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Abstract

We present an overview of progress in understanding the behavior of water in porous carbons at the molecular
level. We survey experimental investigations, semi-empirical approaches, and simulation studies. Experimental work
faces a number of challenges: the determination of the distribution of carbon microcrystal sizes, the densities and
species of surface groups, the topological nature of the connected pore structure, and pore size distributions. The lack
of experimental characterization, together with the uncertainty in the intermolecular potentials involved, has thwarted
molecular simulation efforts thus far. A concerted approach that links experimental and simulation efforts appears
promising in gaining a better understanding of the behavior of water in porous carbons. Experimental results could
aid in the development of realistic carbon models and improve the intermolecular potentials used in the simulation
studies. In a complementary fashion, molecular simulation could help improve characterization methods of both the
carbon structure and the surface chemistry. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction also widely used as electrode materials in fuel
cells, as catalyst supports, and as fibers for struc-

Activated carbons are the most widely used tural reinforcement in composites or filters. The
industrial adsorbent for removing contaminants presence of water in graphitic and activated car-
and pollutants from gaseous, aqueous and non- bons can severely handicap the intended process.
aqueous streams, due in part to their uniquely For example, quite low humidities in gases enter-
powerful adsorption properties and the ability to ing industrial adsorbers are known to have a large
readily modify their surface chemistry. They are effect on the capacity and selectivity for the re-

moval of organic and inorganic contaminants

* Corresponding author. Tel.: + 1-919-513-2051; fax: + 1- (see, e.g. Ref. [I]). Slmll_arlyf small amounts of
919-513-2470. water often reduce the diffusion rates of alkanes
E-mail address: jbrennan@unity.nscu.edu (J.K. Brennan). in microporous media by an order of magnitude

0927-7757/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
PIL: S0927-7757(01)00644-6



540 J.K. Brennan et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 187188 (2001) 539568

[2]. The mechanism producing these effects is
poorly understood.

The adsorption of water on activated carbons is
quite different from that of non-associating simple
fluids, such as nitrogen, carbon dioxide, or hydro-
carbons [3]. The main underlying differences stem
from the strong water—water interactions, the
weak water—carbon interactions, and the forma-
tion of hydrogen bonds with oxygenated groups
on the surface. Therefore, our understanding of
the behavior of simple fluids in confinement can-
not be applied to water in porous carbons.

Progress in understanding the behavior of wa-
ter in activated carbons at a molecular level has
been slow for several reasons. Activated carbons
are derived from a wide variety of precursors, and
thus their amorphous pore structure has proved
to be among the most difficult to characterize.
Experimental characterization of these materials
faces a number of challenges, including, determin-
ing (a) the distribution of carbon microcrystal
sizes; (b) the densities and species of surface
groups; (c) the topological nature of the con-
nected pore structure; and (d) pore size distribu-
tions. The details of pore filling are sensitive to
the size and arrangement of graphite microcrys-
tals, the pore size distribution, the species and
arrangement of the surface groups, etc. Little is
known of the effect of these variables on phase
changes (e.g. capillary condensation and freezing)
for confined water, although these transitions are
known to be strongly dependent on the species
and density of the surface sites. The molecular
role played by water adsorption in mixtures is
also poorly understood.

The lack of experimental characterization, to-
gether with the uncertainty in the intermolecular
potentials involved, have thwarted molecular sim-
ulation efforts thus far. A coordinated approach
that links experimental and simulation efforts ap-
pears promising in gaining a better understanding
of the behavior of water in porous carbons. Ex-
perimental results could aid in the development of
realistic carbon models and improve the inter-
molecular potentials used in the simulation stud-
ies. In a complementary fashion, simulation could
help improve characterization methods of both
the carbon structure and the surface chemistry.

Improved characterization of the activated car-
bons and further understanding of the adsorption
mechanism can only come from a joint effort that
combines structural investigations (neutron scat-
tering, small angle X-ray scattering (SAXSY),
TEM), surface characterizations (Fourier trans-
form infrared spectroscopy (FTIR), X-ray pho-
toelectron spectroscopy (XPS), Boehm and
potentiometric titration), and adsorption studies
(adsorption isotherms, isosteric heats) with molec-
ular simulations based on realistic models.

In this paper, we present an overview of recent
progress in understanding the behavior of water
in porous carbons at the molecular level. We
survey experimental investigations, semi-empirical
approaches, and simulation studies. In Section 2,
we review experimental works. The classical, semi-
empirical methods of correlation are discussed in
Section 3. Next (Section 4) we explore methodolo-
gies for modeling realistic carbon structures. We
also review the current state of intermolecular
potential models for water and oxygenated sites
on the carbon surface. Finally (Section 5), we give
an overview of the molecular simulation work
that has been done on the adsorption of water in
microporous carbons.

2. Experimental studies

In this section, we present an overview of exper-
imental investigations of the behavior of water in
porous carbons. First, we provide an overall de-
scription of the adsorption behavior, followed by
a review of studies to characterize the surface
chemistry of activated carbons.

2.1. Adsorption behavior

Although many papers have been published
describing the behavior of water—carbon systems,
there is a lack of consensus in understanding the
mechanism of the adsorption and in explaining
the shape of the resulting isotherms [4—43]. Sev-
eral predictive models have been proposed; unfor-
tunately all of them have failed to satisfactorily
describe the isotherms over the entire relative-
pressure range P/P,, (where P, is the bulk fluid
saturation pressure) [4-8,11,16,19].
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The isotherms of water adsorption differ signifi-
cantly from the adsorption of organic com-
pounds. This is illustrated in Fig. 1, where
adsorption isotherms for n-hexane and water on
graphitized carbon black are shown. For n-hex-
ane the dispersion interaction with the carbon
atoms is strong, leading to significant adsorption
at low pressure, followed by a buildup of further
adsorbed layers as pressure is increased. By con-
trast, the adsorption of water is essentially zero
for P/P,<0.7, and remains small up to P/P,=
1.0. The dispersion interaction for water is small.
More importantly, the adsorption behavior is de-
termined by the ratio of the fluid—wall attractive
interaction to the fluid—fluid attractive interaction
[44]. For water this ratio is very small, due to the
strong hydrogen bonding (H-bonding) between
water molecules. Graphitized carbon does not
have an appreciable number of surface groups for
water to H-bond to.
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For porous carbons having some oxygenated
surface groups, the most commonly reported
isotherms are of IUPAC classification Type V
(S-shape), where sorption at low relative-pressure
is negligible and a significant uptake occurs at
higher pressure (usually at P/P, around 0.5). An-
other common feature of such water isotherms is
a hysteresis loop that increases with increased
burn-off of carbon [4]. Examples of such
isotherms are shown in Fig. 2. These isotherm
shapes are a consequence of the hydrophobic
nature of the activated carbon surface. When the
density of polar groups on the carbon surface are
reduced, thus decreasing the surface hydrophobic-
ity, the isotherms change shape and are classified
as Type IV [11,20], Type III [22,23], or Type II
[24]. The density of polar groups on the surface
can be controlled by heating the carbon in a
reducing atmosphere (thus decreasing the surface
density of groups) or an oxidizing one (to increase
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Fig. 1. The adsorption isotherms of n-hexane (A) and of water (B) on graphitized carbon black [3]. Solid symbols denote desorption.

