Country No.
citations

1 2007 Intraparticle diffusion
processes during acid
dye adsorption onto
chitosan

Cheung WH Bioresour
Technol

China 538

2 2001 Sorption kinetic
analysis for the
removal of cadmium
ions from effluents
using bone char

Cheung CW Water Res China 448

3 2007 Identification of
selective ion-exchange
resin for fluoride
sorption

Meenakshi S J Colloid
Interface
Sci

India 300

4 2006 Sorption of Zn(II),
Pb(II), and Co(II)
using natural sorbents:
Equilibrium and
kinetic studies

Al-Degs YS Water Res Jordan
England

269

5 2000 Sorption kinetics for
the removal of copper
and zinc from effluents
using bone char

Cheung CW Sep Purif
Technol

China 252

6 2005 Thermodynamic
behaviour and the
effect of temperature
on the removal of dyes
from aqueous solution
using modified
diatomite: A kinetic
study

Al-Ghouti M J Colloid
Interface
Sci

England 232

7 2000 Optimised correlations
for the fixed-bed
adsorption of metal
ions on bone char

Ko DCK Chem Eng
Sci

China 199

8 2008 A conceptual overview
on sustainable
technologies for the
defluoridation of
drinking water

Ayoob S Crit Rev
Env Sci
Technol

India
England

187

9 2001 Adsorption of dyes
from aqueous solution
- the effect of
adsorbent pore size
distribution and dye
aggregation

Walker GM Chem Eng
J

England
New
Zealand

180

(continued)
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Table 2 (continued)

Rank Year Title Lead author Journal Country No.
citations

10 2009 Adsorption behaviour
of methylene blue onto
Jordanian diatomite: A
kinetic study

Al-Ghouti MA J Hazard
Mater

Jordan
England

176

11 2006 Mechanisms of
competitive adsorption
of Pb, Cu, and Cd on
peat

Qin F Environ
Pollut

China
USA

168

12 2004 Adsorption of fluoride
ions onto
carbonaceous
materials

Abe I J Colloid
Interface
Sci

Japan 152

13 2007 Adsorption of fluoride
from water solution on
bone char

Medellin-Castillo
NA

Ind Eng
Chem Res

Mexico 147

14 2009 Reactive Black dye
adsorption/desorption
onto different
adsorbents: Effect of
salt, surface chemistry,
pore size and surface
area

Ip AWM J Colloid
Interface
Sci

China 136

15 2010 A comparative study
on the kinetics and
mechanisms of
removal of Reactive
Black 5 by adsorption
onto activated carbons
and bone char

Ip AWM Chem Eng
J

China 120

while the per capita consumption of beef and veal decreased in the same period
[92]. However, as they are types of meat more consumed, the availability of their
bones as waste is higher, and therefore it is more common to find researches based
on the use of bone char from cow or chicken. In addition, the textural properties
and hydroxyapatite content of bone char are attractive for different technological
applications, although it has been reported that the bone structure may differ with
age and parity of animal species, and even from the body part of the species, so it
affects its effectiveness [63].

Bone chars from animal bones have been studied in the removal of pollutants
from water, mainly fluoride and heavy metals (As, Cd, Co, Cr, Cu, Hg and Pb).
They have also been tested in the water treatment of emerging organic compounds
such as pesticides, dyes, pharmaceutical products and surfactants, and endotoxins;
obtaining appropriate adsorption capacities (Table 3). Most experiments maintain a
pH close to neutral (7 and 8) for evaluating adsorption capacity of these adsorbents,
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Fig. 3 Number of bone char papers published between 2000 and 2020, classified by study field

however this may also depend on the physicochemical and textural properties of the
material or the nature of the water. Pyrolysis temperature for the synthesis of bone
char ranges between 350 and 1000 °C, however, greater effectiveness has been found
of 500–800 °C. This last argument will be further discussed in the Sect. 4.3.

4.3 Synthesis Methods

The properties of bone char depend on raw materials and the synthesis method
employed. Bone chars were pyrolyzed at 500 °C from bovine bones (ribs, scapulae,
vertebrae, and legs), performing a comparison of each part and their copper sorption
behavior in aqueous solutions. The rib bone char showed a larger specific surface
area (172 m2/g), smaller average pore diameter (7.7 nm), and more basic functional
groups than the other types of bone char. Furthermore, the rib bone char showed the
best adsorption capacity 83.71 g/kg, finding that the adsorption amount increaseswith
improving specific surface area and decreases with increasing average pore diameter
[101]. Researchers [120] prepared bone char at 800 and 1000 °C in a nitrogen gas
atmosphere from cow, pork, chicken and fish bones for use in the removal of fluoride
from water. It was observed that the amount of fluoride adsorbed from cow and pork
bones was greater than from chicken and fish bones. On the other hand, the amount
adsorbed on pyrolysed bones at 800 °C was higher than at 1000 °C.

Animal bones are treated by pyrolysis at temperatures above 500 °C and below
700 °C in an oxygen-limited atmosphere [109]. The temperature of 700 °C caused the
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Table 3 Characteristics of the removal of pollutants from water using bone char

Bone Pollutant Pyrolysis
temperature
(ºC)

pH Dosage
(mg/L)

Adsorption
capacity
(mg/g)

References

Bovine Fluoride – 7 10 2.37 [99]

Bovine Fluoride 700 7 100 18.5 [100]

Bovine Copper 500 5 150 83.71 [101]

Cattle Cr(VI) 450 1 800 4.8 [93]

Cattle Fluoride – 3 20 6.77 [89]

Cattle Fluoride 350 7 50 10.56 [102]

Cattle Methylene
blue

400 10 5 0.7 [103]

Cattle Sodium
dodecyl
sulfate

900 7 2 0.298 [104]

Cattle Endotoxin 850 7 80
Eu/mL

25 Eu/g [105]

Chicken Fluoride 600 5 10 11.2 [106]

Chicken Fuchsine 800 7 25 260.8 [107]

Com-mercial Copper
nickel
cadmium

– 3 2000 69.45 44.60
50.92

[108]

Com-mercial Cadmium – 4.8 337 64 [109]

Com-mercial Arsenic(V) – 10 0.5 0.08 [110]

Com-mercial Fluoride – 7 20 1.65 [91]

Com-mercial Naproxen – 7 100 3.2 [111]

Cow Arsenic (V) 500 4 10 0.335 [112]

Cow Pesticide 800 8 5000 – [113]

Cow femur Fluroride 700 7 60 7.32 [114]

Fish Diclofenac
Fluoxetine
Lead

1000 1000
600

150 150
4200

43.29 55.87
714.24

[115]

Fish Fluoride 500 7 >10 4.42 [116]

Fish Fluoride
Cadmium

500 5 60 600 24.65 175.2 [45]

Pork Methylene
blue

450 6 25 29.1 [117]

Pork Cobalt 800 7 500 18.37 [118]

Sheep Mercury 800 3 80 8 [119]
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degradation of functional groups and decreased the efficiency in removing pollutants
from the water. On the other hand, the temperature of 500 °C resulted in the addition
of more organic matter to the treated water due to the incomplete removal of this
in the bone structure [120]. Researchers [121] evaluated the effect of the pyrolysis
temperature of bovine bones on the type of apatite obtained, finding that bone char
obtained at 600 °C was composed of carbonate apatite, while in bone chars synthe-
sized at 900 and 1200 °C, the main constituent was hydroxyapatite. Therefore, they
inferred that the amount and type of apatite in bone char is directly related to the
pyrolysis temperature. Authors [114] determinated that the best pyrolysis temper-
ature for the synthesis on bone char is at 700 °C, since higher temperatures cause
dehydroxylation of hydroxyapatite, reducing its adsorption capacity. Other authors
[122] also studied the adsorption capacity of bone char from cow bone synthesized
at temperatures between 400 and 800 °C, reporting that its capacity decreases with
increasing pyrolysis temperature due to decreased specific area and pore volume.

The gas used during pyrolysis is an important factor in the quality of bone char.
Researchers [123] examined the effect of the type of gas (N2 or CO2) in the pyrolysis
of cattle bone. Bone char obtained via CO2 showed competitive fluoride adsorption
capacities compared with the results of bone char via N2, reporting values of 5.92 and
7.32 mg/g, respectively. However, bone char obtained at 700 °C via N2 presented the
greatest specific area with a value of 85 m2/g under the same conditions of pyrolysis,
showing a minor value of 69 m2/g for bone char via CO2, so the adsorption process
is favored on bone char obtained via N2. Other authors [124] studied the differ-
ence between bone char with and without N2 gas purging, finding an insignificant
effect on pH, surface charge and morphology, while a slight decrease in ash content,
crystallinity, cation exchange capacity and dissolved organic carbon was obtained.

The residence time during the pyrolysis process to obtain bone char is also impor-
tant. Some studies report that the removal of pollutants from water is favored in
materials synthesized between 400 and 700 °C and 1–2 h [114, 125]. Although
this will also depend on the other factors mentioned and the type of pollutant to be
eliminated.

Activation methods are employed for improving the adsorption capacity of
carbonaceous materials via increasing the specific area and pore sizes and volume,
or altering surface functional groups for greater selectivity of the adsorbent toward
specific pollutants [63]. Authors [122] evaluated the fluoride adsorption capacity of
bone charmodified using nitric acid solutions at distinct concentrations, showing that
its capacity was enhanced when monetite and hydroxyapatite with low crystallinity
were present in the material. The highest adsorption capacity was obtained at 400 °C
and when was treated with a 1.0 M nitric acid solution.

Pork bone was treated under chemical activation using sodium hydroxide, potas-
sium hydroxide, potassium carbonate, sulfuric acid, and phosphoric acid as agents,
being evaluated in methylene blue adsorption tests. Results showed significant
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improvement as a result of chemical activation with sulfuric acid, increasing methy-
lene blue adsorption kinetics, caused by an intense development of microporo-
rosity, probably owing to its strong dehydration capacity. The treatment with potas-
sium carbonate allowed an increase of the equilibrium adsorption capacity (>50%),
achieving also a maximum increase in a specific area of about 28% [117].

4.4 Applications

Traditionally, bone char has been applied in the sugar industry to discolor sugar
solutions in the refining process [126]. However, in recent years, it has become a
novel and advantageous material due to its applications in electrochemistry, catalysis
and environmental remediation.

4.4.1 Electrochemistry

Animal bone chars have been studied as electrode materials for other energy storage
and conversion system such as Li–ion batteries and fuel cells. Pork bone char was
tested as a novel cathode for lithium-sulfur batteries, improving the cycle stability in
the batteries, showing a higher initial capacity than that of the normal cathodes with
compact structures [127]. High-surface-area carbon monoliths from bovine bone
char were elaborated to study their performance as supercapacitor electrodes, being
a novel method for producing conductive carbon monoliths through the pyrolysis of
bovine bone [128]. Cow bone char was evaluated as electrode material in two elec-
trode symmetric supercapacitor system in non-aqueous electrolyte, exhibiting high
specific capacitance with excellent retention at high current density and for long
term operation [129]. Cow bone char was employed as electrode in bioelectrochem-
ical systems for biofilm growth to form bioanodes, showing not only electroactive
properties but also capacitive behavior, indicating a new direction for research on
microbial biocapacitors [130].

4.4.2 Catalysis

Animal bone chars have been tested as catalysts for biodiesel production. Waste
animal bones were employed as a cost effective catalyst for the transesterification of
palm oil, finding the best biodiesel yield when the catalyst was calcined at 800 °C
due to an increase in surface area, leading to better catalytic activity [131]. Bovine
bone char was also used to catalyze the transesterification of soybean oil, obtaining
an optimum yield of biodiesel using bone calcined at 750 °C and at certain reaction
conditions [132]. Bone char from fish bone was tested as a heterogeneous catalyst
for synthesis of biodiesel from soybean oil, finding that this material could effec-
tively catalyze the methanolysis of refined soybean oil to yield biodiesel and could
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reemployed up to six times in synthesis process [133]. Catalysts from chicken bone
char were tested in the transesterification reaction of waste cooking oil, obtaining a
good biodiesel yield (89.33% at 5.0 g of catalyst loading), when the bone char was
calcined at 900 °C, attributing its high catalytic activity to the presence of optimal
number of active basic sites on its surface. This catalyst was successfully reused four
times for biodiesel production [134].

Also, animal bone chars have been studied as catalyst in Advanced Oxida-
tion Processes. Pork bone char was used as a catalyst in the persulfate activation
system to effectively degrade acetaminophen, reporting that degradation of this
compound could be completed within 60 min [135]. The catalytic oxidation of
2,6-diisopropylnaphthalene (2,6-DIPN) to 2,6-naphthalene dicarboxylic acid (2,6-
NDCA) was studied using a catalyst of immobilizated Co/Mn nano-hybrid particles
over cow bone char, finding to be a effective catalyst in the oxidation process [136].
A composite photocatalyst ZnO/bone char (ZnO/BC) was tested in photocatalytic
degradation of alkaline methylene blue dye under simulated sunlight irradiation,
determining that the increase of bone char in ZnO/BC composites enhanced the
absorbance of visible light and can fully utilize visible light to decompose methylene
blue [137].

4.4.3 Environmental Remediation

Bone chars have been studied in the environmental remediation, mainly in the
removal of pollutants from water. These materials have been widely studied in the
removal of heavy metals and fluoride. For example, sheep bone char with zinc chlo-
ride activation was studied for the removal of Hg(II) from aqueous solution. Auhors
[112] used bone char for the removal of As(V) fromwastewater, reporting an adsorp-
tion capacity of 0.335 mg/g at pH 4, which is greater than the aluminum-coated
limestone, the iron-coated sand and granular activated carbon (0.150, 0.029 and
0.038 mg/g, respectively). Bovine bone char was used for heavy metal removal from
aqueous solution at batch reactors, finding a removal trend mainly with cadmium,
then zinc, and finally niquel. However, the multicomponent removal of these three
ions in both binary and ternarymixtures was a strong antagonistic adsorption process
[44]. The results of a study reveal the possibility of designing a filtration unit with
bone char as an adsorbent in a large-scale water and wastewater treatment plant for
the removal of Cr(VI) from contaminated water [93].

The removal of fluoride from water has been studied for a long time. Generally, it
has been reported that the fluoride adsorption capacity on bone char varies between
1.33 and 11.9 mg/g, depending on the initial concentration of fluoride in solution
and the type of bone char used [89, 99, 122, 138, 139]. A comparision of the fluoride
adsorption capacity on activated carbon and bone char was studied. Results revealed
that the highest percentage of removal was 82 and 13% for bone char and acti-
vated carbon, respectively. The high removal efficiency of bone char was attributed
to hydroxyapatite of bone char [138]. Reserachers [140] studied the adsorption of
fluorides on bone char, tourmaline and activated alumina, finding that the adsorption
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capacity of the three materials increased regard fluoride concentration. The fluo-
ride adsorption capacity on bone char (18.5 mg/g) was higher than that of tourmaline
(15mg/g) and activated alumina (13mg/g). These authors inferred that on the surface
of bone char, calcium active sites can bindwith fluoride ions; in addition, some anions
contained in bone char such as PO4

3− and OH− can be exchanged for fluoride in the
solution. Other Authors [122] studied the fluoride adsorption capacity on cow bone
char, defining that this capacity is dependent on the pH which is increased when the
pH of the solution decreased from 9 to 5, due to the electrostatic attraction between
the fluoride in solution and the surface charge of the bone char.