Reprinted from Ref. [3] with permission from Academic Press.
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Fig. 2. The adsorption of water by samples 1 (circles) and 2
(triangles) at 293 K, containing, respectively, 4.6 and 26.5% of
primary centers. Open symbols refer to desorption data.
Reprinted from Ref. [27] with permission from Elsevier Sci-
ence.

group density). Some examples of experimental
isotherms for different types of carbons treated in
this way are presented in Figs. 3 and 4. The
differences in the shape of the isotherms in these
figures are the result of the combined effects of
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Fig. 3. Adsorption isotherms for water vapor on SAPEX
carbon black samples, before and after oxidation using various
reagents. Reprinted from Ref. [21] with permission from the
Journal of Colloids and Interface Science.
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Fig. 4. Adsorption of water vapor on oxygenated carbons: (I)
heated in vacuo at 200°C; (II) in vacuo at 950°C; (III) in vacuo
at 1000°C; (IV) at 1100°C in a hydrogen stream; (V) in
hydrogen at 1150°C; (VI) in hydrogen at 1700°C; and (VII) at
3200°C. Reprinted from Ref. [13] with permission from Aca-
demic Press.

carbon hydrophobicity and the presence of sur-
face functional groups that act as primary adsorp-
tion centers. It is believed that water molecules
are adsorbed strongly on the surface sites via
H-bonding. This is followed by further adsorption
that results in the creation of water clusters, and
eventual pore filling. When the density of groups
is relatively high, a Type II isotherm is obtained.
In contrast, for carbons having no surface groups
(graphitic carbon), a Type III (non-porous car-
bons) or Type V (porous carbons) isotherm is
expected. For graphitic carbons, at low pressure
the adsorption is negligible while capillary con-
densation occurs at about P/P, ~ 0.5. These find-
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ings have lead to a few widely accepted general-
izations of the mechanism of water adsorption
which includes the following steps: (1) the adsorp-
tion of water on surface functional groups; (2) the
adsorption of water on previously adsorbed water
molecules and subsequent cluster formation; (3)
pore filling occurs at about P/P,=0.5; and (4) a
plateau is reached at high pressure when all pores
are filled.

A closer look at the isotherms measured at very
low pressure reveals more information about the
adsorption process and cluster formation. Ad-
sorption isotherms obtained for carbons having
varying densities of oxygenated groups showed
that at very low pressure the general shape of the
isotherms is similar, regardless of the type of
carbons [12,37,38]. Such behavior is illustrated in
Fig. 5 for a single carbon sample. This behavior
has been found to be consistent at different
temperatures.

When adsorption experiments are carried out at
various temperatures one can calculate the isos-
teric heats of adsorption (Q,,) from the Clapeyron
equation, provided that the process is reversible
and that adsorption equilibrium is achieved
[12,37,41,43]. When Q, is calculated from
isotherms for which the first measured point is at
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P/P,~0.1, Q, was found to have values very
close to the latent heat of bulk water condensa-
tion, 45 kJ mol ' [29,30,39]. This finding indi-
cates that the formation of water clusters around
primary sites must occur at very low relative-pres-
sure, below P/P,~ 0.1, so that subsequent ad-
sorption is with pre-adsorbed water molecules.
The low surface coverage regime has been
reached using chromatographic techniques, and
the heat of water adsorption reported for non-
porous carbon black (assuming a monolayer of
adsorbed water) was about 20 kJ mol ~! [31]. This
low value (much lower than the heat of condensa-
tion) is consistent with the low affinity of the
graphene surface towards the water molecule.
Similar values calculated from carefully measured
isotherms in the pressure range from 1 to 3 Torr
was reported by Naono et al. [41] on hydrophobic
microporous activated carbons. Their surface cov-
erage was higher by 0.02 molecules nm ~2 than
that for the carbon used in Ref. [31], and the heat
showed an increasing trend with adsorption cov-
erage, from 15 to 32 kJ mol~! depending on the
type of carbon (Fig. 6). The authors suggested
that the trend was due to an increase of energy
from more water—water interactions. Salame and
Bandosz observed a similar trend in the heat of
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Fig. 5. Examples of water adsorption isotherms on activated carbons for the full pressure range up to P/P,=1 (figure at left) and

at low pressure (center and right figures).
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Fig. 6. Differential enthalpy of adsorption (— AH,) of water
vapor for high surface area activated carbon (I: AC-1) and
activated carbon fiber (II: AC-2). Reprinted from Ref. [41]
with permission from the Journal of Colloids and Interface
Science.

adsorption on various activated carbons with dif-
ferent degrees of surface oxidation [12,37,38,43],
as shown in Fig. 7. However, in that study the
heat of condensation of bulk water was reached at
a relatively low surface coverage (less than 1
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Fig. 7. Isosteric heats of water adsorption on initial and
oxidized carbons. The horizontal dashed line is the latent heat
of condensation of bulk water.
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Fig. 8. Dependence of the amount of water adsorption at
which the isosteric heat becomes equal to the bulk heat of
condensation on the density of carboxylic and acidic groups of
one series of activated carbons.

molecule nm ~2). The coverage at which the heat
of adsorption was equal to the heat of condensa-
tion was directly proportional to the number of
surface oxygen groups. Additionally, surface oxy-
gen groups with carboxylic sites were found to be
the strongest adsorption centers (Fig. 8). The
initial values of the heat were higher (by ~ 30
kI mol~") for strongly oxidized carbons com-
pared to materials with less severe oxidative treat-
ment. For carbons with a low density of groups,
the initial reported heat was between 17 and 20
kJ mol —'. The steep rise exhibited in the plot of
the dependence of the heat on coverage for oxi-
dized carbon suggests rapid cluster formation.
This results in an increased heat due to the in-
creasing contribution of H-bonds. The H-bond
energy for water with surface groups should be
about 10—14 kJ mol — !, so that the observed trend
is consistent with the mechanism of the physical
adsorption process and cluster formation [14].

It was found that pore size plays a significant
role in the observed energetics of the adsorption
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process [12,43]. In small pores, bridging between
clusters occurs at very low pressure and the re-
leased heat of condensation makes any further
heat effect insensitive to surface chemistry or
porosity. It was also found that when pores are
too small to accommodate functional groups, the
released heat at very low relative-pressure is equal
to the heat of condensation and has even been
observed to be a few kiloJoules per mole above
the heat of condensation [43]. This is consistent
with the findings of Kaneko and coworkers [9,10]
who studied the adsorption of water in molecular
sieving carbons. Based on X-ray diffraction of the
adsorbed water molecules, they concluded that
water forms an ordered assembly structure in the
hydrophobic nanospace. The estimated size of
such a cluster is about 0.6 nm, and is likely
associated with the macroscopic anomalies of wa-
ter confined in a small pore. If such a structure
exists, it may result in a release of heat equal to
the heat of condensation at very low relative-pres-
sure. When the cluster is located in pores equal to
its size, it may also slightly enhance the adsorp-
tion energy due to dispersive interactions with the
pore walls.

An increasing trend in the differential heat of
water adsorption on non-porous carbon adsor-
bents with varying number and density of primary
adsorption centers was also reported by Var-
tapetyan et al. [40]. They found that the heat of
immersion increases with an increasing amount of
pre-adsorbed water up to the maximum adsorp-
tion, implying that the differential heat of adsorp-
tion is lower than the heat of condensation over
the entire range of filling. The recorded heat
started at about 10 kJmol~' and reached the
heat of condensation for an adsorption of ~4
umol g ~!. Results obtained for these non-porous
carbons found only 40% of the surface occupied
by clusters at the saturation pressure because
distances between neighboring clusters were big-
ger than their diameters. The clusters that formed
consisted of about 150 molecules per primary
adsorption center and had an estimated diameter
of about 3 nm. For carbons with a distance
between sites smaller than the size of the cluster, a
continuous film of water was created [40].