Animal bone chars have also been tested in the removal of emerging organic
compounds. One paper reported the use of bovine bone chars for removing naproxen
in water, the results showed a feasible and effective process in batch conditions
[111]. Defatted pork bone char was applied for the removal of 2,4-dichlorophenol
(2,4-DCP). The results showed that more than 85% of 2,4-DCP can be eliminated in
30min and almost 100% in2h [60].Cowbonewas analysed for the elimination of five
pesticides (hexazinone, diuron, ametrine, sulfometuron-methyl and azoxystrobin)
from drinking water. A near 100% elimination was achieved for the five pesticides
with the highest dose of bone char (1 g), which represents a low-cost method to be
used inwater treatment plants or in domestic filters [113]. In addition, the elimination
of endotoxins from the aqueous solution has also been studied through the use of cattle
bone char by pyrolysis in a furnace at 850 °C. The results revealed that bone char can
be used as an effective adsorbent for the removal of endotoxins, since its adsorption is
fast. In addition, this material could regenerate and become endotoxin-free by being
heated to 350 °C for 30 min [105].

5 Removal of Pollutants from Water onto Bone Chars

The most relevant results of some studies on the application of bone chars from
different animals in the removal of pollutants fromwater are analyzed in this section.
For these studies, several characterization techniques are included to relate the
textural and physicochemical properties of the materials to the adsorption process.
Also, data on the adsorption equilibrium and/or adsorption capacities of the bone
chars are shown, as well as the mechanisms of removal of the analyzed pollutants.

5.1 Fluoride Removal on Bone Char from Different Animals

The bone chars used in this study were prepared from chicken, pork and cow bones
obtained from a butchery. Each type of bone was placed in boiling water for 2 h, then
washed with an alkaline detergent solution, cleaned manually to remove any organic
matter and left to dry at room temperature. The bones were placed in containers in
an oven used for brick production, which is constructed of the same type of material
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and uses dried cactus as fuel. The oven is located within the municipality of Villa de
Arriaga in the state of San Luis Potosi, Mexico (Fig. 4). After 24 h, the bone chars
were removed from the oven, ground to a particle size of 0.74 mm, then washed with
deionized water and left to dry in the oven at 110 °C for 24 h. Finally, the prepared
bone chars were stored in polypropylene containers for later use.

The total active sites of the bone chars were determined by the acid–base titration
method proposed by Boehm. The determination of the point of zero charge pHPZC

and surface charge were determined using potentiometric titration methods.
The specific area, pore volume and average pore diameter were determined by

means of a physysorption equipment, Micromeritics, model ASAP 2020. The opera-
tion of this equipment is based on the method of nitrogen adsorption at a temperature
close to the boiling point of N2 (77 K). The analysis of the specific area is based on
the theory of Brunauer, Emmett and Teller (BET).

The surface of the adsorbent materials was analyzed by means of a scanning elec-
tron microscope, FEI, model QUANTA 200, equipped with an energy-dispersive
EDAX microanalysis system, to perform a qualitative elemental analysis of the
surface. The identifyingof the crystalline species present in the bone charring samples
was conducted with an X-ray diffractometer, Rigaku, model DMAX 2000.

The experimental data of the fluoride adsorption equilibrium were obtained in
500 mL batch adsorbers in which a volume of well water with an initial known
fluoride concentration of 4.8 mg/L was added, the solution pH was adjusted and a
20 mL sample was taken and later analyzed to corroborate its initial concentration.

Fig. 4 Brick oven used in bone char synthesis
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The solution was transferred to the batch adsorber which was partially immersed in a
bath at constant temperature. A nylon bag containing a certain mass of the adsorbent
material ranging from 0.25 to 2.5 g was then added. The solution and the adsorbent
were left in contact until they reached equilibrium. The solution was sampled from
time to time and the concentration of fluoride in the samples was determined. The
mass of adsorbed fluoride q in mg/g was calculated by means of a mass balance
which is mathematically represented by Eq. 1:

q = V
(
C0 − C f

)

m
(1)

where V is the volume of the solution, C0 and Cf is the initial and final fluoride
concentration in mg/L, respectively, and m is the mass of the bone char in g.

The carbonization yield of chicken, pork and cow bones was 20, 24 and 38% in
weight in relation to uncalcinated bones, respectively. In addition, the colouration
of the bone chars obtained was grey, black and white due to oven temperatures
of 500–700 °C, which were verified with a digital infrared thermometer. Figure 5
shows images of the bone chars obtained. Authors [141] reported that the grey and
white bone chars are generated in calcination processes with a continuous supply of
atmospheric oxygen. Other authors [142] reported that the gray and white chars are
prepared at 450–600 °C and have fluoride adsorption capacities of 2.4 and 0.3 mg/g,
respectively.

Fig. 5 Images of bone chars of a, d chicken, b, e pork and c, f cow
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The physicochemical and textural properties of the bone chars synthesized in
this study and a commercial sample are reported in Table 4. The results show that
the specific areas obtained are slightly smaller than those of the commercial bone
char, however, the pore volume of the materials is very similar and they can be
considered mesoporous. Similarly, the carbonized materials are basic materials since
the concentration of basic sites is higher than that of acidic sites and was confirmed
with the pHPZC value. Figure 6 shows the distribution of the surface charge of the bone
chars where the pHPZC values can be seen. Therefore, it can be seen that when the pH
< pHPZC the surface charge of the materials is positive and the removal of anions can
be favoured when the predominant mechanism is by electrostatic attraction. On the
other hand, when the pH > pHPZC the surface is positive and there can be a repulsion
by the anions but a greater attraction by the cations.

Table 4 Physicochemical and textural properties of chicken, pork, cow and commercial bone chars

Bone char Acidic sites
(meq/g)

Basic sites
(meq/g)

Specific área
(m2/g)

Pore
volumen
(cm3/g)

Average
pore
diameter
(nm)

pHPZC

Pork 0.10 0.33 58.5 0.32 21.9 9.75

Chicken 0.03 0.48 82.7 0.37 23.8 8.20

Cow 0.08 0.39 78.3 0.38 19.6 9.50

Commercial
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Fig. 6 Surface charge distribution of bone chars
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Fig. 7 Micrographs of bone chars unsaturated with fluorides a chicken, b pork, c cow and saturated
with fluoride d chicken, e pork and f cow at 750×

Figure 7 illustrates the micrographs of the bone char samples before and after
fluoride adsorption. In general, in the samples it was observed that the surface of the
materials has nodefined shape, it is heterogeneous in size and structure.Characteristic
morphologies of bone chars without defined geometry, and irregular shape and pore
sizes are also reported by other authors [44, 45, 143, 144]. Unfortunately, it was not
possible to visualize any change in the surface of the bone chars that were used in
fluoride adsorption.

X-ray fluorescence analysis revealed that the adsorbents are composed of Na,
Mg, Ca, P, O and C, and this elemental chemical composition did not show signifi-
cant changes between unsaturated and saturated bone chars. In the case of fluoride-
saturated bone chars, no surface fluoride was identified and this may be due to the
fact that the amount of fluorides adhering to the surface of the bone chars is below the
detection limit. Figure 8 shows the fluorescence spectrum of cow bone char. Similar
results were obtained for chicken and pork bone chars.

Figure 9 shows the diffractograms of fluoride-saturated and unsaturated chicken,
pork and cow bone chars. For all materials, characteristic peaks of hydroxyapatite
were identified and for fluoride-saturated materials the presence of fluoroapatite was
noted. Several authors have proposed as an adsorption mechanism the ion exchange
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Fig. 8 X-ray fluorescence microanalysis on a cow bone char sample a unsaturated with fluoride
and b saturated with fluoride
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Fig. 9 Diffractograms of fluoride saturated and unsaturated bone chars

reaction of the fluoride ion in solution by the OH− groups of the hydroxyapatite,
which can be represented as [45]:

Ca10(Po4)6(OH)2 + 2F− → Ca10(PO4)6F2 + 2OH−

The experimental data of the fluoride adsorption isotherms in the Laborcilla well
water on the bone chars are shown in Fig. 10 and were adjusted by the Freundlich
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Fig. 10 Adsorption
isotherms of fluorides from
drinking water on different
bone chars
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Table 5 Isotherms parameters for the fluoride adsorption on bone chars

Bone chars Freundlich Langmuir

k (mg1−1/n L1/nmg−1) n %D qm (mg/g) K (L/mg) %D

Chicken 3.82 1.60 7.70 9.58 0.76 8.71

Pork 0.96 1.00 19.5 6.83 0.20 22.1

Cow 2.52 1.75 6.60 6.62 0.71 7.23

Commercial 3.84 1.79 10.1 6.21 0.57 10.7

and Langmuir isotherm models whose constants are reported in Table 5. According
to a criteria of lower percentage of deviation (%D), the Freundlich isotherm better
interpreted the fluoride adsorption data on the different bone chars.

In addition, the adsorption equilibrium results revealed that chicken bone char has
the highest adsorption capacity over the other materials which is, for an equilibrium
concentration of 1.5 mg/L, 1.4, 3.4 and 1.9 times higher than cow, pork and commer-
cial bone char, respectively. In relation to the materials prepared in this study, the
adsorption capacity decreased in the following order chicken > cow > pork and this
was attributed to the number of basic sites and the specific area whose values also
decreased in the same order. Concerning the commercial bone char, the adsorption
capacity values did not show a trend in relation to the properties of the bone chars.
This was attributed to the preparation method followed in the synthesis as it is done
under better controlled conditions and in a controlled N2 atmosphere. Finally, it was
determined that the necessarymass of the bone chars to reduce the current concentra-
tion of fluoride in one m3 of water from the Laborcilla well from 4.8 to 1.5 mg/L and
thus comply with Mexican regulations is 0.67, 0.97, 2.26 and 1.24 kg for chicken,
cow, pork and commercial bone char, respectively.
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5.2 Fluoride and Cd(II) Removal on Pleco Fish Bone Char

The synthesis of bone chars from the bones of an invasive aquatic species was first
performed by Medellin-Castillo et al. [45]. Pleco or devilfish of the family Lori-
cariidae are native from the Amazon basin in South America but are considered
invasive species in different regions of the world. Due to the lack of uses and their
negative environmental impacts, in this study their use for the preparation of adsor-
bent materials was proposed as an alternative control to eradicate their population.
The potential application of pleco fish in the preparation of bone char for use in
the removal of fluoride and Cd(II) from aqueous solutions was evaluated. The fish
used in this study were collected from the Usumacinta River in Tabasco, Mexico and
the flesh was removed by separating the bones of the fins and the backbone which
were designated as HA and HC, respectively. These bones were treated with aqueous
hydrogen peroxide solutions and calcined at 500 °C for 3 h in a muffle furnace. The
carbonized samples HA and HC were designated as CHA and CHC, respectively.

Surface area, pore volume and average pore diameter of the samples were deter-
mined by N2 physisorption, the concentrations of acidic and basic sites were deter-
mined by the acid-base titration method proposed by Boehm and the the point zero
charge pHPZC were determined by a titration method. These properties are shown in
Table 6 and it is observed that the HA and HC bone samples have low porosity due
to the specific area values of 13.72 and 0.605 m2/g, respectively. These values are
increased by carbonization at 500 °C as well as pore volume values and are attributed
to the decomposition of organic matter and exposure of the hydroxyapatite pores.
Both the raw material and the samples CHA and CHC are considered as mesoporous
materials because of the average pore diameter values. The pHPZC values of HA and
HC are slightly acidic andwhen being synthesized, the pHPZC increases whichmakes
the bone char to be of basic character.

The CHA sample obtained the highest adsorption capacity of fluoride and Cd(II)
and was chosen for individual and multicomponent adsorption tests.

The effect of the solution pH on the adsorption capacity of the CHA sample to
adsorb fluorides and Cd(II) is shown in Fig. 11a, b in which it can be seen that
the capacity is pH dependent. In the case of fluoride adsorption, it increases with
decreasing pH and for Cd(II) an opposite effect was observed. The effect of pH
on the adsorption capacity is explained by the electrostatic interactions between

Table 6 Physical and chemical properties of adsorbents

Sample Specific
surface (m2

g−1)

Pore volume
(cm3 g−1)

Average pore
diameter (nm)

Basic sites
(meq g−1)

Acidic sites
(meq g−1)

pHPZC

HA 13.72 0.0358 8.11 0.53 0.83 6.67

HC 0.605 0.0053 19.8 0.62 0.76 6.68

CHA 107.2 0.39 12.1 0.81 0.05 8.16

CHC 109.4 0.37 11.3 0.97 0.06 8.06
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Fig. 11 Effect of pH on the
adsorption isotherm on CHA
at T = 25 °C. a Adsorption
isotherms of fluoride and
b adsorption isotherms of
Cd(II)
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the surface charge of the bone char and the ions in solution. At pH values lower
than the pHPZC, the surface of this material is positively charged and under these
conditions, fluoride adsorption was favored but the Cd(II) adsorption is unfavorable
by the repulsion of these ions and the surface charge of CHA. At pH higher than
the pHPZC, the surface of the CHA is negatively charged, so that the electrostatic
repulsion does not favor the adsorption of fluoride but this one favors the adsorption
of Cd(II).

Additionally, the binary adsorption of fluorides and Cd(II) on CHA sample was
studied and the data was successfully interpreted by the Extended Freundlich Multi-
component Isotherm (EMFI) as shown in Fig. 12 where it can be seen that the
adsorption of fluorides decreases as the concentration of Cd(II) varies (Fig. 12a). On
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Fig. 12 The surfaces are
predicted with the EFMI
model. a Fluoride uptake and
b Cd(II) uptake at pH = 5
and T = 25 °C

the other hand, Fig. 12b shows that the adsorption of Cd(II) does not change when the
concentration of fluorides changes. The decrease of the fluoride adsorption capacity
in the presence of Cd(II) was attributed to the possible formation of cadmium precip-
itates on the surface. This study is of importance since it is demonstrated that bone
carbonization has the potential to simultaneously retain both ions in solution which
is of interest in water treatment.

In relation to the adsorption mechanism it was established that the adsorption of
fluorides occurs mainly by electrostatic forces according to the following reactions:

Ca-OH+
2 + F− →≡ Ca-OH2F
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Fig. 13 aMicrograph of bone char saturated with triclosan and bX-ray fluorescencemicroanalysis
on bone char sample saturated

≡ POH+
2 +F

− →≡ POH2F

where≡Ca-OH2
+ and≡P-OH2

+ represent the positively charged sites on the surface
of BCs, which are formed by protonation. Through XRD analysis it was shown that
fluoroapatite formation occurs when the fluoride ion replaces the OH− groups of the
hydroxyapatite according to the following reaction:

Ca10(PO4)6(OH)2 + 2F− → Ca10(PO4)6F2 + 2OH−

For Cd(II) adsorption, it was proposed that Cd(II) adsorption on the char bone be
carried out bymeans of electrostatic attraction at the active sites of the hydroxyapatite.
This mechanism can be expressed as:

≡ POH + Cd2+ →≡ POCd+ + H+

≡ PO− + Cd2+ →≡ POCd+

≡ CaOH + Cd2+ →≡ CaOCd+ + H+

In addition, adsorption can be carried out by ion exchange, in which the metal ion
is exchanged for the calcium ion present in CHA hydroxyapatite, which is expressed
as:

≡ Ca2+(s) + Cd2+(aq) →≡ Cd2+(s) + Ca2+(aq)
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5.3 Triclosan Removal on Pleco Fish Bone Char

Bone chars from animal bones have also been studied in the removal of organic
compounds as dyes, mainly methylene blue [103, 117]; pesticides [113]; surfac-
tants as sodium dodecyl sulfate [104]; and pharmaceutical products as naproxen
[111], diclofenac and fluoxetine [115], due to its structural properties and chemical
composition.

The mechanism by which organic compounds are removed from water on bone
chars has been described by some authors. For the case of dyes adsorption, it was
attributed to hydrophobic interactions on the surface of the material [103]. Authors
[104] reported that sodium dodecyl sulfate is adsorbed on bone char by common
mass transfer mechanisms in porous materials. Other authors [111] indicated that
the naproxen adsorption could include a complexation process via phosphate and
naproxen, hydrogen bonding and the possibility of hydrophobic and interactions
π-π.