Based on the observed behavior outlined above,
significant differences exist in the adsorption
mechanism of water compared to simple fluids.
The typical adsorption behavior of simple fluids
on heterogeneous solids is not observed because
the water—graphite interaction energy is very low
[1] and the energy of H-bonding is relatively high
[31]. When larger pores contribute to the adsorp-
tion process, a high initial heat (which is a conse-
quence of enhanced adsorption energy in small
pores) followed by a decrease in the heat of
adsorption is not observed. On the contrary, an
increase in the heat of adsorption is noticed due
to increasing contributions of H-bonding between
functional groups and other water molecules. The
observation that the heat of adsorption equals the
heat of water condensation results directly from
cluster formation. This phenomenon occurs at a
much lower pressure than the steep rise behavior
exhibited in the isotherm (at P/P,~ 0.5), which is
a result of pore filling. The experimental results
suggest that the smallest pores are filled first due
to the cluster formation whereas larger pores re-
quire more water to create enough clusters to
ensure complete pore filling.

In general, authors of the experimental works
described above agree with the mechanism of
adsorption via cluster formation followed by mi-
cropore filling. However, significant discrepancies
exist between: (i) the detailed description of how
the micropores are filled; (ii) the role of specific
surface groups and their energy of interaction
with water molecules; (iii) a quantitative descrip-
tion of the isotherms that is universal for all
carbons with low and high densities of surface
groups; and (iv) for the process over the entire
relative-pressure range. Molecular modeling and
simulation studies may prove fruitful in resolving
some of these discrepancies.

2.2. Surface chemistry

To accurately model activated carbon—water
interactions, the ‘real’ surface of the adsorbent
has to be considered from both qualitative and
quantitative points of view. It is well known that
activated carbons or carbon fibers are not com-
prised of pure graphene layers. Among atoms
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other than carbon that are present in the structure,
the most common are hydrogen, oxygen, nitrogen,
phosphorus, and sulfur [45—47]. They are incorpo-
rated in the aromatic rings as heteroatoms or
present in the form of functional groups analogous
to those classified in organic chemistry (see Fig. 9).
It is believed that these groups are located at the
edges of the graphene layers. Their presence results
in surface chemical heterogeneity caused mainly by
differences in the electronegativity of the het-
eroatoms relative to the carbon atoms. Groups
such as OH, NH,, OR, or O(C=O)R are classified
as electron donors (due to the presence of G or ©

PHENOLIC
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electrons), whereas (C=O)OH, (C=0O)H, or NO,
groups are classified as electron acceptors (due to
the presence of empty orbitals). Another classifica-
tion is based on the strength of Brensted acids.
Their effective strength is described using the acid
dissociation constant, pK,. For example, most
carboxylic acids have a pK, between 2 and 6 and
most phenols between 8 and 10 [48,49]. The main
cause for carbon basicity is the absence of oxygen-
containing groups at the edges of the crystallites
[50]. Oxygen-containing groups, such as chromene
and pyrone-type, also contribute to the basic char-
acter of activated carbon surfaces [47—49].
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Fig. 9. Carbon surface chemistry. Heteroatoms and groups commonly found in activated carbons.
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The simplest and most often used method to
evaluate the quality and quantity of carbon sur-
face groups was proposed by Boehm [46]. In this
approach, a base of a certain strength neutralizes
only acids having a pK, smaller than or equal to
that of the base. Typical bases used are: sodium
bicarbonate, NaHCO; (pK, = 6.37); sodium car-
bonate, Na,CO; (pK, = 10.25); sodium hydroxide,
NaOH (pK,=15.74); and sodium ethoxide,
NaOC,H; (pK,=20.58). It is assumed that
sodium bicarbonate neutralizes carboxylic acids;
sodium carbonate neutralizes both carboxylic
acids and lactones; sodium hydroxide neutralizes
carboxylic acids, lactones, and phenols; whereas
sodium ethoxide will react with all oxygen species,
even extremely weak acids (pK, <20.58). The
supplement to Boehm titration using bases is the
determination of surface basic groups by titration
with hydrochloric acid [51].

The other method that exploits acid—base inter-
actions is potentiometric titration [52—57]. In this
approach it is assumed that the system consists of
acidic sites characterized by their acidity con-
stants, pK,. It is also assumed that the population
of sites can be described by a continuous pK,
distribution, f(pK,). The experimental data can be
transformed into a proton binding isotherm, Q,
representing the total amount of protonated sites
which is related to the pK, distribution by the
following integral equation:

O(pH) =J q(pPH,pK)f(pK,) dpK, (1
After solving the above equation [58], the distri-
bution of the surface pK, is obtained in the exper-
imental window for pK,=3-11. For very
heterogeneous surfaces, many peaks are present
[19,53—55]. The number of groups evaluated from
potentiometric titration is in agreement with the
Boehm method. However, more detailed informa-
tion is obtained [56,57].
Temperature-programmed desorption (TPD),
or thermodesorption, has been developed to eval-
uate the active surface area (ASA) of carbons [59].
Upon heating, the surface groups decompose,
thereby releasing CO, CO,, water, and hydrogen.
The most acidic groups (carboxyls and lactones)
are desorbed as CO, in the temperature range of

200-650°C, while less acidic (phenols and car-
bonyls) and basic (pyrones) groups are desorbed
mainly as CO or CO + CO, in the temperature
range of 500-1000°C [60,61]. The presence of
water is a result of the decomposition of car-
boxylic groups.

Besides the methods presented above, XPS has
been extensively used to describe the surface
chemistry of carbon blacks, activated carbons,
and carbon fibers [62—64]. The analysis is based
on the changes of the intensities of 1s peaks of
carbon, oxygen, or other heteroatoms, such as
nitrogen. Those peaks are at specific irradiation
energies related to the binding energies of core
electrons ejected from atoms located on the exter-
nal surfaces. The identification of oxygen func-
tional groups is based on the analysis of the
deconvoluted O, and C,, peaks. The interpreta-
tion of the results requires a sophisticated mathe-
matical procedure based on curve fitting to
various symmetrical peaks. Interpretation also in-
volves comparing the modified sample to the ref-
erence spectra [62—64].

FTIR can also provide qualitative information
about surface functionality. The analysis is based
on the comparison of the wavelength of the peaks
obtained to the spectra of known organic com-
pounds [65]. Surface oxygen groups show their
absorption bands at 3600, 1730, 1620, and 1260
cm ! which represent OH, C=0, C—...0O, and
C-O stretching vibrations, respectively. Their rel-
ative intensities provide information about the
possible arrangement of oxygen into various func-
tional groups.

Information about the number of primary ad-
sorption centers present in activated carbons can
be obtained from an analysis of the enthalpy of
carbon immersion in water. The relationship be-
tween these two quantities was proposed by
Stoeckli et al. [27] as

AH(J/g)
= —25.0(J/mmol H,0)q,
— 0.6(J/mmol H,O)(a, — a,) 2)

where AH,, a,, and a, are the enthalpy of immer-
sion, number of primary adsorption centers, and
limiting amount adsorbed, respectively. Using en-
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thalpy of immersion one can analyze the changes
in the degree of carbon oxidation, as has been
shown by Rodriguez-Reinoso and coworkers
[66,67].

None of the methods presented above are capa-
ble of providing completely reliable information
about the quantity and quality of surface groups
in carbons. Boehm titration is considered a very
good method for evaluating the general trends in
surface acidity. It is simple, fast, and usually gives
reasonable reproducibility. Its major deficiency is
that all groups with a pK, in the range of the
oxygen-containing species are classified as oxygen-
containing acids. Therefore, the presence of other
surface groups (containing for example nitrogen,
phosphorus, or sulfur), whose pK, is in this range,
will lead to an overestimation of the number of
oxygenated surface groups. Unlike the Boehm
method, potentiometric titration allows the spe-
cific pK, of various groups, in the categories
defined by Boehm, to be obtained. Because many
different heteroatom configurations can result in a
similar pK, (which also depends on the unknown
activity of the solution), the exact classification of
a species is impossible. TPD data can usually
confirm the results of titrations; however, the
number of detected groups is found to be larger
by a factor of 2. The measurement is higher
because titration methods are able to detect only
acids and bases having a certain pK, value,
whereas during thermal desorption all surface
groups, regardless of their chemical nature,
should decompose. The TPD method can only be
used to evaluate the surface chemistry of carbons
that were obtained by carbonization at high tem-
perature. In the case of low-temperature carbons
(such as those obtained using phosphoric acid
activation), the results are meaningful only at
temperatures lower than those of the manufactur-
ing process. The main weakness of the XPS
method is the difficulty in identifying the type and
distribution of functional groups unambiguously.
In the case of FTIR, qualitative analysis of spec-
tra is relatively easy. However, quantitative evalu-
ation of the surface chemistry using FTIR is an
extremely difficult task due to continued back-
ground absorption and the possibility of the pres-
ence of various functional groups as simple and
non-associated structures.

3. Semi-empirical models

The most commonly used approach to describe
and interpret water adsorption isotherms is that
proposed by Dubinin and coworkers [4,5,67].
However, their models are not thermodynamically
consistent at low relative-pressure [68] and the
application of the approach has been successful
for only certain carbon—water  systems
[4,18,20,25,27,37]. To understand the mechanism
of the process they compared the dispersive inter-
actions of benzene and water with graphite. A
comparison of the reported values of benzene
(143 x 1073 Tm®kmol~") and water (2.59 x
107> m® kmol ~!) indicate that the dispersive
energy for water adsorption on graphite is almost
six times lower than benzene [4]. According to
Dubinin and coworkers, this difference causes the
enhancement of the adsorption potential of water
in small micropores to be negligible, and therefore
the mechanism of adsorption in microporous car-
bons should resemble that on a planar graphite
surface. They assumed that the main cause for
water adsorption is primary adsorption centers —
surface oxygen groups. This assumption was
based on the analysis of the differential heats of
adsorption of water on activated carbons and
graphites [29,30]. The values reported were nearly
constant and equal to the latent heat of condensa-
tion for bulk water, suggesting that the interac-
tions are equal in their nature to the interactions
in bulk water (H-bonds). Because water—water
interactions via H-bonds are much stronger than
the water—carbon surface interactions (the energy
of a H-bond is about 11 kJ mol ~! [31]), it follows
that subsequent adsorption occurs on water
molecules already adsorbed on primary adsorp-
tion centers [4]. The result is the creation of
secondary adsorption centers. Based on this anal-
ysis, the dynamic adsorption condition can be
described as:

ky(ag+ a)h =k,a 3)

where a, is the number of primary adsorption
centers, a the adsorption value for a relative pres-
sure of i = P/P,, and k,, k, are kinetic constants.
After rearrangement, the adsorption isotherm can
be written as:
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a=aych/(1 — ch) 4)

where ¢ = k,/k,. The parameters of the equation
can be determined graphically from the linear
form of the equation:

hja=1(agc) — hjag (5)

Analysis of water isotherms obtained for carbon
blacks and microporous carbons led to the con-
clusion that after adsorption on primary centers a
monolayer of water is created with a thickness of
about 0.55 nm. The formation of the monolayer is
completed at P/P,=0.6. This information can
then be used for the calculation of the geometric
surface area of the microporous carbons. Accord-
ing to Dubinin and coworkers, for carbons with
larger micropores (e.g. 1.1 nm), after formation of
the monolayer the pores are filled as a result of
the weak dispersive interactions that cause an
increase in the adsorption potential [4]. The water
in the filled micropores can be considered as a
condensed phase having a constant heat of evapo-
ration. Consequently, the pores are emptied in a
very narrow pressure range during desorption.

The approach described by Dubinin and
coworkers, known as the Dubinin—Serpinsky
method (DS), has often been used for the inter-
pretation of adsorption data. The basic quantity
derived using this approach is the number of
primary adsorption centers, @, which can be eas-
ily determined by fitting the experimental data to
the proposed isotherm [4,18,20,27,28]. This num-
ber is considered to represent the number of sur-
face oxygen groups, such as carboxylic, lactonic,
phenolic, and carbonyl [33].

For carbons with a low content of oxygen
groups, experimental data have been fit success-
fully by the DS equation. However, for highly
oxidized carbons the equation failed, especially in
the low relative-pressure range. Evans [7] first
mentioned the inapplicability of the DS equation
to certain types of carbons in his study of adsorp-
tion in strongly oxidized carbons. He pointed out
that the good fit to the DS equation in the
low-pressure region was based on only a few
points, and that the isotherm reported by Dubinin
and coworkers started at a high value of relative
pressure of P/P,~ 0.1. When the isotherms were

measured more precisely and the surface of the
carbon was characterized by a high concentration
of oxygen groups, the equation failed, suggesting
a deficiency in the theory [7,19,20,33]. As a mod-
ification of the approach, Evans used the
isotherms derived by D’Arcy and Watt [6], who
proposed that three separate processes contribute
to the sorption of water on heterogeneous sor-
bents. They are: (a) monolayer adsorption by
strongly binding sites; (b) monolayer adsorption
by weakly binding sites; and (¢) formation of a
multilayer — the extent of which is limited by the
properties of the substrate. The equation has the
following form:
KK'h kk"h
Y VR ©
where K’ and k” are related to the number of
primary and secondary sites, respectively, C is the
Henry’s law constant for adsorption on low en-
ergy sites, K is a function of the primary site—wa-
ter interaction energy, and k is a function of the
water—water interaction energy. The D’Arcy and
Watt equation shows much better agreement with
experiment at low relative-pressure than the DS
equation [7] for the isotherms measured by Evans
[4], as seen in Fig. 10. However, the equation gave
poor results at high pressure for this system.
Analysis of the validity of the parameters of the
DS equation by Barton et al. [34] showed that the
equations proposed by Dubinin and coworkers
only work well for certain groups of carbons. The
authors found good agreement of the parameters
obtained with independently measured surface ox-
ide concentrations and enthalpy of immersion.
Following the DS approach, they formulated the
cubic form of equation (DS-3) which should apply
only if a, <« a. It has the following form:

— cka® — ckayga®* + ca=alh @)

Analysis of the fitting of the three forms of the
DS equation to various carbons along with the
values obtained for «,, led to the conclusion that
two oxygen atoms are required to form a primary
site since there is no one-to-one correspondence
between these quantities [34]. It was proposed that
the mean enthalpy of interaction (calorimetric
enthalpy, AH,, divided by the total amount ad-

a
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Fig. 10. Comparison between experimental (points) and fitted isotherms: broken line, DS-equation; solid line, D’Arcy and Watt
equation — (a) 2 h oxidation, (b) 7 h oxidation [7]. Reprinted from Ref. [7] with permission from Elsevier Science.

sorbed taken from isotherm analysis) should in-
crease with increasing number of primary adsorp-
tion sites if the primary interaction is much more
exothermic than the H-bonding interactions.
Analysis of the relationships obtained suggested
that the 1.3 kJmol~' intercept represents the
enthalpy of the H-bonding interactions on an
unoxidized carbon surface.