Triclosan, or 5-chloro-2-(2,4-dichlorophenoxy)phenol or 2,4,4′-trichloro-2′-
hydroxydiphenyl ether, with chemical formula C12H7Cl3O2 and molecular weight
289.54 g/mol, is a common broad-spectrum anti-microbial agent used in awide range
of personal care products (deodorants, hand soaps, toothpastes, and cleaning prod-
ucts), household items, medical devices, and clinical settings [145, 146]. There is a
possibility that humans in all age groups are exposed to triclosan for life because of
its widespread use, in fact, it has been detected in human tissues and the environment
[145]. Triclosan can be introduced into the aquatic environment through numerous
pathways, including the discharge of industrial effluents and wastewater treatment
plants. This pollutant has been detected frequently in wastewater, sediment, and
aquatic environments, and is a serious concern [147].

The removal of triclosan from water using bone chars has not been reported in
the literature. This section includes some relevant results on the adsorption of this
pollutant on a bone char frompleco fish or devilfishwhichwere described in Sect. 5.2.

A micrograph of bone char saturated with triclosan and its X-ray fluorescence
spectrum is shown in Fig. 5.13. It can be seen that the particles have irregular shapes
and sizes, with certain porosity on the surface. Elemental analysis revealed the pres-
ence of Ca, Cl, P, Al, Mg, O and C with a content of 37.77, 0.12, 14.21, 1.1, 0.15,
37.32 and 9.33% w/w, respectively. This confirmed the presence of triclosan on the
surface of the bone char due to the chlorine content.

The effect of the solution pH on the adsorption capacity of the bone char to
remove triclosan is shown in Fig. 14. The adsorption experiments were carried out
by varying the concentration of triclosan in the range of 5–30 mg/L and using a mass
of 0.1 g of bone char in a volume of solution of 50 mL, and regulating the pH of the
solution with HCl solutions until equilibrium was reached. The results of the effect
of pH show that the adsorption capacity of the triclosan increases as the pH of the
solution decreases. According to these results, it can be established that the triclosan
is removed from the bone char by interactions π-π with the surface of the carbon
contained in the bone char, since at solution pH values of 5 and 7, the triclosan is in
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Fig. 14 Effect of the
solution pH on the
adsorption capacity of bone
char for removal of triclosan
at 25 °C
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its neutral or undissociated form. Furthermore, its pKa is between 7.9 and 8.1, and
under these conditions, the surface charge of the bone char is positive because the
pHPZC is 8.16 and however, there is an increase in the adsorption capacity as the pH
of the solution decreases.

5.4 Thermal and Acid Modification of Bone Chars
for Fluoride Removal

Authors [122] synthesized bone chars (BC) from cattle bones at different calci-
nation temperatures and modified them by using HNO3 solutions with different
concentrations in order to increase the capacity to remove fluoride from the water.
Authors observed that the calcination temperature and the acid modification of BCs
affected the crystalline phases, the size of the crystals and the content of hydroxya-
patite, monetite and other calcium phosphates, which are the main constituents of
BC. Similarly, they determined that BC modified with HNO3 solutions increased its
adsorption capacity when monetite and low crystallinity hydroxyapatite are present
in these materials. XRD, FTIR and XPS studies confirmed that the mechanism of
adsorption on the modified BC is due to electrostatic interactions and chemisorp-
tion between fluoride in solution and calcium phosphates from hydroxyapatite and
monetite.

The cattle bones used in this study were calcined in a muffle at temperatures of
400–800 °C and the materials were named BC400, BC500, BC600, BC700, and
BC800, respectively. These materials were modified with 0.5, 1.0 and 1.5 M HNO3

acid solutions and were identified by adding L, M and H, respectively.
Of the relevant results of this study, those of the XRD analysis can be mentioned.

For the materials synthesized at different temperatures, BC400-BC800 samples,
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peaks were identified corresponding to the crystalline phase of hydroxyapatite,
Ca10(PO4)6(OH)2. These results were expected since BC is mainly composed of this
mineral. In addition, it was found that the samples synthesized at lower temperatures
presented lower crystallinity (less than 15%) and this increased as the temperature
increased to values close to 90%. The diffractograms of the materials modified with
acid solutions are shown in Fig. 15which indicated that the treatment with 0.5M acid
solutions (BC400L) allows the removal of impurities and amorphous material. It is
also observed that by increasing the concentration of the acid solution, two crystalline
phases corresponding to monetite (CaHPO4) and hydroxyapatite with greater crys-
tallinity than BC400L are presented. The XRD pattern for BC400H sample shows
the complete conversion of hydroxyapatite to monetite. Figure 15 shows the XRD

Fig. 15 XRD patterns of
BCs calcined at different
temperature and modified
with nitric acid solutions.
a B, BC400-BC400H.
b BC400H-BC800H.
Reprinted by permission
from Springer Nature
Customer Service Centre
GmbH: on behalf of Cancer
Research UK: Springer,
Adsorption, Removal of
fluoride from aqueous
solution using acid and
thermally treated bone char,
Medellin-Castillo NA,
Padilla-Ortega E,
Tovar-García LD,
Leyva-Ramos R,
Ocampo-Pérez R,
Carrasco-Marín F,
Berber-Mendoza MS, ©
2016
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Fig. 16 Uptakes of fluoride adsorbed on BCs at pH= 7.0, T= 25 °C and C0 = 20 mg/L. Reprinted
by permission from Springer Nature Customer Service Centre GmbH: on behalf of Cancer Research
UK: Springer, Adsorption, Removal of fluoride from aqueous solution using acid and thermally
treated bone char, Medellin-Castillo NA, Padilla-Ortega E, Tovar-García LD, Leyva-Ramos R,
Ocampo-Pérez R, Carrasco-Marín F, Berber-Mendoza MS, © 2016.

spectra of the samples modified with 1.5 M solutions which reveals that the samples
are mainly composed of monetite.

Fluoride adsorption assays were performed by contacting a 1.0 g mass of the bone
char samples with a 500 mL volume of fluoride solution of C0 = 20 mg/L at pH =
7.0 and T = 25 °C. The mass of fluoride adsorbed was determined by means of a
mass balance and is represented as a function of the calcination temperature and the
concentration of the acid solution in Fig. 16. It can be seen that the adsorption capacity
of the BCs without acid treatment decreased almost linearly with the calcination
temperature. This was attributed to the decrease of the specific area by the increase
of the calcination temperature. Also, it can be seen that the acid treatment increased
the adsorption capacity for acid concentrations of 0.5 and 1.0 M, but decreased for
BC samples treated with 1.5 M HNO3 solution. For these materials treated with
acid solutions, the adsorption capacity depended on the content of monetite and
hydroxyapatite of low crystallinity.

For this study, it was reported that the adsorption of fluorides on thermally treated
BCs and with acid solutions occurs by electrostatic attraction between the fluoride
ion and the main constituents in these materials such as hydroxyapatite, monetite
and other calcium phosphates. Also, it was established by XPS analysis that fluoride
ions react with calcium from monetite and hydroxyapatite so the mechanism can be
established as a chemisorption according to the following reactions:

≡ Ca10(PO4)6(OH)2 + 20F− → 10 ≡ CaF2 + 3PO3−
4 + 2OH−

≡ Ca10(PO4)6(OH)2 + 2F− →≡ Ca10(PO4)6F2 + 2OH−

≡ CaHPO4 + 2F− →≡ CaF2 + HPO2−
4
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6 Conclusion

The bones of different animals such as cow, pork, chicken, fish, among others, are
highly available materials because they are waste generated in large quantities in
the food industry. Therefore, their recovery through the synthesis of bone chars
for the development of environmental technologies contributes to the mitigation of
environmental impacts with a double purpose.

Bone chars are promising materials for use in electrochemistry, catalysis, envi-
ronmental remediation and other fields. However, they have been mostly studied
as adsorbent materials in the removal of heavy metals, anionic contaminants such
as fluoride and emerging organic compounds from water as demonstrated in the
bibliometric analysis presented in this study.

The physicochemical and textural properties of these materials such as specific
area, amount of acidic and basic active sites, pHPZC and surface charge distribution
as well as the chemical composition depend on the type of bone, the conditions of
synthesis such as the type of furnace, temperature, time and thermal and/or chemical
modification.

According to the cases presented in this study, bone chars are basic materials with
a pHPZC > 8.0 whose base site concentration is higher than that of acidic sites and
therefore they are usually of interest especially for use in the removal of anions such
as fluoride from aqueous solutions but with potential use for the removal of heavy
metals and organic compounds. Specific area values usually vary in the range of 50
to 180 m2/g and are mainly due to the bone used as a precursor and the tempera-
ture of synthesis and are classified as mesoporous. According to SEM analysis, the
morphology is irregular and heterogeneous which is characteristic of bone chars.The
main constituents are hydroxyapatite, calcium carbonate, amorphous carbon content,
calcium sulfate, iron as Fe2O3 and acid soluble ash which contribute to the removal
of various pollutants and determine the mechanism of removal which may be by
electrostatic attractions, ion exchange or chemisorption. In the case of fluoride and
heavy metals such as Cd(II), hydroxyapatite can be considered responsible for the
removal process and for organic compounds it is attributed to the amorphous carbon
content.

Finally, it was demonstrated that bone chars are materials that are easy to synthe-
size and highly feasible to use in the treatment of water in areas with problems of
pollution by fluorides or other contaminants, since they can be synthesized from any
type of animal bone, such as those of invasive species, and in simple ovens. Once
produced, they can be modified with heat treatments and acid solutions to increase
their removal capacity.
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Current Advances in Characterization
of Nano-porous Materials: Pore Size
Distribution and Surface Area

Kaihang Shi, Erik E. Santiso, and Keith E. Gubbins

Abstract Methods for characterizing the most important textural properties of
porous materials, particularly pore size distribution (PSD) and specific surface
area (SSA), using theoretical models to analyze standard experimental physisorp-
tion isotherms are reviewed. For PSD analysis, we explain the basics of the classical
methods, including those based on the Kelvin equation and adsorption potential
theory, as well as the modern molecular methods based on the density functional
theory (DFT) and molecular simulation. For SSA analysis, the discussion is focused
on kinetic theory, and primarily on the application of the Brunauer-Emmett-Teller
(BET) method for characterization of microporous materials. Current advances and
extensions ofmodel-basedmethods are discussed, including those related tomachine
learning techniques. We reflect on the limitations of the current state-of-the-art
methods and point out some possible directions for future studies.

1 Introduction

The demand for accurate and fast characterization of porous materials has increased
dramatically in recent years, due to the wide application of these materials to solve
engineering and global environmental problems (for example, design of supercapaci-
tors [1], hydrogen storage [2], and carbon capture [3]). The adsorption capacity [4, 5],
phase equilibrium [6–8], and transport [9] of confined phases in porous materials are
directly linked to their structure properties, such as specific surface area (SSA) and
pore size distribution (PSD). Knowledge and control of the PSD and surface area of
porous materials is of utmost importance in many applications, including medical
and dental implants [10, 11], filtration [12, 13], catalysis [14–17], next-generation
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Fig. 1 Crystallization of
aspirin on porous materials
with different pore size
distributions. P(t) is the
probability of no crystal
forming at time (t). The pore
sizes have a dramatic effect
on the crystallization rate.
Reprinted with permission
from Ref. [25]. Copyright
(2011) American Chemical
Society

high-pressure manufacturing [18–22], geological applications (including storage of
gas, oil, andwater in reservoirs [23]), crystallization control (see an example in Fig. 1)
[24, 25], among others. For this reason, the development of accurate, high-throughput
techniques to determine PSD and SSA can have an impact in many different fields.

There is a long history of the development of both experimental and theoretical
methods to obtain the textural properties of porous materials. Experimental methods
for measuring the PSD include small-angle X-ray (SAXS) and neutron scattering
(SANS), gas adsorption, mercury porosimetry, microscopy, and X-ray microtomog-
raphy, among many others [26–28]. The experimental measurement of the SSA is
often limited to the gas sorption method. Physisorption experiments are the most
used techniques to understand the thermodynamic state of confined phases and the
structure of porous materials. Physisorption has the advantage of being a convenient,
non-destructive, and reversible method. Hybrid methods, combining physisorption
experiments and theoretical models based on classical thermodynamics and statis-
tical mechanics [29, 30], are able to extract much critical structural information of the
porous materials, including the PSD and SSA, and they are performed as a routine
analysis nowadays.

This book chapter focuses primarily on theory- and simulation-based hybrid
approaches for the PSD and SSA characterization of porous materials, including
some of the recent advances and extensions of the traditional approaches. The
chapter is organized as follows: Sect. 2 describes methods for the determination
of the PSD, including classical methods based on the Kelvin equation and the
adsorption potential theory, as well as more modern methods based on the clas-
sical density functional theory (DFT) and grand canonical Monte Carlo (GCMC)
simulation. Section 3 discusses methods to determine the SSA, including the widely
used Brunauer-Emmett-Teller (BET) method, and discusses newer extensions of the
BET method as well as modern approaches based on machine learning techniques.
Finally, Sect. 4 provides some concluding remarks and outlines some possible future
developments.
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2 Pore Size Distribution

2.1 Classical Methods

Mesopore Analysis The adsorption behavior in mesopores (2–50 nm) depends not
only on the solid-fluid interactions, but also on the fluid-fluid interactions, leading to
the occurrence of pore condensation and multiplayer adsorption. Before the advent
of statistical mechanical methods, mesopore size characterization generally made
use of the correlation between the pore condensation pressure and the pore size,
established by the Kelvin equation [31]. The Kelvin equation relates the shift of
pore condensation pressure, P, relative to the bulk coexistence pressure, P0, to the
macroscopic properties:

ln
P

P0
= −2γ V̄

r RT
(1)

where P is the actual vapor pressure (i.e., the pore condensation pressure, P <

P0), γ is the liquid/vapor surface tension, V̄ is the molar volume of the liquid, r
is the radius of the droplet (or pore radius), R is the gas constant and T is the
temperature.However, Eq. (1) does not consider the pre-adsorbed layers near the pore
wall before the pore condensation happens. The original Kelvin equation was later
modified to correct this problem [32]. In the modified Kelvin equation, the variable
r in Eq. (1) is replaced by

(
rp − tc

)
, where rp and tc are the actual pore radius and

the critical thickness of the adsorbed films at which pore condensation occurs. The
modified Kelvin equation serves as the basis for many methods developed for pore
size analysis, among which are included the Barrett-Joyner-Halenda (BJH) method
[33], which is the most widely-used method for mesopore size analysis. The typical
procedure to obtain a PSD profile is to build a work-table, including the columns
of the following parameters: relative pressure, the corresponding Kelvin radius [r ,
from Eq. (1)] and the thickness of the pre-adsorbed layers (tc, by Halsey equation
[34, 35] for example), the pore radius (rp) at each relative pressure, the mean value of
Kelvin radius and pore radius (r̄ p), and the change of pre-adsorbed film thickness and
of liquid volume (converted from experimental volumetric gas physisorption data).
The mean values and changes of quantities are calculated between two consecutive
pressure conditions. The pore volume at a certain r̄ p can be calculated based on
these quantities. An example calculation of the PSD based on the modified Kelvin
equation is demonstrated in Ref. [27]. All methods that are based on the classical
Kelvin equation make three main assumptions:

1. The porous material is composed of a collection of well-defined pores (cylin-
drical or slit-shaped), and the solid-fluid interactions are negligible for pore
condensation in the inner core.

2. The thermodynamic properties of the confined phase (liquid-like) are the same
as those of the corresponding bulk phase.
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3. The thickness of the pre-adsorbed multi-layers can be estimated by the statistical
thickness of layers onnon-porousmaterialswhich share similar surface chemistry
(i.e., similar BET C value, see Sect. 3.1) to the porous sample.