Based on an analysis of water adsorption
isotherms and enthalpy of immersion, Stoeckli et
al. [11] proposed that isotherms of Type IV (fre-
quently observed for water adsorption) can be
expressed using the Dubinin—Astakhov (DA) [69]
equation as a superposition of Type I and Type V
isotherms. They found that the molar heats of
immersion for the initial part of the isotherms
should be in the range of 5-8 kJ mol ! which
represents the interaction of water with acidic
centers. The second part of the isotherm corre-
sponds to adsorption by hydrophilic centers,
which are probably of the carbonyl type. The
approach based on the DA equation was applied
in an extensive study of water adsorption on
oxidized carbons by Carrasco-Marin and cowork-
ers [32]. The adsorption energies for Type I and
Type V isotherms were comparable to those ob-
tained previously by Stoeckli et al. [11]. Their

calculation based on multiple linear regression
showed that for the first isotherm region there are
ca. 3 water molecules interacting with the car-
boxylic and lactonic groups, and ca. 1.5 molecules
interacting with the phenolic and basic groups.
The energy balance led to the interactions of
carboxylic, lactonic, phenolic, and basic groups to
be 17.4, 17.5, 9.5, and 10 kJ eq !, respectively. It
follows that specific contributions of water
molecules attached to the group are similar (6.2—
6.8 kImol ).

The approach based on the Dubinin—Astakhov
equation was also proposed by Lodewyckx and
Vansant [16]. They showed that the parameters
obtained from nitrogen adsorption isotherms such
as the micropore volume, W,, and characteristic
energy of adsorption, E,, can be used to fit water
isotherms to the DA equation using the affinity
coefficient, f =0.063. The authors were aware
that in the first region of the isotherms, especially
for oxidized carbon, a satisfactory fit cannot be
obtained using the proposed approach. Neverthe-
less, in the second region of the isotherms (where
micropore filling occurs due to water—water inter-
actions) an excellent fit was reported [16]. The
method, although inapplicable for carbons having
oxygen groups, satisfactorily predicts the capillary
condensation region of the isotherm (see Fig. 11).
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Another isotherm describing water adsorption
was proposed by Talu and Meunier [8]. Their
isothermal data are represented by three parame-
ters: Henry’s constant, saturation capacity, and
reaction constant for cluster formation in microp-
ores. The Talu and Meunier expression is:

P=HY/(1 4+ KY¥)exp[¥/(N,,)] ®)

where H is Henry’s constant, K the association
constant, ¥ the surface coverage at the pressure
P, and N, is the saturation capacity. The theory
used to derive the isotherm equation assumes that
at low pressure the behavior of the system is
controlled by vertical interactions of a molecule to
the surface and that the molecules are adsorbed
on active sites. At intermediate coverage where
the inflection point occurs, the adsorbed
molecules form clusters via H-bonding. At high
surface coverage where a plateau is noticed, the
adsorption is limited by the micropore volume.
To test the theory, the authors used type V
isotherms and a good fit was obtained. However,
in the cases where some uptake existed at low
relative-pressure, the theory significantly underes-
timated the amount adsorbed (see Fig. 12).
Recently Do and Do have proposed a new
model to describe the adsorption equilibrium of
water in activated carbons [68]. It is based on the
growth of a water cluster around the surface
functional groups, the creation of a pentamer, and
its adsorption in micropores. The equation
derived by Do and Do has the following form:
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Fig. 11. Fitting (---) of the experimental water isotherm
(squares) on RI1Extra carbon with DA equation [16].
Reprinted from Ref. [16] with permission from Elsevier Sci-
ence.
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Fig. 12. Comparison of experimental data (points) with the
correlation of Talu and Meunier (lines) for water adsorption
on several carbons. Taken from Ref. [8]. Reproduced with
permission of the American Institute of Chemical Engineers.
Copyright © 1996 AIChE. All rights reserved.
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where C,, x, S, K;, K,, and C,g are the total
water adsorbed concentration, reduced pressure
of water, functional group concentration,
chemisorption equilibrium constant, micropore
equilibrium constant, and saturation concentra-
tion in the micropore, respectively. The authors
propose that S, can be found from a chemisorp-
tion titration experiment, the saturation concen-
tration in the micropore from the adsorption data
in the neighborhood of x =1, and the two equi-
librium constants can be found from an optimiza-
tion between the theory and the experimental
data. The isotherms obtained, with some parame-
ters fitted to the experimental data, showed good
agreement.



552 J.K. Brennan et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 187188 (2001) 539568

4. Molecular models and simulation methods

The validity and reliability of any molecular
simulation study hinges on the realism of the
models used for the porous carbon and for the
interaction potentials. While a detailed model that
accurately represents the system of interest is de-
sirable, it must be simple enough that the calcula-
tions remain tractable. This has been an
important criterion in developing water potentials
and also models of the carbon structures. Below
we examine the current state of the available
models for the porous carbon, the intermolecular
potentials of water, and for the various chemical
groups present on the carbon surface. We also
review molecular simulation methods commonly
used to study adsorption in porous media.

4.1. Models for porous carbons

In order to characterize activated carbons in a
manner that is reasonable for molecular simula-
tion work, we must simplify our model of the
pore structure. The most common means of doing
so, involving an idealized representation of the
pores, is the slit pore model. In this model one
assumes that guest molecules adsorb in pores that
are planar and slit-like in geometry, wherein a
pore is represented as the space between two
graphite-like crystallites. The model is generally
constructed such that these crystallites are semi-
infinite and composed of perfect graphene sheets
layered and aligned parallel to one another (see
Fig. 13). The crystallites are further assumed to be
structurally equivalent to graphite, with the corre-

Fig. 13. The slit pore model of porous carbons.

sponding density and interplanar separation. The
pertinent model dimension is the pore width H,
defined as the distance between the two parallel
faces of the crystallites. In practice it is usual to
regard a given carbon as made up of slit pores
having a distribution of pore widths, this distribu-
tion corresponding to some rough estimate of the
pore size distribution for the carbon of interest.

The basis of the slit pore model is empirical —
justified by experimental observations of real acti-
vated carbons. A typical TEM micrograph of an
activated carbon shows roughly this sort of pore
environment. Pore regions can often be identified
that locally resemble slit-like pores. However, de-
pending on the size and deformation of the
graphite-like crystallites, the ‘slit-like’ geometry is
often rough at best, and highly dependent on the
material studied. The advantage of the slit pore
model is that it is purely geometric. Thus one can
study confined fluid behavior and adsorption
within a whole class of materials without being
confined to a specific carbon structure.

The slit pore model has been used extensively to
study adsorption in porous carbons (e.g. Refs.
[70-76]). Despite its success, the model’s assump-
tions bring into question the applicability of the
model to highly activated carbons. First, adsorp-
tion is restricted to flat (often smooth) crystallite
surfaces. Second, the crystallites are typically as-
sumed to extend to infinity (through the use of
periodic boundary conditions). These two as-
sumptions preclude the possibility of adsorption
along the edges of crystallites. Third, the pore
regions in real activated carbons have complicated
topologies and connectivity — a feature that is
non-existent in the slit pore model. The true pore
topology of an activated carbon provides long-
range correlation effects that may be significant to
the thermodynamics of adsorbed fluids, particu-
larly near the critical point regions of fluid—fluid
phase envelopes.

There have been several models proposed to
account for the deficiencies in the slit pore model.
Recently McEnaney et al. [77] proposed a model
allowing for a variable number of carbon plates
per crystallite. In this manner, one can account
for differences in the local carbon density as well
as adjust the thickness of the bounding crystal-
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lites. Also, by varying the inter-graphene plate
separation, the model is much more flexible and
can (to some extent) be ‘tuned’ to incorporate
experimental characterization data. Rodriguez et
al. [78] proposed a model constructed from car-
bon sheets of finite size arranged in parallel (yet
offset) arrangements and linked to one another
through oxygen bridges. Although limited in its
spatial extent, the model does offer a pore topol-
ogy that is qualitatively more accurate. Another
model that deviates from the slit pore model was
suggested by Segarra and Glandt [79] and is based
on the work of Eppenga and Frenkel [80]. In their
model, a random distribution of graphene
platelets is generated in a periodic simulation cell.
Similarly, Dahn et al. [81] suggested the falling
cards model, in which graphene plates are ar-
ranged through a procedure that mimics cards
falling on top of each other. These types of mod-
els have the advantage of retaining the carbon
geometry of layered graphene crystallites, yet in-
corporating long-range pore topologies.

Seaton et al. [82] recently proposed a modifica-
tion of the slit pore model called the ‘randomly
etched graphite’ (REG) model. In this model one
conceptually begins with a slit pore. From there,
carbon atoms are randomly removed from the
surface graphite planes of the pore, producing a
pore geometry that is slit-like, yet rough on the
surfaces. This roughness addresses the assumption
of smooth pore walls in the slit pore model, and
allows for structural heterogeneity in the graphene
plates themselves. In real activated carbons, crys-
tallites often contain defects in the form of non-
aromatic carbon rings. These defects produce
non-planar surfaces that can be qualitatively ap-
proximated by this model. Other models have
been proposed to account for surface heterogene-
ity. For instance, Bojan and Steele [83] suggested
a model in which truncated graphite basal planes
are stacked to produce a stepped surface.

In an attempt to preserve the structural aspects
of real activated carbons, and at the same time to
provide a realistic pore representation, Thomson
and Gubbins [84] have recently suggested a model
based on reverse Monte Carlo (RMC) [85-87].
The RMC model takes, as input, the experimental
carbon—carbon radial distribution function ob-

tained from SAXS and X-ray diffraction data
(XRD). One starts from a system composed of
single-layer graphene crystallites having a range of
sizes, placed randomly in a box; the size distribu-
tion is described by a Gaussian distribution about
a mean size (typically 1-5 nm) that is believed to
represent that of the real carbon of interest.
Through a series of Monte Carlo moves, the
simulated radial distribution function (RDF) is
successively refined to match experiment. The
procedure is limited by the constraints made on
the carbon structure. In this case, the assumption
of perfect graphene plates of carbon is used —
although the size and shapes of the plates are
allowed to change. By adding and deleting aro-
matic rings from the graphene plates, and by
randomly perturbing their positions and orienta-
tions, a method is generated whereby the carbon
model propagates into a configurational minima
with respect to the experimental RDF. The model
is powerful in that it generates a representation of
the activated carbon that contains a pore topol-
ogy closely approximating the true topology of
the real carbon (see Fig. 14). Furthermore, the
representation can be used in large-scale simula-
tions of adsorption and confined fluid phenom-
ena. The RMC method is amenable to further
refinement. For example, it is possible to allow
defects and curvature of the graphene crystallites
through trial replacement of aromatic rings with
defective ones. A problem with the use of SAXS
and XRD data as input is that they do not appear
to be sensitive to the larger mesopores. Thus this
approach is best suited to the determination of the
micropore structure. It is possible that the use of
TEM or other structural data as input may be
more sensitive to the larger pores.

The RMC model’s main advantage is the incor-
poration of experimental radial distribution func-
tions directly into the calculation, but a prudent
choice of the target density is essential. The RMC
model will generate the best-fit structure for a
given target density. However, a relatively broad
range of densities could be specified, resulting in
different output structures for a given radial dis-
tribution function. The local carbon density is an
input to the model and cannot be realistically
predicted from the radial distribution function.
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Therefore, accurate density measurements are re-
quired to give a meaningful predicted structure.
The RMC model should also be used with caution
for carbons of non-uniform density. The RMC
method applied to such carbons — exhibiting
large fluctuations in local density on a length scale
larger than the simulation cell of the model —
cannot give a reasonable representation of the
entire pore structure.

Once a suitable model is generated, simulation
work can proceed using whatever type of interac-
tion potentials are desired. The main importance
of the structural carbon model is to provide a
realistic representation of the pore environment.
Despite these recent advances in carbon modeling
techniques, the majority of simulation of work on
water in carbons so far has been based on the slit
pore model. Nevertheless, the slit pore model is
useful in that it provides a phenomenological
description of water adsorption in carbons. Such
work is important in that it provides the ground-
work for characterizing water adsorption in more
realistic carbon structures, where the shape and
connectivity of the pore regions are expected to
play critical roles in accurately describing these
phenomena.

4.2. Intermolecular potentials for water

Despite many attempts, an intermolecular po-
tential model for water that is valid over a broad
range of state conditions and produces satisfac-
tory results for a variety of properties remains
elusive [88—91]. As in any such model develop-
ment, optimization of the intermolecular parame-
ters are determined by either fitting potential
parameters to experimental data or from ab initio

Fig. 14. A model of a microporous activated carbon prepared
by the RMC procedure [84]. Small spheres connected by bonds
are the carbon atoms (drawn to reduced scale to make the
structure clearer). Large spheres are adsorbed nitrogen
molecules.

Fig. 18. A carbon model prepared by the RMC method, to
which surface sites (green spheres) have been added at random
points on the edges of the graphene microcrystals. For visual
clarity, the size of all spheres has been reduced and one-quar-
ter of the simulation box at the right front edge has been
removed.
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quantum mechanical calculations. For current wa-
ter models, ab initio calculations cannot capture
dispersion and many-body effects with accuracy
comparable to that of empirical effective potentials
(although a recently proposed fluctuating-charge
model fit to ab initio data successfully reproduced
the liquid structure at ambient conditions [92]).
Therefore, typically the intermolecular potential
parameters of proposed water models are opti-
mized to reproduce a given set of experimentally
measured properties. Most of these empirically
derived potentials can be divided into two cate-
gories: (a) fixed point-charge models; and (b) mod-
els that account for polarizability, i.e. the
phenomenon of a fluctuating charge responding to
a changing local electric field.

Fixed point-charge models have simple molecu-
lar force fields described by arrangements of
charges located in well-defined geometries. Most
often a Lennard-Jones potential is used to account
for van der Waals (non-polar) type forces, while
fixed charges [93—99] or square-well sites [100—103]
describe the electrostatic (polar) interactions. An
obvious defect in fixed-charge models is that the
electrostatics cannot respond to a varying local
electric field and consequently are unable to de-
scribe the considerable polarization effects that can
occur, for example, in condensed phases. Addition-
ally, non-polarizable water potentials suffer from a
lack of transferability in that they are unable to
describe both the two-body interactions of an
isolated molecular pair and the many-body interac-
tions of the condensed phase without encountering
undesirable state-dependent parameters [91].