The first assumption sets the limitation that the method can only be applied to
large mesopores and macropores (see Fig. 2), and caution should always be exer-
cised when applying this method to calculate the PSD of materials having small and
connected pores. Gelb and Gubbins [36] showed that the BJH method yields a qual-
itatively similar PSD profile compared to the exact geometric PSD in porous glasses
with complex pore shape and connectivity, but the BJH method underestimates the
pore size in a systematic way for small mesopores (~ 2 to 4 nm, consistent with the
data presented in Fig. 2). The second assumption leads to deviations in small pores,
where the confined fluid is structured layer-by-layer. In addition, the surface tension
of the curved interface at the nanoscale is no longer a constant, as in the planar case.
According to the Tolman equation [37], the surface tension of a droplet depends on
the radius of the curvature [38]. The third assumption makes it easy to correlate the
thickness of the layer with pressure, but the effect of adsorbent surface curvature on
the adsorption amount (and thus on the thickness of the layer) has been omitted. The
third assumption is also the basic approximation adopted by many other classical

Fig. 2 Pore filling correlation predicted by Gibbs ensemble Monte Carlo (GEMC) simulation,
non-local density functional theory (NLDFT), the original Horvath-Kawazoe (HK) method, modi-
fied Horvath-Kawazoe (MHK) method and the Barrett-Joyner-Halenda (BJH) method for nitrogen
adsorption in carbon slit pores at 77 K. The HK method gives better agreement with the (exact)
GEMC simulations than the modified Kelvin equation (BJH) in the micropore range, but performs
more poorly in mesopores. The MHK method, using a more realistic 10-4-3 potential, gives better
agreement with the NLDFT and GEMC simulations in micropores. The MHK data are from Ref.
[48] and the rest are from Ref. [49, 50]
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methods for the PSD analysis that involve predicting the layer thickness in pores.
Nguyen and Do [39] showed that the PSDs calculated by the modified Kelvin equa-
tion in conjunction with an enhanced film thickness equation that depends on both
pressure and pore size are comparable with those from the density functional theory.

Due to their theoretical simplicity and convenient implementation, methods based
on the Kelvin equation (mainly the BJH method) are still widely used nowadays for
analyzing the PSD of mesoporous materials. Efforts have been made to adapt the
Kelvin equation to pores of finite length [40, 41], and to calibrate the performance
of the BJH method for specific systems, such as for MCM-41 [42], CO2 in activated
carbon [43] and alumina samples having large and irregular slit-shaped mesopores
(>10 nm) [44]. A general improvement of the BJH method has been made recently
by introducing a correction term in the algorithm [45, 46]. The value of the correction
term was chosen to fit the experimental isotherm data, and the PSD obtained by the
proposed method is in favorable comparison with that from density functional theory
[46]. The BJH method was originally developed for a single pore shape; it has been
extended to analyze dual pore size distribution for coexistence of slit-shaped and
cylindrical pores [47].

Micropore Analysis For micropores (< 2 nm), the Kelvin equation is no longer
valid. Here we introduce several popular methods that have been widely used in the
community to determine the PSD of microporous materials.

Themicropore analysis (MP)method byMikhail, Brunauer andBodor [51] allows
one to obtain the surface area, pore volume and PSD of the micropores from a single
isotherm. TheMPmethod can be considered as an extension of the t-method [52, 53],
where the adsorbed liquid volume, Vliq , is plotted against the statistical thickness of
the adsorbed film, t, which is determined from adsorbed films on nonporousmaterials
having a similar BET C value, as a function of pressure. Once the Vliq − t plot is
made, the slope of the curve evaluated at a point between two thicknesses, ti and
ti+1, is considered as the surface area of the pore that has not been filled:

Si+1 = dVliq

dt

∣∣
∣∣
rh

(2)

where the hydraulic radius is rh = (ti+ti+1)

2 . The difference, (Si − Si+1), is the surface
area for pores with hydraulic radii between ti and ti+1 that has become filled. The
pore volume corresponding to the hydraulic radius rh can then be calculated by

Vi = (Si − Si+1)rh (3)

The MPmethod is applicable to both slit-shaped and cylindrical pores, and the value
2rh is the pore width for slit-shaped pores or the pore radius for cylindrical pores.
Because the statistical thickness of the film gives the actual measure of the pore size
in the MP method, it is not hard to imagine that the lack of statistical thickness data
for certain adsorbents, and the approximation of the film thickness in pores to that
on a non-porous material, will make the results from the MP method questionable.
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The Dubinin-Radushkevich (DR) method provides another way to measure the
micropore PSD, based on Polanyi’s adsorption potential theory [54]. In Polanyi’s
theory, the adsorption potential A at a certain distance from the surface corresponds
to the molar free energy to compress the vapor from pressure P, to the liquid state at
the saturation pressure, P0:

A = RT ln
P0
P

(4)

The DR method postulates that the experimental micropore volume occupied by the
condensed liquid, Vliq, follows a Gaussian distribution in terms of this adsorption
potential,

Vliq = V0 exp

[

−
(

A

βE0

)2
]

(5)

where V0 is the total micropore volume; β is the affinity coefficient defined as the
characteristic adsorption energy of an adsorbate, E, to the reference value, E0, where
benzene was used as the reference adsorbate [55]. To extend the DR equation to
heterogeneous surfaces, the exponent of the term, A

(βE0)
, in Eq. (5), is simply replaced

by n, leading to the Dubinin-Astakhov (DA) equation [56]. The value of exponent
n ranges from 2 to 6 in practice. The DR and DA formalisms have been compared
in terms of adsorption potential distribution for pillared clays, zeolites and activated
carbons [57]. The reference characteristic adsorption energy, E0, has a one-to-one
mapping to the pore size [55]. Therefore, for a realmicroporousmaterial composed of
a collection of different micropores, the PSD can be obtained by solving the integral
equation [58]:

Vliq =
∫

f (E0) exp

[

−
(

A

βE0

)2
]

dE0 (6)

where f (E0) is the PSD function in terms of the reference characteristic adsorp-
tion energy. It can be converted to the normal PSD by using the relation between the
pore size and E0 [55]. To solve Eq. (6), f (E0) is usually assumed to be the Gaussian
distribution [58]. It has been shown that, without restricting f (E0) to a particular
shape, the DR method is able to capture the bimodal PSD of chars [59]. The DR
method in principle is not applicable to low pressures (Henry’s law region). Sun [60]
has modified the DR method to make it flexible enough to model the N2 isotherm
over a wide range of pressure.

Horvath and Kawazoe (HK) [61] introduced a simple PSD analysis that considers
pore shape and molecular adsorbate-adsorbent interactions. They obtained a direct
relation between the pore filling pressure and the physical pore width (defined as the
distance between the nuclei of the two opposing pore surfaces for a slit-shaped pore)
by equating the (−A) inEq. (4) to a uniformpotential field.Theuniform (unweighted)
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potential field was obtained by spatially averaging the local 10-4 potential over
the entire pore. Both adsorbate-adsorbent and adsorbate-adsorbate interactions were
included in the potential field, although the adsorbate-adsorbate part was not handled
correctly [48]. For nitrogen adsorbed in a microporous carbon material at 77.4 K,
the pore filling correlation is given by [61]

ln

(
P

P0

)
= 62.38

H − 0.64

[
1.895 × 10−3

(H − 0.32)3
− 2.7087 × 10−7

(H − 0.32)9
− 0.05014

]
(7)

where the physical porewidth,H, is in units of nanometers. Thus, for a given physical
porewidth, a uniqueporefillingpressure,P, can be found (seeFig. 2). TheHKmethod
assumes the pore filling mechanism is discontinuous, that is, for each pressure, P,
only pores that have physical pore width equal to or smaller than the corresponding
physical pore width (calculated by Eq. (7), for example) are filled. The assumed
discontinuous mechanism is a good approximation for small micropores but has
been shown to be a source of error in the characterization of large micropores [62]. If
we plot the experimental volume of adsorbed gas in its liquid state at a certain relative
pressure versus the corresponding internal pore width, w = H − σss , where σss is
the diameter of the adsorbent atom, we then have a Vliq − w plot, i.e., a cumulative
pore volume curve. The first-order gradient of the plot, dVliq

dw
, is the PSD. The HK

method was originally developed for micropores having slit-shaped pores. It has
been extended to cylindrical pores by Saito and Foley [63], and to spherical pores by
Cheng and Yang [64]. Lastoskie and co-authors have modified the HK method by
replacing the original unweighted potential fieldwith a density-weighted integral [65]
and by using a more realistic adsorbate-adsorbent potential (10-4-3 Steele potential
[66]) and potential parameters [48]. It turned out that the latter modification, with
the original unweighted scheme (here the adsorbate-adsorbate interaction was not
included), yields a pore filling correlation in good agreement with the exact ones
from the density functional theory and molecular simulation [48] (see Fig. 2 for
MHK data). Although the HK method improves on the DR method by taking a
realistic adsorbate-adsorbent potential and the pore geometry into account, it still
makes the assumption that the thermodynamic properties of the confined phase are
similar to those of the bulk phase,which is incorrect, as revealed bymodernmolecular
methods based on statistical mechanics.

2.2 Modern Molecular Methods: Density Functional Theory
and Molecular Simulations

The development of the statistical mechanical methods, including classical density
functional theory (recently reviewed by Landers et al. [67]) and molecular simu-
lations, has advanced the understanding of the fluids confined in pores, and leads
to a universal approach that, in principle, enables the accurate characterization of
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PSD over the complete pore range (micro-, meso- and macro-pores). The molecular
methods have been considered superior to the classical methods, and they have been
recommended as the standard ones for routine PSD analysis. They are available in
commercial software for easy use by the experimentalists.

Classical Density Functional Theory (DFT) The principle behind DFT is that, for
an open system, where molecules can freely exchange with a reservoir, the grand
potential functional, Ω , can be written as a functional of local fluid density, ρ(r), at
position r:

Ω[ρ(r)] = F[ρ(r)] −
∫

d rρ(r)[μ − Vext (r)] (8)

where F is the intrinsic Helmholtz free energy functional,μ is the chemical potential
of adsorbatemolecules, and Vext (r) is the spatially-varying external potential exerted
by the pore walls. The integration is carried out over the entire system.We can obtain
the equilibrium density profile ρeq(r) by minimizing the functional derivative of the
grand potential with respect to the fluid density profile, i.e.,

δΩ[ρ(r)]
δρ(r)

∣
∣∣∣
ρ(r)=ρeq (r)

= 0 (9)

When more than one minimum is present, the density profile that gives the lowest
grand potential is the stable branch. Readers are referred to Hansen and McDonald
[29] for detailed derivations of the DFT framework. Once the grand potential at
equilibrium is known, other thermodynamic properties of the system are readily
available, and the adsorbed amount in the pores (i.e., isotherm) can be calculated from
the equilibrium density profile. The PSD is calculated by minimizing the following
expression:

⎡

⎣n(P) −
wmax∫

wmin

f (w)K (w, P)dw

⎤

⎦

2

+ λ

wmax∫

wmin

[
f ′′(w)

]2
dw (10)

where n(P) is the experimental specific adsorption or desorption isotherm at pres-
sure P, the internal pore width is w, f (w) is the pore size distribution function and
K (w, P) is the so-called kernel function which is the isotherm, predicted from either
DFT or GCMC simulation at a specific pore size w. The integration in Eq. (10) is
from the minimum pore width to the maximum pore width. Simply minimizing the
first term in Eq. (10) for f (w), however, is an ill-posed inverse problem, and a
regularization term (second term in Eq. (10)) should be added, where λ is the regu-
larization parameter. A stable numerical method for solving for f (w) is available
in the SAIEUS program [68, 69]. Seaton, Walton and Quirke [70] were the first to
apply DFT to predict the PSD. Their method is based on the local version of DFT,
which assumes that the specific free energy at a point r depends only on the local
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density at that point, and so neglects effects of strong density gradients near the
pore walls. Nevertheless, the local DFT provides significant improvement over the
classical methods for PSD in both the mesopore and micropore range. However, it
fails to reproduce the strong oscillations characteristic of the fluid density profile at a
solid-fluid interface for small pores. Lastoskie et al. [50], and independently Olivier
et al. [71], applied the non-local DFT (NLDFT) to the PSD analysis. Compared to the
local version, the non-local version evaluates the excess Helmholtz free energy in the
hard sphere term using a non-local density approximation [72, 73], that accounted
for strong oscillations in the density profile near the pore walls. The NLDFT leads to
quantitatively accurate fluid structure in nanopores compared to the local DFT, as has
been confirmed by molecular simulations [74]. The consistency and validity of the
NLDFThas further been confirmed by comparing the calculated PSD to experimental
X-ray diffraction (XRD) measurements for porous materials with well-defined pore
geometry [75, 76] (see Fig. 3). The PSD calculation using NLDFT generally makes
the following main assumptions:

1. The pore wall is homogeneous and smooth [50, 77, 78]. For example, the 10-4-3
Steele potential derived from a homogeneous graphite surfaces is usually adopted
for modeling a carbon slit-shaped pore [50].

2. Pores in the material have a single geometry and single-level surface hetero-
geneity.

Fig. 3 Pore size distribution ofMCM-41 sampleAM-1 byKruk-Jaroniec-Sayari (KJS) [42]method
and NLDFT methods. KJS is a modified method based on the BJH method, and it was calibrated
for MCM-41 materials. KJS method was found to be quite successful for MCM-41 materials in
the pore size range of 2–6.5 nm, but for sample AM-1 here, it underpredicts the pore size by about
3 Å. The calculated PSD by the NLDFT method is in perfect agreement with the pore size from the
XRDmeasurement. Adaptedwith permission fromRef. [76]. Copyright (2000) American Chemical
Society
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3. The pore size information can be fully extracted from a single-component
adsorption or desorption isotherm.

It has been known for a long time that the first assumption leads to two artifacts:
a typical S-shaped deviation from the experimental isotherm, due to layering transi-
tions on the (assumed in the model) smooth surface, and a minimum in the PSD plot
at a pore width of about 10 Å (see Fig. 4). In fact, nearly all real surfaces exhibit some
degree of defects through geometric curvature, heteroatoms in the surface structure
and chemical groups attached to the surface. Efforts have been devoted to eliminating

Fig. 4 Comparison of theNLDFTandQSDFTmethods for nitrogen adsorption for activated carbon
fiberACF-15. aExperimental adsorption isotherm in comparisonwith the fitted isothermbyNLDFT
and QSDFT methods. b PSD calculated by the NLDFT and QSDFT methods. The NLDFT method
produces artifacts of a S-shaped isotherm and a minimum in the PSD plot at a pore width of about
10 Å. These two artifacts can be attributed to the homogeneous surface model used in the NLDFT
method. QSDFT eliminates these two artifacts and presents a better fit to the experimental isotherm
data. Adapted from Ref. [82], Copyright (2009), with permission from Elsevier
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these two artifacts by introducing heterogeneities to the pore wall potential in the
DFT framework. Examples are the introduction of an external potential accounting
for variable wall thickness [79], variable surface density [80–82], incorporating pore
edge effects [83, 84], and also models that incorporate a periodic function to the
fluid-wall potential in a direction parallel to the pore surface [85–89]. Among these
modifications, two notable versions are quenched solid density functional theory
(QSDFT) and 2D-NLDFT. In QSDFT [81, 82], the geometrically heterogeneous
pore wall is represented explicitly by a one-dimensional density profile of carbon
atoms controlled by a single roughness parameter, while in 2D-NLDFT, by intro-
ducing periodic functions into the pore wall potential, both energetic and geometric
heterogeneities of the pore wall have been accounted for either in a separate [85]
or combined way [90]. Both methods eliminate the two artifacts of the traditional
NLDFT method for activated carbon materials [82, 85] (see Fig. 4 for an example
of QSDFT). When characterizing the same carbon materials, the QSDFT and 2D-
NLDFTmethods give similar PSD results [91]. This might be because both methods
adjust the potential parameters for the carbon pore model by fitting the theoretical
adsorption isotherm to the experimental data of the reference Cabot BP-280 [92].
For silica adsorbents, QSDFT calculates the parameters from the XRD measure-
ment [93], while 2D-NLDFT fits potential parameters to the data of reference silica
LiChrospher-Si-1000 [88]. It would be good to test both methods on the same silica
materials and see if they give consistent results. In addition to modifying the pore
wall model in the theory, Kupgan et al. [94] showed that, by tuning the regular-
ization parameter, λ, in Eq. (10), the performance of NLDFT methods can also
be improved for calculating the PSD of amorphous microporous materials. They
proposed a smooth-shift method to obtain the regularization parameter in compar-
ison to the conventional L-curve method [95]. The smooth-shifted PSD agrees well
with the exact geometric PSD from molecular simulation. It is not clear, however, if
the smooth-shiftedmethod can eliminate the artifact of S-shaped adsorption isotherm
from NLDFT.