Augmentations of fixed point-charge models
have followed several routes. Additional interac-
tion sites have been introduced to represent a
charge distribution [104], non-pairwise additive
effects accounted for via charge or dipole polariz-
abilities [105—112], flexible geometry models have
been proposed [113-115], as well as models
combining both flexible geometries and polarizibil-
ity [116—118]. These more detailed models fre-
quently require a substantial increase in comput-
ational expense and so far have not exhibited an
obvious improvement in the description of both the
thermodynamic and structural properties. Addi-
tionally, the increased computational requirements

of polarizable models do not permit extensive
systematic parameterization studies. Achieving a
balance of accuracy, transferability, and tractable
computations has led to the popularity of fixed
point-charge models.

The merit of a potential model is typically judged
by how well the model describes the thermodynam-
ics of the system (particularly vapor—liquid equi-
libria) and the liquid structure (as measured by the
radial distribution functions gyy(r), gou(r), and
goo(r)). It is important that the model can describe
these properties over a significant range of densi-
ties, particularly when simulating water in porous
carbons, since the bulk and confined phases can be
at considerably different densities for a given tem-
perature. A recently proposed fixed point-charge
model by Errington and Panagiotopoulos [89] has
been successfully optimized to reproduce the va-
por—liquid equilibria over the entire temperature
range from sub-ambient to the critical point. As
illustrated in Fig. 15, it is superior to other fixed
point-charge models in its description of the va-
por—liquid phase envelope. It also more accurately
predicts the vapor pressure, the second virial coeffi-
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Fig. 15. Vapor-liquid equilibria for water. Diamonds, stars,
triangles, and circles represent calculations for the SPC [97],
SPC/E [98], MSPCJ/E [99], and Errington and Panagiotopoulos
[89] models, respectively. The line shows the experimental
results. Reprinted with permission from Ref. [89] copyright
1998, American Society.
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Fig. 16. Negative—negative (oxygen—oxygen) pair correlation
functions for water. Dashed, dotted, and solid lines are used to
represent the Errington and Panagiotopoulos [89] model, the
SPC/E model [98], and experimental data [191], respectively.
Reprinted with permission from Ref. [89] copyright 1998,
American Chemical Society.

cient, and the critical parameters. In particular, it
outperforms the widely used SPC/E [98] model in
its description of gy4(r) and go(r), and is similar
for goo(r). However, besides the previously men-
tioned drawbacks of any fixed point-charge model,
the model fails to describe the second peak in go(7)
(see Fig. 16) and predicts a dielectric constant that
is too low by about 25% at 300 K. Additionally,
the Errington and Panagiotopoulos model [89]
encounters an unusual difficulty when determining
unlike-pair interaction parameters. The model ac-
counts for non-polar pair interactions with a Buck-
ingham Exp-6 potential (three-parameter poten-
tial). However, the majority of parameterized po-
tentials (e.g. optimized potentials for liquid simula-
tions (OPLS)) use a Lennard-Jones potential to
account for the non-polar interactions (2-parame-
ter potential). Therefore, determining unlike-pair
interactions may prove troublesome — although a
recent publication suggests a direct solution [119].

The most serious defect in the simulation of

water in porous carbon using any fixed point-
charge model may be the crude treatment of
polarizability effects. Although the inclusion of
many-body polarization does not appear to offer
a significant improvement in the description of the
thermodynamics and structure for bulk water
[88,90,120,121], it may prove vital for water near
a carbon surface. Such effects are likely to be of
particular importance for confined aqueous mix-
tures since selective adsorption will be affected by
dissimilar polarizibilities of the mixture compo-
nents induced by the carbon surface. Of the avail-
able models that include many-body polarization,
those proposed by Errington and Panagiotopoulos
[122] and by Chialvo and Cummings [123,124] are
of particular interest, since again, the potentials are
optimized using wide-ranging thermodynamic and
structural data.

4.3. Water—substrate interactions

Water—substrate interactions are of two kinds,
those with the carbon surfaces and those with
oxygenated surface groups. It is common to assume
that water—carbon interactions include only disper-
sive and repulsive contributions, and they are
commonly modeled using the Steele 10-4-3 poten-
tial [125] given as

Uer(2)

20, \ (o)
= 27[10c80f0-(2:fA |:5<Zf> - <Zf>

oo
_<3A(z+0.614)3>} (19

where the density of the carbon is p, = 114 nm ~3,

the separation of the graphite planes is 4 =0.335
nm, and ¢, and o are the Lennard-Jones parame-
ters for the interaction between carbon atoms and
water. The carbon—carbon potential parameters
are taken as ¢./k =28 K and o, = 0.340 nm [125].
Interaction parameters can be adjusted to fit ex-
tremely low-pressure adsorption data (for which
the fluid—fluid interactions are negligible).
Surface oxygenated groups are typically modeled
with standard potentials such as OPLS functions
[126] or DREIDING force-field potentials [127].
These potential models consist of Lennard-Jones
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potentials plus fixed point-charges intended to
mimic H-bonding. Other studies have replaced the
point charges with off-center square-well poten-
tials [14,128]. This approach lessens some of the
computational burden since the square-well po-
tential is short ranged. Additionally, the highly
localized attractive character of the potential may
more realistically model H-bonding. Interesting
attempts have been made at mimicking the activa-
tion by incorporating surface functional groups as
dipoles, evenly smeared around the edges of
graphitic carbon platelet disks [79]. However, re-
cent work suggests the model is not sufficiently
inhomogeneous to predict the correct trends in
low-pressure adsorption and in the heats of ad-
sorption [129].

In Section 2.2, we saw that a variety of func-
tional groups (e.g. phenolic, lactonic, carboxylic,
hydroxyl, carbonyl) can be present on the surface
(see Fig. 9). Experimental characterization of the
surface chemistry can be achieved using a variety
of chemical and physical techniques. Frequently,
different methods lead to quite disparate results,
presumably due to the complexity of the carbon
structure. Recent experiments [130] and simula-
tion studies [131] suggest that, on average, the
interaction appears to be roughly independent of
the type of active surface group in which the
oxygen is incorporated. Therefore, mixtures of
surface groups have been represented as an effec-

Fig. 17. A slit pore model in which the carbon surfaces are
decorated with surface sites (black spheres). Reprinted with
permission from Ref. [13] copyright 1996, American Chemical
Society.

tive single group from a suitably weighted mean
of the total site—water interactions [14]. Although
idealized, the use of an effective site model is a
logical choice and can simplify the analysis of the
adsorption mechanism. Examples of surface site
models for a single slit-like pore model and for a
more realistic model (as discussed in Section 4.2)
are shown in Figs. 17 and 18, respectively.

These simple models often capture the predom-
inant behavior of water adsorption; however, they
omit some interactions that may be significant
and could limit their predictive capabilities.
Among the most important interactions that are
neglected are: (1) direct electrostatic interactions
between water molecules and the carbon surface;
(2) induction interactions between  water
molecules and the carbon surface; (3) induction
interactions between water molecules and the oxy-
genated surface groups; and (4) higher order two-
body dispersion and three-body interactions. For
the direct electrostatic interactions between the
fluid molecules and the carbon surface electric
field, recent studies suggest the use of surface
quadrupoles located in the carbon basal plane
[132—136]. The influence of induction effects, due
to interaction between charges on the water
molecules with the induced dipole in the graphite
and oxygenated groups, can be estimated via the
usual many-body induction terms [137]. In these
calculations, it is important to include the effects
of anisotropy in the polarizability of graphite
[138,139]. Higher order two-body dispersion and
three-body fluid-substrate interactions have been
considered by several authors [131,139-143]. For
simple non-polar fluids interacting with graphite,
these forces are believed to contribute 5-15% of
the total fluid—substrate energy [139-142].