The second assumption in NLDFT (single pore geometry and single-level surface
heterogeneity) is not bad for a general PSD analysis. Allowing for the variation of the
pore geometry and surface heterogeneity, however, adds more flexibility and reality
to the theoretical model, leading to a better fitting to the experimental isotherm and
better representation of the materials. Thommes et al. [96] developed a set of hybrid
NLDFT kernels allowing for different pore geometries for hierarchically structured,
micro-mesoporous silica materials. The hybrid kernels use a cylindrical pore model
for micropores and small mesopores, and a spherical pore model for large meso-
pores where hysteresis occurs. The authors found that the hybrid approach is able
to capture the full PSD in the complete micro- and meso-pore range, and the calcu-
lated PSD agreedwith the results from independent SANS/SAXSmeasurement [96].
Gor et al. [97] were able to construct four different sets of hybrid kernels that use
different pore geometry within different ranges of pore size, and these hybrid kernels
have been successfully applied to characterize the micro-mesoporous carbons [97,
98]. Attempts to construct hybrid kernels allowing for different levels of surface
heterogeneity have only been made recently. Lucena et al. [99] proposed a set of
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hybrid kernels composed of simulated isotherms on surfaces having different levels
of etching [100], covering from a homogeneous surface to a highly heterogenous
surface. They have shown that employing the hybrid kernels for the PSD calculations
reveals new structural details of the carbon porous materials (see Fig. 5). However,
the use of the hybrid kernels requires a better understanding of the materials a priori,
and so far no rational strategy has been proposed for choosing a suitable collection
of kernels for the PSD calculations.

The third assumption (PSD can be fully extracted from a single-component
isotherm) is the safest one and has been validated by comparing the calculated
PSD with independent experimental measurements [67, 88, 96]. Although the pure
adsorption/desorption kernels of N2 at 77 K or Ar at 87 K are dominant in standard
PSD calculations, it becomes problematic when analyzing fine micropores where the
diffusion of N2 is very slow [101], making the experimental measurement of equi-
librium adsorption difficult to achieve. Recently, a dual gas analysis of PSD with the
2D-NLDFT method was proposed, where the adsorption data of N2 & CO2 [102,
103] or O2 & H2 (for minimal interaction of gas quadrupole moment with surface

Fig. 5 Pore size distribution (PSD) by the hybrid kernels representing different levels of surface
heterogeneity for PC58 sample. 26% of the total pore volume belong to pores having homogeneous
surfaces, 31% of the total pore volume belong to pores having surfaces of 25% etching level, 29%
of the total pore volume belong to pores having surfaces of 50% etching level, and 14% of the total
pore volume belong to pores having surfaces of 75% etching level. Using the hybrid kernels reveal
new information about the materials. Reprinted from Ref. [99]. Copyright (2017), with permission
from Elsevier
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polar sites) [104] were processed simultaneously to get a high-resolution PSD in full
micro- and meso-pore range.

Monte Carlo Simulation GCMC simulation [105] is another method to get the
kernels for PSDanalysis.UnlikeDFT,where the equations are numerically evaluated,
the confined system in GCMC can be explicitly set up in a 3D simulation box with
specified intermolecular force fields (see Fig. 6). The temperature, chemical potential
and volume of the simulation box are pre-specified constants. During the simulation,
the adsorbate molecules in the simulation box are in free exchange with a “ghost”
bulk reservoir whose chemical potential is equal to the pre-set value (see Fig. 6).
When enough exchanges (i.e., insertion or deletion move of molecules in the box)
have beenmade, the simulation box is in chemical equilibriumwith the “ghost” reser-
voir. Meanwhile, translational, and rotational (for non-spherical molecules) moves
are also attempted randomly for adsorbate molecules in the simulation box to make
sure the system eventually reaches the thermal equilibrium (assuming the structure
of adsorbent is fixed). The Metropolis scheme is usually employed to determine if
an attempted move should be accepted or declined. Once enough moves have been
made for the simulation to reach equilibrium, the adsorption amount in the modeled

Fig. 6 Schematic of grand canonical Monte Carlo simulation. The argon molecules (pink particle)
are in free exchange between the “ghost” bulk reservoir (top) and the simulation box (bottom).
When chemical equilibrium is reached, the chemical potentials in both systems are equal
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nanopore can then be directly calculated from the average over all equilibrium config-
urations of the molecules. In contrast to DFT-based methods, where some approxi-
mations aremade (e.g., mean field approximation), the results from the GCMC simu-
lation are considered to be exact for the model system (model for the intermolecular
forces, pore geometry, etc.). In addition, the pore geometry and atomic surface struc-
ture can bemodeled as realistically as desired in theGCMCsimulation [99, 106–108].
However, consistency of the PSDs obtained from GCMC-based kernels and DFT-
based kernels can be reached if suitable intermolecular parameters are chosen [109].
As of now, DFT-based kernels are still dominant over the GCMC-based kernels,
mainly due to the fast execution of DFT calculations (minutes) compared to GCMC
simulations (days). To explore the atomic details of the surface structure, or to access
adsorption of complex molecules, this time expense must be paid, although some
efforts to address this have beenmade on theDFT side recently by combiningQSDFT
and statistical associating fluid theory [110]. With increasing computational power
and better understating of the surface structure at the microscopic scale, the GCMC
method is expected to become more widely used in constructing the kernels for PSD
determination.

3 Surface Area

3.1 Kinetic Theory

To characterize the surface area, kinetic theory remains the most successful and
widely used method over the past century, thanks to its simplicity, satisfactory accu-
racy, and the clear physical meanings behind the concepts involved. The Langmuir
equation and BET equation form the foundation of the adsorption kinetic theory for
monolayer adsorption and multilayer adsorption, respectively.

Langmuir Equation In 1918, Langmuir [111] proposed the first quantitative
description of monolayer adsorption (including chemisorption) by viewing adsorp-
tion onto the surface as a reversible chemical reaction. If only one type of surface
site is available, the adsorption reaction can be written as:

A + S � AS

where A is adsorbate, S is an unoccupied surface site, and AS is the surface site
occupied by adsorbate through chemical forces. By equating the adsorption reaction
rate to the desorption rate, the Langmuir equation can be recovered:

n = nm
K P

1 + K P
(11)
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where n is the experimental specific adsorbed amount (e.g., in units of mol/g) at the
partial pressure of the adsorbate, P; nm is the monolayer saturation capacity, and K
is the adsorption equilibrium constant. To obtain the surface area of the material,
Eq. (11) is fitted to the experimental adsorption isotherm. The SSA, as , is calculated
by

as = nmNAσm (12)

where NA is Avogadro’s number and σm is the molecular cross-sectional area. The
application of Langmuir’s equation should, in principle, be limited to the monolayer
adsorption on non-porous materials, but it is often applied to the general adsorption
isotherm of Type I (see Fig. 7) which also represents adsorption behavior in microp-
orous materials. Without a deep understanding of the pore topology and pore filling
mechanism in microporous materials, a good fit of the Langmuir equation to the
experimental isotherm should only be interpreted as the mathematical effectiveness

Fig. 7 International Union
of Pure and Applied
Chemistry (IUPAC)
classification of
physisorption isotherms.
Reprinted with permission
from Ref. [26]. Copyright
(2015) IUPAC & De Gruyter
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of the model, and the surface area obtained usually does not reflect the true surface
area. The Langmuir equation assumes the surface is homogeneous. For adsorption on
heterogeneous surfaces, several semi-empirical equations have been proposed based
on the Langmuir equation and the Freundlich isotherm, such as the Sips equation
[112] and the Toth equation [113]. There is no preference for one empirical model
over the other, and the choice of a particular equation usually depends on their fitting
quality to the experimental isotherm data of Type I shape.

Brunauer-Emmett-Teller (BET) Equation In reality, almost all monolayer adsorp-
tion on an open surface will be followed by the stacking of second, third and higher
layers as the gas pressure is increased. In 1938, Brunauer, Emmett and Teller [114]
extended the Langmuir formulation to a multilayer adsorption scenario, by consid-
ering the formation of higher layers on top of the first adsorbed layer as a dynamic
process. The BET theory is based on the following assumptions:

1. The surface is atomically homogeneous, and adsorption occurs only on well-
defined surface sites (i.e., one adsorbate molecule per surface site).

2. The pre-adsorbed molecules act as further well-defined adsorption sites for gas
molecules to occupy, and the interactions between the adsorbate molecules in
the same layer are ignored.

3. The heat of adsorption for the second, third and higher layers is the same as the
heat of liquefaction of the adsorbing gas, but different from that for the first layer.

4. At the saturation pressure, P0, the adsorption layer becomes infinitely thick (this
serves as a boundary condition).

Following a similar argument as that of Langmuir, at equilibrium, the “formation”
rate of a certain layer should be equal to the “destruction” rate of that layer. For
example, when the first layer reaches the equilibrium, we have

R1 + R−2 = R−1 + R2 (13)

where R1 is the rate of condensation onto the bare surface, R−2 is the rate of evapo-
ration from the second layer, R−1 is the rate of evaporation from the first layer, and
R2 is the rate of condensation onto the second layer. The rate is directly related to
the surface area covered by the layer. For example,

R1 = k1Pθ0

R−2 = k−2θ2
(14)

where k1 and k−2 are the rate constants, θ0 and θ2 are the empty surface area and the
area covered by the second layer, respectively. Figure 8 presents a diagram for BET
multilayer adsorption. By writing equations similar to Eq. (13) for all other adsorbed
layers and applying the boundary condition (point 4 listed above), the BET equation
can be eventually reached as [114]:
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Fig. 8 BET model of
multilayer adsorption. The
total surface area is the sum
of the empty area (θ0), the
area covered by the first
adsorbed layer (θ1), the area
covered by the second
adsorbed layer (θ2), and so
on

1

n
( P0
P − 1

) = C − 1

nmC
× P

P0
+ 1

nmC
(15)

where C is the BET constant, which is directly related to the adsorbate-adsorbent
interaction strength. Equation (15) can also be rigorously derived from statistical
mechanics [115, 116]. By plotting experimental adsorption data as P

[n(P0−P)] versus

relative pressure, P
P0

(“the BET plot”), a linear correlation can usually be found as
P
P0

ranges from 0.05 to 0.3 for isotherms of Type II, IV and VI (see Fig. 7). By fitting
such linear data with Eq. (15), the specific monolayer capacity, nm , can then be deter-
mined, which leads to the estimation of the specific BET surface area of the materials
[using Eq. (12)]. Because argon molecules do not have a quadrupole moment, and
are less sensitive to the surface chemistry, IUPAC (2015) [26] recommends using
argon at 87 K (its normal boiling point) as the standard adsorption condition for
characterization.

3.2 Current Advances in Characterization of Microporous
Materials by the BET Method and Beyond

BETMethod Most of the porousmaterials that present excellent performance in real
applications (such as gas storage and separation) contain micropores. Because of its
restrictive assumptions, the Langmuir equation is rarely used in practice. Although
theBETequationwas also derived fromseveral simplified assumptions (including the
assumption that the adsorption is on open surfaces), scientists still found it convenient
and useful for characterizing microporous materials. The most common issue asso-
ciated with BET analysis of microporous materials is that multiple linear regions can
be found in the BET plot for fitting, which leads to inconsistency of the calculations.
To enhance the reproducibility, Rouquerol et al. [117] proposed four consistency
criteria, which were later recommended by IUPAC (2015) [26], to locate a linear
region objectively:



332 K. Shi et al.

1. The BET C constant obtained from fitting should be positive to be meaningful.
2. The BET fitting range should be restricted to the region where the quantity

n(P0 − P) continuously increases with P
P0
.

3. The P
P0

value in the experimental isotherm that corresponds to the monolayer
capacity, nm , should be in the selected fitting range.

4. The relative pressure calculated from the fittedBET equation [Eq. (15)] by setting
n = nm should not differ from the experimental one (from criterion 3) by more
than 20% [118].

Following the above consistency criteria, we can obtain the SSA that belongs to
the micropores, amicro, by

amicro = aBET − aext (16)

where aBET is the specific BET surface area; aext is the specific surface area
contributed from external (i.e., non-microporous) surfaces, which can be calculated
with the help of the t-method [52, 53] or theαs-method [119].Walton and Snurr [120]
have shown that these consistency criteria lead to a better BET surface area char-
acterization for six microporous metal organic frameworks (MOFs), with the calcu-
lated values being in good agreement with the geometric (accessible) surface area
calculated directly from the MOF atomic structure. It has recently been confirmed
that, based on the calculation of true monolayer surface area [121] from molec-
ular data for over 200 MOFs, the BET theory along with these consistency criteria
can, in general, produce reasonable surface areas for MOFs with a high volumetric
percentage of small micropores (pore diameter < 10 Å and surface area < 1500 m2/g)
[122]. Although the consistency criteria help standardize the BET analysis, they do
not always lead to the correct identification of the pressure range where monolayer
formation occurs, especially for porous materials having a combination of large
micropores (10 Å < pore diameter < 20 Å) and mesopores (pore diameter > 20 Å)
[121, 122]. The adsorption isotherm of these porous materials shows a character-
istic step-wise pattern, and the consistency criteria tend to choose the pressure range
where micropore pore filling occurs, thus usually overestimating the surface area. To
locate the correct region for monolayer formation, Sinha et al. [122] proposed to use
the excess sorption work (ESW) method together with the BET equation (termed as
BET+ESW method). The ESW method [123, 124] was designed to determine the
monolayer capacity directly from the adsorption isotherm without referring to any

adsorption model. By plotting the excess sorption work, φ = nRT ln
(

P
P0

)
, versus

the adsorption loading, n, the monolayer capacity is expected to be the loading at
the first local minimum in the (φ − n) plot (i.e., ESW plot). Although the ESW
method alone usually underestimates the actual surface area [122], it can predict
a rough pressure value that corresponds to the monolayer formation. Therefore, in
addition to the first and second consistency criteria listed above, a new third criterion
was suggested that the BET linear region should be chosen such that it includes the
pressure that corresponds to the first minimum in the ESW plot (see Fig. 9 for an
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Fig. 9 The BET+ESWmethod for estimating the surface area of a carbon nanotube with diameter
of 16.9 Å. a Adsorption isotherm. b The ESW plot. The ochre region is the BET fitting range
determined from original four consistency criteria, and the green region is the new BET range
determined by BET+ESW method. The first local minimum in the ESW plot corresponds to the
pressureP2, and the newBETfitting range is chosen to include this pressure. TheBET+ESWmethod
gives a specific surface area of 819 m2/g, that is closer to the true surface area (939 m2/g) than
other methods. Reprinted with permission from Ref. [122]. Copyright (2019) American Chemical
Society

example). The BET+ESW method has been shown to improve the surface area esti-
mation for porous materials that contain large micropores and mesopores, however,
it fails when no clear minimum is present in the ESW plot. In some cases, the micro-
pores are so small that the first minimum in the ESW plot corresponds to micropore
filling that finishes before the monolayer formation. The result is that the BET+ESW
method tends to suggest the wrong BET fitting range, while the original consistency
criteria work better. Therefore, the BET+ESW method cannot guarantee the correct
estimation of the true monolayer surface area, but can serve as a supplement to the
standard BET analysis to prevent overestimation [122]. It should be noticed that,
when monolayer formation and pore filling become indistinguishable, even if all
consistency criteria are satisfied, the BET related methods are unable to predict the
correct surface area. In such cases, the BET plot only exhibits one linear regionwhere
the monolayer formation and pore filling occurs simultaneously, and the monolayer
capacity determined from the BET method now also includes the non-monolayer
amount, thus overestimating the surface area. It has been shown that this kind of
pore indistinguishability happens for slit-shaped pores that can accommodate three
adsorption layers (pore size of about 10 Å) [125]. Theories that are beyond the
BET method, or additional adsorption data, are required to effectively separate the
monolayer capacity from the pore filling.

According to Eq. (12), in addition to the monolayer capacity, the other source
of error in the BET method is the molecular cross-sectional area, σm . As shown
by Brunauer and coworkers in their 1937 [126] and 1938 [114] papers, and some-
what later in the monograph by Brunauer [127], the close packing of the adsorbate
molecules on the substrate surface results in a surface area permolecule that is 7–19%
smaller than expected, based on the density of the bulk liquid for these same gases. In



334 K. Shi et al.

principle, the molecular cross-sectional area should be correlated to the packing state
of the monolayer, and they should vary with the adsorbent, adsorption temperature
and the choice of reference system (usually nitrogen is used as reference [128–
130]). However, in practice, people usually treat the molecular cross-sectional area
as a constant. Based on the liquid packing of the layer, values of the molecular cross-
sectional area of 16.2 Å2 and 13.8 Å2 have become conventional for nitrogen and
argon adsorption, respectively [131]. The practical reasons for choosing a constant
σm might be obvious: it is convenient; and for adsorption in microporous materials,
the error in obtaining the correct monolayer capacity is usually larger than that of
the choice of the molecular cross-sectional area, and sometimes the errors in nm and
σm may compensate each other. Nevertheless, we should still keep in mind that the
choice of molecular cross-sectional area also matters in surface area calculations.

Beyond the BETEquation Since the original work of Langmuir [111] and Brunauer
et al. [114], no major breakthrough has been made in the field of adsorption theory.
This is partly because theBET theory is convenient and simple, and it has alreadybeen
proved suitable for characterizing both porous and non-porous materials [132]. Most
of the real porous materials contain hierarchical pores and pore connectivity, making
the development of a general adsorption theory very difficult. Recently, advances in
machine learning (ML) techniques [133] have opened up a new route to estimating
the SSA from experimental data; in principle, such data do not necessarily have to be
the physisorption isotherms. Figure 10 shows a general supervised ML workflow. In
the case of predicting the surface area, a set of features that can describe the materials
is first designed. Features need to be experimentally measurable, representative, and
informative. A set of training data are then prepared, and they include representative
materials, whose surface area (label) has been accurately pre-calculated from either
simulation or direct measurement. The ML model (e.g., artificial neural networks

Fig. 10 A general supervised machine learning workflow
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[133]) is subsequently trained using the training set with features as input and labels
as the output target. If the MLmodel is properly trained without overfitting or under-
fitting, it can then be used to predict the surface area of other unseen materials
by simply feeding the features of those materials into the well-trained ML model.
The advantage of the ML method is clear: it enables prediction of the surface area
through this large-scale regression algorithmwithout knowing the underlying physics
of adsorption. This, however, can also be considered a disadvantage, as most ML
models operate as “black boxes” that do not provide physical insight on the process.
Attempts to use ML methods for surface area predictions have only been made very
recently. Datar et al. [134] considered the mean loading in various pressure regions
of the isotherm as the feature. They trained the least absolute shrinkage and selec-
tion operator (LASSO) model [135], using a training set of more than 300 MOFs
with diverse structures and pre-calculated true monolayer surface area. They have
shown that the ML model outperforms the BET method in the entire surface area
region (see Fig. 11). In addition to extracting the materials’ structure information
from the normal adsorption isotherm, the micro-computed tomography (micro-CT)
X-ray images can also serve as the input data [136]. With the power of convolutional
neural networks [137], Alqahtani et al. [136] were able to predict the porosity, SSA,
and average pore size for each input image. Although the physisorption isotherm still
remains one of the most accessible sources of data for many laboratories, the ML
methods open up a lot of possibilities to extract information from various sources of
data, thus providing a more flexible, general and fast way to predict the properties
of porous materials.

Fig. 11 Comparison between the predicted surface area by the BET method (satisfying the four
consistency criteria of Rouquerol et al. [117]) and by the machine learning (ML) model. The ML
model offers overall excellent prediction over a wide range of areas in agreement with the true
surface area from molecular simulations. Adapted with permission from Ref. [134]. Copyright
(2020) American Chemical Society
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4 Concluding Remarks and Future Perspective

In this chapter, we have reviewed the characterization of the PSD and the SSA
of porous materials by model-based hybrid methods. These methods extract
the structural information of the materials from the experimental physisorption
isotherms.

For PSD analysis, we have first introduced the classical methods, including those
based on theKelvin equation formesopore analysis, and those formicropore analysis
(MP method, DR/DA method, and HK method). The basics of the modern molec-
ular methods (DFT and GCMC simulation) based on statistical mechanics are also
explained. The modern molecular methods are superior to the classical methods in
the complete pore size range, and they are recommended for routine PSD analysis.

For SSA analysis, we have focused on the kinetic theory (Langmuir and BET
equations), and the application of the BET method for characterization of micro-
porous materials. With the four consistency criteria proposed by Rouquerol et al.
[117] and the recently proposed BET+ESW method, the BET equation is able to
determine the surface area of the porous materials having micro- and mesopores.
The accuracy of the BET surface area, however, should be cautiously examined with
the understanding of the pore structure (e.g., PSD, pore geometry).

Some current challenges for the PSD and surface area analysis, and possible future
directions are summarized as follows:

1. The current state-of-the-art methods for rapid characterization of the PSD
are those based on statistical mechanics, namely DFT or GCMC simulations.
However, more experimental evidence is needed to refine the effective solid-
fluid potentials (in DFT methods) [138–141] and the pore models (in GCMC
simulations). Only a few pre-calculated kernels for specific materials and pore
geometries (such as a slit-shaped carbon pore) are typically available in the
commercial software, yet those kernels are often used to characterize novel mate-
rials with varied chemical compositions and pore shapes (e.g., MOFs), which is
in principle incorrect, and it often results in misleading PSDs even if the fit to
the experimental isotherm is good. Resolving this discrepancy would require a
rational strategy to combine a set of kernels representing the surface chemistry
and pore geometry of the materials, with algorithms for fast generation of the
custom kernels.

2. Due to the simplified assumptions, it is impossible to apply the BET equation
to any materials with hierarchical pore structures. Especially, the BET equation
will fail whenmonolayer formation and pore filling occur simultaneously. Recent
developments inML-basedmethods provide a new route for fast characterization
of surface area. We anticipate that new, general ML models with the ability to
predict the surface area of materials over the entire range of pore sizes will
be developed in the near future. This involves the development of advanced ML
algorithms and design of suitable feature set. It should be noted that, however, the
MLmodel is usually trainedwith the simulation data (i.e., simulated isotherm and
geometric surface area). When applying those simulation-data-trained models to
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predict surface area in practice, the fidelity of materials’ models in simulations
should be carefully checked, so that the established correlation between features
and labels can be safely translated from simulated world to the real world.

3. Some materials are not rigid and have a flexible skeleton. The deformation of
the structure during the adsorption process [142] can affect the surface area and
PSD analysis of the material. Future characterization tools should consider this
effect to provide a more complete description of porous materials.
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Organoclays. Fundamentals
and Applications for Removing Toxic
Pollutants from Water Solution

Roberto Leyva-Ramos, Araceli Jacobo-Azuara,
and Jesus Ivan Martínez-Costa

Abstract Organoclay is a novel adsorbent synthesized by adsorbing a surfactant on
the natural clay surface. The surfactant adsorbedmodified the nature of the surface of
the clay. The surfactant can be adsorbed on the external surface of the clay and within
the interlayer spacing of the clay. The arrangement of surfactant molecules adsorbed
on the external and interlayer spacing has been designated varying from monolayer
to bilayer structures. The adsorption capacity of the organoclay is highly dependent
upon the properties of the precursor clay, the surfactant loading of the organoclay, and
the physicochemical properties of the surfactant, such as the size. Besides, the physic-
ochemical properties of the pollutant considerably affect the adsorption capacity
of the organoclays. The organoclays have successfully been applied for removing
organic compounds, metallic cations and anions, inorganic anions and pharmaceu-
tical compounds from water solution. The adsorption capacity of the organoclay
can be influenced by the operating conditions such as temperature and solution pH.
The degree and tendency of the variation depend on the interactions between the
organoclay and the contaminant in the solution.

1 Introduction

The pollution of water resources is a serious environmental problem that directly
and indirectly affects the various ecosystems and human health. The contamina-
tion sources of aqueous systems can be natural and anthropogenic. The former are

R. Leyva-Ramos (B) · J. I. Martínez-Costa
Centro de Investigación y Estudios de Posgrado, FCQ, Universidad Autonoma de San Luis Potosi,
Av. Dr. M. Nava No 6, Zona Universitaria, 78210 San Luis Potosi, SLP, Mexico
e-mail: rlr@uaslp.mx

J. I. Martínez-Costa
e-mail: ji_mcosta@yahoo.com.mx

A. Jacobo-Azuara
División de Ciencias Naturales y Exactas, Departamento de Química, Universidad de Guanajuato,
Col. Noria Alta S/N, 36050 Guanajuato, GTO, Mexico
e-mail: aazuara@ugto.mx

© Springer Nature Switzerland AG 2021
J. C. Moreno-Piraján et al. (eds.), Porous Materials, Engineering Materials,
https://doi.org/10.1007/978-3-030-65991-2_13

341

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-65991-2_13&domain=pdf
mailto:rlr@uaslp.mx
mailto:ji_mcosta@yahoo.com.mx
mailto:aazuara@ugto.mx
https://doi.org/10.1007/978-3-030-65991-2_13


342 R. Leyva-Ramos et al.

natural processes such as volcanic eruptions, forest fires, hurricanes and tornadoes.
The primary sources of pollution are of anthropogenic origin, including pollution
from residual discharges of human activities such as agriculture, livestock, metal-
mechanical and metal finishing industries, and mining activities, among others
[1].

The increase in industrial and domestic activities due to population growth has
caused the overexploitation of aquatic resources and the contamination of surface and
underground water supply sources. Therefore, the levels of various organic and inor-
ganic toxic pollutants have been continually increased in aqueous effluents, causing
a severe environmental problem since many of these compounds are toxic, carcino-
genic, and mutagenic and can cause adverse effects on human beings, flora and
fauna.

Many of the pollutants present in water are organic molecules such as pharmaceu-
ticals, herbicides, solvents, fire retardants and plasticizers [2]. These compounds can
remain in surface and groundwater for long periods as they have complex molecular
structures that are difficult for microorganisms to biodegrade.

Currently, there is a growing concern in the detection and removal of Emerging
Pollutants (EPs) from water resources [3]. The EPs are organic substances released
into the aquatic environment, although no regulations are presently established [4].
The pharmaceutical and personal care products (PPCPs) are a class of CEs present
in water due to excessive use and inappropriate disposal. In general, PPCPs refer to
a large number of organic substances widely consumed by society and include the
following compounds: (i) pharmaceutical products of very diverse nature prescribed
for the treatment and prevention of diseases in humans and animals; (ii) cosmetics
(creams, perfumes,make-up); (iii) household products (degreasers,windowcleaners,
detergents) [5, 6].

The occurrence of pharmaceuticals in water resources is attributed to efflu-
ents from wastewater treatment plants, municipal wastewaters, water discharges
from hospitals, and inadequate disposal from drug manufacturers [7–10]. The phar-
maceuticals most frequently found in effluents from wastewater treatment plants
are antibiotics, antacids, antidepressants, analgesics, antipyretics, steroids, anti-
inflammatories, β-blockers, tranquilizers and stimulants [11–13]. Recently, 45 out of
477 emerging pollutants analyzed in European surface waters compounds presented
a potential risk to the environment [14].

Among the most toxic inorganic water pollutants are heavy metals [Cd(II), Pb(II),
Cr(III) and Cr(VI)] and some anions of As(V), As(III), and fluoride (F-) [15]. On
the other hand, the removal of these inorganic pollutants from aqueous solutions is
critical because their presence, even at low concentrations, poses a serious risk to the
environment and human health.

Therefore, efficient treatment processes are necessary for the removal of emerging
and inorganic pollutants. In recent years, adsorption has been applied successfully for
removing toxic contaminants, both organic and inorganic, present in aqueous solu-
tion. Usually, adsorption is an efficient and economical method to remove pollutants
of different kinds present in aqueous solutions. Adsorption has several advantages,
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such as the great variety of adsorbents available to remove contaminants and the
operation easiness of the process.

2 Natural Clays

Natural clays are composed mainly of hydrated aluminum silicates, so that they
are composed mainly of silicon, aluminum, oxygen and hydrogen [16]. Many of
the clay properties depend primarily on their structure. Clays are characterized by
having a structure based upon the stacking of tetrahedral (T) and octahedral (O)
sheets. Tetrahedral sheets are formed by linking the tetrahedral groups of (SiO4)4−
and (AlO4)5−, which have a silicon or aluminum atom surrounded by four oxygens
[17, 18]. The (SiO4)4− and (AlO4)5− are bound through the vertices sharing oxygen,
forming complete sheets. Octahedral groups have the composition [AlOn (OH)m]
and [MgOn (OH)m]− and comply with the relationship n + m = 6. The octahedral
groups are joined by sharing oxygens and hydroxyls located on the same edge of the
octahedron with the oxygen and hydroxyl of the edge of another octahedron [19] and
in this way, the octahedral sheets are constituted. The structure of clays is based on
the ordered stacking of layers formed by tetrahedra and octahedra, joined together
through oxygen and hydroxyls [17, 18].

One of the main characteristics of clays is the excess of negative charge caused by
isomorphic substitutions. The silicon, Si4+, present in the center of the tetrahedrons,
is replaced by Al3+ or Fe3+ atoms, and the Mg2+ or Fe2+ can replace the aluminum,
Al3+ located in the center of the octahedron. The excess negative charge is commonly
balanced by the exchangeable cationsNa+,K+, Ca2+, andMg2+. The presence of these
cations makes the clays hydrophilic because water molecules are bound to these
exchangeable cations. Clays are known as phyllosilicates because of their layered
structure. This structure can be formed by two sheets: tetrahedral and octahedral
called bilamellar or T:O; or by three sheets, one octahedral and two tetrahedral,
called trilamellar or T:O:T [17, 18].

Some of the most important physicochemical properties of clays are surface area,
cation exchange capacity, adsorption capacity, hydration, swelling, plasticity and
thixotropy. The natural clays have been extensively applied for the adsorption of
cationic metals, and their adsorption capacity depends on the nature of the cationic
metal, type of natural clay and operating conditions. Some of the natural clays
commonly used are bentonite, sepiolite and vermiculite.

The cation exchange capacity of natural clays can be ascertained by comparing the
adsorption isotherms of Cd(II) on bentonite (Bent), vermiculite (Verm) and sepiolite
(Sepio), as presented in Fig. 1 [20]. At an equilibrium concentration of Cd(II) of
300 mg/L, the mass of Cd(II) adsorbed on Verm, Bent and Sepio were 32.25, 30.12
and 23.06 mg/g, respectively. Therefore, the adsorption capacity of the natural clays
towards Cd(II) decreased in the following order: Verm > Bent > Sep. Natural clays
are cation exchangers, so their adsorption capacity can be attributed mainly to the
cation exchange capacity (CEC). The CEC ofVerm, Bent and Sepio were determined
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Fig. 1 Adsorption isotherms
of Cd(II) on bentonite,
vermiculite and sepiolite at
pH = 7, T = 25 °C and I =
0.01 N. The lines were
predicted with
Prausnitz-Radke isotherm
model [20]
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to be 40.2, 76.6, 42.8 meq/100 g [21, 22], respectively. As expected, the adsorption
capacity of Bent and Sepio decreased in the same order as the CEC. However, Verm
presented the highest adsorption capacity but the lowest CEC. This trend can be
attributed to the fact that adsorption of Cd(II) on natural clays can be attributed to the
cation exchange mechanism, electrostatic attraction between the negatively charged
surface and the cation, and the accessibility to the cationic sites.

3 Modification of Natural Clays

The capacity of natural clays for adsorbing non-ionic organic compounds and metal
anions present in aqueous solution is very low because their surface is hydrophilic,
and their surface charge is negative [23]. Modifying the character of the surface of
natural clays is an excellent alternative to increase the adsorption capacity and thus
favor the adsorption of certain compounds present in an aqueous solution that have
little affinity for natural clays.

The most commonly used methods to modify natural clays are chemical and
thermal activation, pillaring and adsorption of cationic surfactants. The first two
have been widely used to obtain clays for specific applications since it is possible to
improve the acidity level and, at the same time, modify the textural and surface prop-
erties. Clay pillaring is a process that uses swelling and cationic exchange properties
to replace the exchangeable cations present in the clay structure with aluminum poly-
oxocations, which act as pillars to expand the interlaminar space and keep its sheets
separate and therefore, generating a micro-mesoporous structure [24]. Finally, in
recent years cationic surfactants have been used to modify the surface characteristics
of clays. The surfactant molecule adsorbs on the cationic or negatively charged sites
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of natural clay, and the surface nature of the clay changes from cationic to anionic
due to the quaternary ammonium group of the surfactant, providing a positive charge
to the clay surface, and on the other, the surface nature changes from hydrophilic to
organophilic and hydrophobic [25]. Hence, the organoclay has a greater capacity for
adsorbing non-ionic organic compounds and metallic anions in an aqueous solution.

The cationic surfactants used to synthesize organoclays are typically composed
of a quaternary ammonium and an organophilic group or chain and have the chem-
ical formula of (CH3)3NR+, where R can be an alkyl chain or benzyl group. The
alkyl is generally composed of 1 to 18 carbons [26–28]. Dodecyltrimethylamm-
monium bromide (DDTMA), Hexadecyltrimethylammmonium bromide (HDTMA),
Octadecyltrimethylammonium bromide (ODTMA) and Benzyltrimethylammmo-
nium bromide (BTMA) have been commonly employed to prepared organoclays
[28–31]. In these cationic surfactants, the polar or hydrophobic group is the quater-
nary ammonium, and the nonpolar or organophilic group is the hexadecyl, dodecyl
and benzyl groups.

4 Adsorption of Cationic Surfactants on Natural Clays

The adsorption of the surfactant on the natural clay surface is an essential step in
preparing an organoclay. The adsorption of cationic surfactants on natural clays has
been studied in various works, and the predominant mechanisms are cation exchange
and hydrophobic bonding [32]. The adsorption capacity of a clay depends on the
characteristics of the surfactant and natural clay, as well as the amount or loading of
surfactant adsorbed on the organoclay [31].

The adsorption equilibrium data of DDTMA and BTMA on vermiculite are
presented in Fig. 2, and the organoclays are designated as OVDDTMA and
OVBTMA, correspondingly. The shape of both isotherms is known as the bimodal

Fig. 2 Adsorption isotherm
of DDTMA and BTMA on
vermiculite at pH = 7 and T
= 25 °C. The lines are the
predictions of the bimodal
Langmuir isotherm [34]
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isotherm, and both isotherms displayed two shoulders. At concentrations of DDTMA
below 10 mM, a monolayer of DDTMA was adsorbed on the surface of vermiculite.
This behavior revealed that the surfactant molecules formed a monolayer on the
surface of natural clay at low concentrations of surfactant at equilibrium. A bilayer of
surfactant is formed at high concentrations of DDTMA at equilibrium and above the
critical micelle concentration of DDTMA, which is 14 mM [33]. Thus, the surfactant
formed a micelle in solution and adsorbed as micelle on the surface of the clay.

The bimodal behavior was also observed for the adsorption of HDTMA, DDTMA
and BTMA on bentonite and HDTMA on vermiculite [31, 34] and myristylpyri-
dinium bromide on bentonite [35]. The adsorption equilibrium data of the surfactant
on natural clays can be interpreted using the modified bimodal Langmuir isotherm
[36], which can be expressed by the following equations:

qe = qm1KL1Ce

1 + KL1Ce
Ce ≤ Ce1 (1)

qe = qm1KL1Ce

1 + KL1Ce
+ qm2KL2(Ce − Ce1)

1 + KL2(Ce − Ce1)
Ce > Ce1 (2)

where Ce1 is the concentration of surfactant at the end of the first layer, mmol/L; Ce is
the surfactant concentration at equilibrium, mmol/L; KL1 and KL2 are the Langmuir
isotherm parameter for the first and second layers, respectively, L/mmol; qe is the
uptake of surfactant adsorbed on the clay, mmol/kg; qm1 is the maximum uptake of
surfactant adsorbed for the first layer, mmol/kg; and qm2 is the maximum uptake of
surfactant adsorbed for the second layer, mmol/kg. The bimodal model parameters
for the adsorption of DDTMA and BTMA on vermiculite are given in Table 1.

The adsorption of the surfactant in the first layer took place on the cationic sites
of the natural clay and can be attributed to ion exchange and electrostatic attraction.
On the other hand, in the second layer, the surfactant is adsorbed by interactions
between the surfactant molecules already adsorbed and the surfactant molecules
in the solution. The van der Waals interactions occurred between alkyl chains of
DDTMA molecules.

In general, a typical isotherm of a surfactant on clays can be subdivided into four
regions by plotting on a log-log scale [37]. Each region is identified by the change in
the slope of the isotherm. These four regions can be seen in the isotherm of HDTMA
on vermiculite, as depicted in Fig. 3, and the three concentrations limiting these
regions are designated as C1, C2 and C3.

Table 1 Bimodal isotherm parameters for the adsorption on DDTMA and BTMA on vermiculite
at pH = 7 and T = 25 °C [34]

Surfactant Ce1 (mmol/L) KL1 (L/mmol) KL2 (L/mmol) qm1 (mmol/kg) qm2 (mmol/kg)

DDTMA 25.0 0.888 0.046 266.4 1484.7

BTMA 20.0 0.277 0.222 309.4 600.5
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Fig. 3 Schematic
illustration of the different
regions in the adsorption of
the HDTMA on vermiculite
[34]
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In region I, the shape of the surfactant adsorption isotherm varies depending on
the type of exchangeable cations initially present in the clay. At very low concentra-
tions, the cationic surfactant monomers are electrostatically adsorbed and randomly
distributed on the surface, and nonpolar side interactions do not occur between
the alkyl chains of the adsorbed surfactant molecules. In this region, the surfactant
adsorption mechanism is mainly by cation exchange [32] and exhibits an asymptotic
behavior.

For concentrations above C1, the surfactant begins to be adsorbed by hydrophobic
bonding between the alkyl chains of the surfactant. The mass of surfactant adsorbed
increased linearly in region II, as shown in Fig. 3. This sudden increase in the mass
of surfactant adsorbed was due to lateral interactions between adsorbed monomers,
resulting in surfactant aggregation on the surface [38].

An inflection point can be noted in the adsorption isotherm at C2. The amount of
surfactant adsorbed increases sharply when the equilibrium concentration is between
C2 and C3 (Region III) and then becomes asymptotic when the equilibrium concen-
tration is higher than C3 (Region IV). The surfactant molecules are packed densely
in the interlayer spacing at high concentrations, increasing the lateral interactions
between the adsorbed surfactant molecules and resulting in a higher uptake of
surfactant.

The surfactant can be adsorbed on the external surface and the interlayer spacing of
the clays. In other words, the surfactants can intercalate within the interlayer spacing.
The intercalation process depends on the nature and molecular size of the surfactant
and the physicochemical properties of the clay, such as the charge density of the clay
layer and cation exchange capacity. The organoclays would be more organophilic
by increasing the length of the surfactant alkyl chain and the cationic surfactant/clay
ratio, and the interlaminar spacing would be greater [39, 40].

The intercalation of the surfactant molecules can be corroborated by the widening
of the interlayer or basal spacing reported during the modification of the natural
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clay to prepare the organoclay. The intercalation of HDTMA increased the inter-
laminar spacing of bentonite from 1.26 to 1.99 nm [41] and 1.58 to 2.01 nm [31,
34]. Similar values of the interlayer spacing for bentonite and OBHDTMA were
reported by Majdan et al. [42]. The increase in the basal spacing of 0.73 nm revealed
that the surfactant cations intercalated were arranged in the form of a bilayer [32,
42]. Martínez-Costa [34] studied the adsorption of HDTMA, DDTMA and BTMA
on vermiculite and determined the basal spacing for the vermiculite, OVHDTMA,
OVDDTMA and OVBTMA to be 1.44, 1.69, 1.51 and 1.43 nm, respectively. The
increase of the interlayer spacing for OVHDTMA of 0.25 nm revealed that the inter-
calation of HDTMA is very slight, and the surfactant cations may be lying flat on the
surface, forming a monolayer. In other studies, the interlayer spacing of vermiculite
increased considerably from 1.49 to 5.23 nm after the adsorption of HDTMA [43],
and the surfactant molecules presented a paraffin-type arrangement. These results
show that the intercalation depends on the clay nature, physicochemical properties
of surfactant and synthesis conditions of organoclay.

The surfactant arrangement in the surface and within the interlayer space of the
clay sheets depends on the packing density, temperature and length of the alkyl chain
[44, 45]. The configurations of the surfactant adsorbed vary between monolayer and
bilayer structures. The arrangements of the surfactant molecules have been desig-
nated as monolayers, bilayers, pseudo-trimolecular layers and paraffin-type with
different tilting angles of the alkyl chains depending on the amount of surfactant
adsorbed [46, 47]. These arrangements of the surfactant molecules are illustrated in
Fig. 4.

Fig. 4 Representation of the stages to form a monolayer and a bilayer on the external surface and
interlayer spacing of a clay [34]
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5 Surface Charge of Organoclays

Figure 5 shows the zeta potential of natural vermiculite and organovermiculite in
the pH range of 2–13. The zeta potential of organovermiculite and vermiculite was
reduced by increasing the pH from 2 to 11, but the surface of the organovermiculite
was always positive, while that of vermiculite was always negative. The isoelectric
point of the organovermiculite was pHIEP = 12.2, while the pHIEP of the vermiculite
was slightly lower than pH = 2. The adsorption of the HDTMA surfactant on the
vermiculite drastically modified the nature and surface charge. Similar results were
reported for the adsorption of HDTMA on bentonite [31, 48].

The zeta potential of organoclay is dependent upon the loading or uptake of
surfactant adsorbed because the surfactant modifies the charge of the surface of the
clay. The effect of the uptake of HDTMA upon de zeta potential of OVHTMA is
depicted in Fig. 6. As expected, the zeta potential increased considerably by raising

Fig. 5 Zeta potential
distribution and pHIEP of
natural vermiculite and
OVHDTMA. The lines
represent the polynomial
fitting of the data [34]
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Fig. 6 Effect of uptake of
HDTMA adsorbed on the
zeta potential of OVHDTMA
at T = 25 °C and pH = 7 [34]
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the uptake of HDTMA adsorbed because the surface charge of the organoclay is due
to the surfactant adsorbed on the clay surface.

6 Adsorption Mechanisms of Pollutants on Organoclay

The organoclays have been applied for adsorbing organic compounds, metallic
cations and anions, and inorganic anions from water solution. The adsorption mech-
anism of a pollutant on organoclays is dependent upon the type of pollutant and the
physicochemical characteristics of the organoclay.

To better understand the adsorption of any pollutant on organoclays is important to
know the organoclay structure. Figure 4 shows that the different configurations of the
organoclay depending upon the surfactant loading. An illustration of an organoclay
with a high surfactant loading is schematically depicted inFig. 7. The electrostatic and
ion exchange interactions between the quaternary ammonium group of the surfactant
and the cationic sites of the clay surface are shown. The Van der Waals interactions
between the alkyl chains of the surfactants are also illustrated.

As illustrated in the above figure, the organoclay has cationic and anionic sites
where cations and anions canbe adsorbed from the aqueous solution.The anionic sites
are formed by the quaternary ammonium group of the surfactant, and the cationic
sites are the emptied cationic sites of the original clay that were no occupied by
the surfactant molecule. The organic compound can be present in water solution
as nondissociated or neutral, cationic and anionic molecules. The undissociated
and ionic organic molecules can accumulate or sorb in the organic phase due to
organophilic or hydrophobic interactions.

Fig. 7 Schematic illustation of the interactions and active sites of organoclay
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7 Adsorption of Pollutants on Organoclays

7.1 Adsorption of Organic Compounds on Organoclays
from Water Solution

The adsorption of organic compounds on organoclays has been extensively studied.
The organic compounds included anionic and cationic dyes, non-ionic hydrophobic
organic compounds, chlorinated phenolic and pharmaceutical compounds, pesticides
and herbicides [25, 47, 49].

In several works [28, 34, 50], it has been shown that the adsorption capacity of
organoclays towards organic compounds is dependent on the size of the surfactant
molecule. The capacities of the organobentonites OBODTMA, OBHDTMA and
OBDDTMA for adsorbing α-naphthylamine, β-naphthylamine, naphthol, nitroben-
zene and aniline exhibited the following decreasing order OBODTMA >OBHDMA
> OBDDTMA, so the adsorption capacity diminished, reducing the length of
the octadecyl (OD), hexadecyl (HD) and dodecyl (DD) chains [28]. The adsorp-
tion isotherms of α-naphthylamine, β-naphthylamine and naphthol were satis-
factorily represented by the Freundlich isotherm. The adsorption capacity of
OBODTMA increased drastically at low concentrations, indicating a high affinity of
the organobentonite for these pollutants. The adsorption isotherms of nitrobenzene
and aniline presented a linear behavior suggesting that the main adsorption mecha-
nism is partitioning of both pollutants between the organic phase of the organoclay
and the water solution due to hydrophobic or organophilic interactions.

Additionally, Lee et al. [50] investigated the adsorption of naphthalene and
phenanthrene on smectite modified with the surfactants tetramethylammonium
bromide (TMA), HDTMA and DDTMA. The organosmectites synthesized by Lee
et al. [50] were designated as OSTMA, OSHDTMA and OSDDTMA. The capacity
of the organosmectites for adsorbing naphthalene decreased in the following order:
OSHDTMA > OSDDTMA > OSTMA. Martínez-Costa [34] studied the adsorption
of pyrogallol on the organobentonites OBHDTMA, OBDDTMA and OBBTMA,
and the adsorption capacity of organobentonites towards pyrogallol decreased in the
following order OBHDTMA > OBDDTMA ≈OBBTMA. Furthermore, the adsorp-
tion capacities of OBHDTMA towards pyrogallol and OSHDTMA and OSDDTMA
towards naphthalene increased almost linearly with the surfactant loading of the
organoclay. The above results demonstrated that the adsorption capacity of the organ-
oclays is dependent upon the size of the surfactant and surfactant loading of the
organoclay because the volume of the organic phase of the organoclay increased
with the size and loading of the surfactant.

The adsorption capacity of the organobentonite OBHDTMA towards 2,4-
dichlorophenoxyacetic acid (2,4-D) at pH= 4 and phenol at pH= 5 was analyzed by
Jacobo-Azuara et al. [41] and found that the capacity of OBHDTMA for adsorbing
phenol was higher than that for 2,4-D at the equilibrium concentrations higher than
3 mmol/L. However, the opposite behavior occurred for concentrations less than
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Fig. 8 Illustration of the sorption of 2,4-D (pH = 4) and phenol (pH = 5) on organobentonite
OBHDTMA

3 mmol/L. The adsorption equilibrium data of phenol on OBHDTMA was inter-
preted by the Langmuir isotherm, whereas that bimodal Langmuir isotherm fitted
the data for 2,4-D. Accordingly to the speciation diagrams, the phenol in water solu-
tion at pH = 5 is predominantly present as the protonated or undissociated species,
and the 2,4-D is present as the protonated species (80%) and the deprotonated species
or 2,4-D anion (20%) [51]. The adsorption of phenol and 2,4-D on organobentonite
is schematically illustrated in Fig. 8.

As shown in the above figure, the 2,4-D anion was sorbed in the anionic sites, and
the protonated species of 2,4-D and phenol were sorbed in the organic phase of the
organoclay due to organophilic and hydrophobic interactions.

The effect of the substituent groups in the adsorption of phenolic compounds on
organoclay was studied by determining the adsorption isotherms of phenol, hydro-
quinone and pyrogallol on OVDDTMA from water solution [34], and the adsorption
isotherms of these phenolic compounds are graphed in Fig. 9. Pyrogallol, hydro-
quinone and phenol have three, two and one OH groups, respectively, and the values
of the Octanol/Water Partition Coefficient, LogKOW, are 0.21, 0.88 and 1.46 [52],
respectively. The adsorption capacity of OVDDTMA decreased in the following
order pyrogallol > hydroquinone > phenol, and the values of LogKOW increased
in the same order. Hence, the higher adsorption capacity of OVDDTMA can be
attributed to the larger hydrophobicity of the phenolic compound. In other words,
the affinity of the phenolic compound towards the organic phase decreases in the
same order as the adsorption capacity.
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Fig. 9 Adsorption isotherms
of hydroquinone, phenol and
pyrogallol on OVDDTMA at
pH = 7 and T = 25 °C. The
lines represent the
predictions of the Langmuir
(L) and Freundlich (F)
isotherms [34]
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7.2 Adsorption of Anions on Organoclays from Water
Solution

Several anions are present in water solutions, and some of them are very toxic and
represent a health risk to human health. Among the very toxic anions are arsenate
(AsO3−

4 ), chromate (CrO2−
4 ), hydrogen chromate (HCrO−

4 ) and perchlorate (ClO
−
4 ),

and the less toxic are nitrate (NO−
3 ) and phosphate (PO3−

4 ). These anions can be
effectively removed from water solution by adsorption on organoclays. The adsorp-
tion mechanism of the anions on the organoclay is illustrated in Fig. 10. The anions
can adsorb on the cationic sites of the organoclay as shown for AsO3−

4 and HCrO−
4 .

Fig. 10 Illustration of the sorption of arsenate (AsO3−
4 ) and hydrogen chromate (HCrO−

4 ) on
organoclay
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The cationic sites are the quaternary ammonium groups of the surfactant and the
anions are adsorbed by forming some complexes with the cationic sites.

The adsorption of Cr(VI) on organoclays has been investigated by several authors
[29, 42, 53, 54]. The adsorption of Cr(VI) in aqueous solution on OBHDTMA and
montmorillonite modified with HDTMA (OMHDTMA) was analyzed by Leyva-
Ramos et al. [54] and Majdan et al. [42], respectively. These authors found that
depending on the solution pH, Cr(VI) was adsorbed as hydrogen chromate or chro-
mate and the adsorption capacity of organoclays decreased by raising the solution
pH. Krishna et al. [55] modified smectite and kaolinite with the surfactant HDTMA
and reported that the modification of these clays significantly enhanced the capacity
for adsorbing chromate and hydrogen chromate from an aqueous solution. Further-
more, Majdan et al. [42] postulated that the hydrogen chromate or chromate anions
adsorbed on OMHDTMA by forming a complex with the quaternary ammonium
groups of the surfactants.

Su et al. [56] synthesized organoclays by adsorbing octadecyltrimethylammo-
nium chloride (OTMA), dioctadecyldimethylammonium chloride (DODMA) and
octadecyl benzyldimethylammonium chloride (OBDMA) on bentonite, and the
organobentoniteswere denominated as SMB1, SMB2andSMB3, respectively. These
authors studied the adsorption of As(III) and As(V) on these organobentonites and
the decreasing order of adsorption capacity towards As(V) was SMB3 > SMB1 >
SMB2 and that towards As(III) was SMB2 > SMB1 > SMB3, corroborating that
the adsorption capacity of the organoclays is dependent on the characteristics of the
surfactant and the anionic species present in solution.

Bentonite, kaolinite and halloysite were modified with HDTMA, and the organ-
oclays were tested for removing nitrate [57], and the results indicate that the
adsorption capacity decreased as follows organobentonite > organohalloysite ≈
organokaolinite. This trend was explained considering that the CEC of the bentonite
was about 6.8 times those of halloysite and kaolinite, so much more HDTMA was
adsorbed on bentonite than on the other clays, and the adsorption capacity of the
organobentonite was nearly 7.6 times higher than those of the other two clays. This
result substantiates that the adsorption capacity of organoclays is influenced by the
nature of the precursor natural clay.

7.3 Adsorption of Cations on Organoclays from Water
Solution

The adsorption capacity of natural clays is reduced by the modification with the
surfactant molecules because some of the cationic sites of the clay were partially
occupied by the cations of the surfactant during the modification. Hence, the cations
in the solution can be adsorbed on the unoccupied cationic sites of the organoclay.
This adsorption mechanism is illustrated in Fig. 11 for the adsorption of Cd2+ and
Pb2+ from the water solution.
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Fig. 11 Schematic representation of the adsorption mechanism of cations on organoclay

Recently, it has been reported that the adsorption of metal cations on organ-
oclays from water solutions can be increased considerably if the organoclays were
previously loaded with an organic compound. Martínez-Costa et al. [58] noted that
the adsorption capacity of OBHDTMA towards Cd(II) was enhanced by sorbing
diclofenac (DCF) and the adsorption capacity increased with the loading of DCF
adsorbed. The enhancement of the adsorption capacity was up to 50%, depending
on the loading of DCF sorbed [59].

The adsorption of Cd(II) on bentonite and OBHDTMA was evaluated by
Martinez-Costa [34], and the experimental data and the adsorption isotherms are
depicted in Fig. 12. As seen in this figure, the adsorption capacity of OBHDTMA
was only slightly affected for the equilibrium concentrations of Cd(II) less than

Fig. 12 Adsorption
isotherm of Cd(II) on
bentonite, OBHDTMA and
OBHDTMA loaded with
pyrogallol at pH = 7 and T
= 25 °C. The lines represent
the predictions of the
Freundlich (F) isotherm [34]
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300 mg/L; however, the adsorption capacity of OBHDTMAwas reduced for equilib-
rium concentrations of Cd(II) greater than 300 mg/L. At a concentration of Cd(II) at
equilibrium of 500 mg/L, the mass of Cd(II) adsorbed on bentonite and OBHDTMA
was 17.7 and 12.2 mg/g, respectively, so that the adsorption capacity of OBHDTMA
was reduced about 31%. Moreover, the adsorption capacity of OBHDTMA loaded
with pyrogallol towards Cd(II) was higher than that of bentonite and OBHDTMA.
The presence of pyrogallol inOBHDTMAenhanced the adsorption capacity between
40 and 60%. This synergistic effect of the pyrogallol can be attributed to theπ-cation
interactions occurring between Cd2+ cations in water solution and the π-electrons of
the aromatic rings of the pyrogallol sorbed on the OBHDTMA [58].

8 Effect of the Operating Conditions on the Adsorption
Capacity of Organoclays

8.1 Effect of PH on the Adsorption Capacity of Organoclays

The effect of the pHon the adsorption capacity of an organoclay can be affected by the
interaction between the species of pollutants present in the solution and the surface
characteristics of the organoclay. Depending upon the nature of the pollutant, the
pollutants in water solutions can be present as nondissociated, anionic and cationic
species.

The effect of pH on the adsorption capacity of the organobentonite towards phenol
is illustrated in Fig. 13, and the adsorption capacity remained essentially constant
when the pHwas increased from 5 to 7. In contrast, the adsorption capacity decreased

Fig. 13 Effect of pH on the
adsorption isotherm of
phenol on organobentonite at
T = 25 °C. The lines
represent the prediction of
the Langmuir isotherm [60]
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considerably by increasing the pH from 7 to 12. At an equilibrium concentration of
1700 mg/L, the maximum adsorption capacity was 110 mg/g at pH of 5 and 7 and
40 mg/g at a pH of 12. Thus, the adsorption capacity decreased 2.7 times when the
pH was reduced from 5 to 12.

This behavior can be explained by recalling that phenol is mainly present as the
nondissociated species in the pH range 5–7 and as the anionic species or phenolate at
pH above 10 [41]. The point of zero charge of the organobentonite was determined
to be pHPZC = 10 [60], showing that the surface charge of the organobentonite is
positive for pH < pHPZC and negative for pH > pHPZC. Hence, the adsorption of
phenol on the organobentonite can be attributed to organophilic and hydrophobic
interactions in the pH range 5–7. Furthermore, the electrostatic repulsion between
the negatively charged surface of the organobentonite and the phenolate at pH = 12
resulted in a reduction of the adsorption capacity.

Similar behavior was observed for the adsorption of 1-naphthalene sulphonic acid
(NSA) and methyl blue (MTB) onto organobentonite in the pH range of 5–12 [61].
In the pH range 5–12, MTB and MTB are present as anionic species so that the
electrostatic attraction favored the adsorption capacity for pH below pHPZC. The
adsorption capacity of organobentonite towards MTB and NSA exhibit a minimum
at pH = 12 because of electrostatic repulsion.

An opposite behavior had been noticed for the adsorption of methylene blue (MB)
because the capacity of organobentonite for adsorbingMBwas reduced by increasing
the pH solution from 3 to 11, and the maximum adsorption capacity was exhibited at
pH = 11 [61]. It is very well documented that undissociated (MB°) and the cationic
species (MB+) can coexist at pH = 3.8, and the MB+ is the predominant species for
pH higher than 5. At pH = 11, the enhancement of the adsorption capacity can be
rationalized by considering that electrostatic attraction occurred between the MB+

and the negatively charged surface of the organobentonite.

8.2 Effect of Temperature on the Adsorption Capacity
of Organoclays

At pH= 5, the adsorption isotherms of phenol on organobentonite at 15, 25 and 35 °C
at pH = 5 are depicted in Fig. 14. As shown in this figure, there was no significant
difference in the adsorption capacity of organobentonite when the temperature was
raised from 25 to 35 °C, but a decrease in the adsorption capacity was observed when
the temperature was reduced from 25 to 15 °C. At an equilibrium concentration of
1500 mg/L, the mass of phenol adsorbed was 115 mg/g for a temperature of 25 and
35 °C and 70 mg/g at the temperature of 15 °C. Thus, the mass of phenol adsorbed
on organobentonite decreased 1.6 times by decreasing temperature from 25 to 15 °C.

The dependence of the adsorption capacity of organoclay on temperature was
also analyzed for the adsorption of diclofenac [58, 59] and pyrogallol [31, 34] on
organobentonite. The results demonstrated that the adsorption capacity towards both
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Fig. 14 Effect of the
temperature on the
adsorption isotherm of
phenol on organobentonite at
pH = 5. The lines represent
the Langmuir isotherm [60]
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organic pollutants increased by raising the temperature from 15 to 35 °C so that the
adsorption of both organic pollutants was endothermic.

The isosteric heat of adsorption of these pollutants on organobentonite was
estimated by the following equation [62]:

(�Hads)q = RLnCAe1
CAe2

1
T1

− 1
T2

(3)

where CAe1 and CAe2 are the equilibrium concentrations of pollutant at the tempera-
tures of T1 and T2, respectively, both at the same uptake of pollutant, mmol/L; R is
the universal gas law constant, 8.314 J/mol K; and (�Hads)q is the isosteric heat of
adsorption of pollutant on organoclay, J/mol.

The (�Hads)q of pyrogallol and DCF on organobentonite were estimated to be
36.5 kJ/mol and 11.5 kJ/mol for an uptake of pollutant adsorbed of 98.1 mg/g and
114 mg/g, correspondingly [34, 59]. These values corroborated that the adsorption
was endothermic, and the adsorption was physical because the (�Hads)q was less
than 40 kJ/mol [63].

As pointed out above, the adsorption capacity is dependent on the nature of
the pollutant, and the effect of temperature on the adsorption capacity can also
be affected. The adsorption isotherm of the antibiotic trimethoprim (TMP) from
aqueous solution onto organobentonite is graphed in Fig. 15. As seen in this
figure, the adsorption capacity of the organobentonite towards trimethoprim (TMP)
decreased by increasing the temperature from 15 to 35 °C. This trend is contra-
dictory to the behavior argued above. Thus, the adsorption of TMP on organoben-
tonite is exothermic. It is important to point out that the adsorption capacity of the
organobentonite towards TMP is very low compared to that towards pyrogallol and
DCF.
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Fig. 15 Effect of
temperature on the
adsorption isotherm of TMP
on organobentonite at pH =
7. The lines represent the
Langmuir isotherm [59]

0 50 100 150 200 250
Concentration of TMP at equilibrium, mg/L

0

5

10

15

20

25

M
as

s o
f T

M
P 

ad
so

rb
ed

, m
g/

g

T = 15 °C
T = 25 °C
T = 35 °C

9 Conclusions

The modification of the nature of the clay surface represents a novel alternative for
the preparation of adsorbents for removing toxic pollutants from water solutions.
The synthesis of organoclays is based upon the adsorption of surfactants on the
clay surface, and the characteristics of the organoclay are highly dependent on the
synthesis conditions.

The type and physicochemical properties of the surfactant play a significant role
in the adsorption capacity of the organoclay. The adsorption capacity of the organ-
oclay is highly affected by the type and molecular size of the surfactant and loading
or uptake of surfactant adsorbed. Besides, the surfactant can be adsorbed on the
external surface and the interlayer spacing of the natural clay. The intercalation of
the surfactants within the interlayer spacing happens in higher quantity the longer
the length of the alkyl chain of the surfactant. It is crucial to understand the different
arrangements or configurations of the surfactant adsorbed, and these configurations
can be monolayers, bilayers, pseudo-trimolecular layers and paraffin-type layers and
can be formed on the external surface and interlayer spacing.

The organoclays can be effectively applied for removing different types of
organic pollutants such as anionic and cationic dyes, non-ionic hydrophobic organic
compounds, chlorinated phenolic and pharmaceutical compounds, pesticides and
herbicides. The organoclays exhibited a reasonably high adsorption capacity towards
very toxic metallic and inorganic anions such as chromate, hydrogen chromate,
arsenate and arsenite.

The adsorption mechanisms of the pollutants on the organoclay depend on the
operating conditions such as solution pH and temperature, and the types of pollutant
species present in the water solution. In general, the adsorption mechanisms include
electrostatic attraction, ion exchange and organophilic and hydrophobic interactions.
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