Having chosen reasonable potential models for
the surface groups, the sites need to be placed in
the carbon structure. X-ray diffraction studies
show that these groups are randomly located
around the edges of the carbon microcrystallites
[144]. The relative and absolute amounts of the
groups depend on the carbon precursors and the
activating process. Experimental site densities
range from 0 to 2.65 sites nm ~ 2. The density and
placement of the surface sites can be guided by
experimental characterization data.
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4.4. Molecular simulation methods

The principal method that has been used to study
adsorption in confined systems is the grand canon-
ical Monte Carlo (GCMC) simulation method. The
technique mimics adsorption experiments by simu-
lating an adsorbed fluid in equilibrium with a bulk
fluid reservoir. The GCMC method simulates an
open system specified by fixed temperature 7,
volume V, and chemical potential u. Any Monte
Carlo simulation method uses a Markov chain to
generate a series of molecular configurations with
the correct distribution of energy and density. In
the grand canonical ensemble, the probability asso-
ciated with any given state s of the system is

P(s)ocexp[— f(U(s) — Nu) —In N —3NIn A
+ Nln V] (11)

where A is the deBroglie wavelength, f = 1/k,T,
U(s) the total intermolecular potential energy of
the system, and N the number of molecules in the
system. The most common prescription for gener-
ating the Markov chain [145,146] modifies the
current molecular configuration in one of three
ways: (i) creation of a new molecule at a random
position; (ii) deletion of an existing molecule; or (iii)
displacing an existing molecule by a random vector.
The new configuration is accepted or rejected
according to criteria (founded on rigorous statisti-
cal mechanics) that involve the temperature and the
chemical potential. Thermodynamic quantities of
interest (e.g. internal energy or density) can be
estimated by averaging instantaneous values over
a large number of configurations. Statistical effi-
ciency and simulation lengths vary widely between
different systems. For example, the probability of
accepting an attempted molecule creation can be
extremely low for high-density systems or systems
in which the intermolecular potential depends
strongly on the relative molecular orientation. This
latter condition is especially pertinent to the simu-
lation of water since strong H-bonds are likely to
form. Not only is it necessary to find a position that
does not overlap with another water molecule, but
it must also have an acceptable orientation. Be-
cause the number of trial creations can be pro-
hibitively high when simulating water, biased

sampling techniques must be employed (see, e.g.
Ref. [147]).

Experimental adsorption isotherms are generally
reported as the amount adsorbed as a function of
the pressure of the bulk fluid, P/P,, where P, is the
bulk fluid saturation pressure. Since in a GCMC
simulation the chemical potential rather than the
pressure is specified, a suitable equation of state
(EOS) is used to relate the chemical potential to the
pressure. A recent novel simulation method facili-
tates this process for adsorption studies of fluids for
which a suitable EOS is not known a priori [148].

An important refinement in the use of GCMC
simulations to study capillary phase equilibria was
the development of an integration scheme that
precisely locates the thermodynamic condensation
pressure in mesoporous systems [149]. The method
has been used to study liquid—vapor coexistence in
both cylindrical models [150] and more complex
models [151,152]. To date, explicit determination of
phase transitions have not been performed for
water in activated carbons, but a number of simu-
lation techniques are available for future work. A
well-established bulk fluid simulation technique,
the Gibbs ensemble Monte Carlo (GEMC) method
[153,154], directly calculates phase coexistence by
simultaneously simulating the coexisting phases in
two different simulation cells. Both mass and
volume is exchanged between the two phases, with
acceptance criteria which impose equality of pres-
sure, temperature, and chemical potential between
the phases. For confined systems of idealized pore
geometries (single slit pores and cylinders), the
method has been used to determine capillary con-
densation [155,156] and liquid-liquid phase dia-
grams [157]. For more realistic pore models,
Gordon and Glandt [158] used GEMC to simulate
a symmetric binary liquid-liquid mixture, while a
recent extension of the method allowed a systematic
study of the vapor—liquid phase behavior of pure
fluids [159] and fluid mixtures [160] in random
porous media.

Yet another simulation technique for studying
confined fluids is the semi-grand Monte Carlo
method developed for determining multi-compo-
nent phase equilibria [161]. For a binary mixture,
it consists of a simulation at constant (7, N,
I — i), which is achieved by including simulation
moves that attempt to interchange the species of the
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molecules. The absolute chemical potential of
both species can be calculated using a modifica-
tion of the Widom insertion method [161]. The
semi-grand method can be used for studying lig-
uid—liquid coexistence in pore systems [162,163].
It has the advantage over GCMC that the
molecule insertion and deletion steps are replaced
by species exchange steps, which are more easily
carried out at high density.

Another class of methods, termed histogram
analysis [164—168], allows the bulk phase coexis-
tence and critical point data to be obtained with
high precision. The methods are based on the
collection and analysis of histograms of the energy
and number of particles during a Monte Carlo
simulation. The density of states and free energies
in the system can be extracted from these his-
tograms. In the grand canonical ensemble, the
probability of observing a state s with given Q =
U(s) and N is given by Eq. (11). Equivalently, the
probability of observing a state with energy 2 and
number of particles N could be written as

P(Q,N) ccexp(fuN) exp(— Q) x W(Q,N) (12)

where W(Q,N) is the microcanonical density of
states of energy © and number N. In a given
GCMC simulation, histograms of the energy and
number of particles are collected. The height of
each histogram will be proportional to P(2,N), so
that the density of states can be recovered (up to
a constant factor) from the simulation data by
dividing by the Boltzmann factor and the chemical
potential term. The probability P(2,N) can be
estimated from different temperatures and chemi-
cal potentials (indicated with '), by reweighting the
histogram according to

Pﬁ’,y’(QaN)

P X = o)

x exp(— (B = )U) (13)

The new distribution can be used to regenerate
quantities such as (Q) and {N) and to locate
thermodynamic transitions. A closely related tech-
nique is the histogram-biased Monte Carlo simu-
lation method that biases the Monte Carlo chain
to favor particular areas of phase space [169-171].
The resulting biased probability distribution his-

togram can then be corrected after completion of
the simulation. From a single series of simula-
tions, the technique allows the computation of the
free energy barrier between two states (e.g. confor-
mations or phase transitions) or the computation
of the free energy of a system that cannot be
equilibrated by conventional means because of
extremely high free-energy barriers.

Recent applications of the histogram analysis
method based on an order parameter formulation
have been used to study solid—fluid transitions in
pores [172]. The GCMC method is used to calcu-
late the Landau free energy [173] as a function of
an effective bond orientational order parameter,
@. The Landau free energy is defined by

A(@)= — kT In(P(®)) + constant (14)

where P(®) is the probability of observing the
system having an order parameter value between
@ and @ + 3@. The probability distribution func-
tion P(@) is calculated as described above. The
grand free energy € is then related to the Landau
free energy by

exp( — Q) = fdd’ exp( — fA(P)) (15)

where the integration is over the permitted range
of @. In the work of Radhakrishnan and Gubbins
[172], suitable order parameters were developed
for studying freezing in slits (activated carbon
fibers) and cylinders (silicas) as well as to study
hexatic phases.

Monte Carlo simulation methods are restricted
to the calculations of equilibrium quantities. Often
we are interested in studying the dynamic behav-
ior of a system, e.g. the diffusion of alkanes
through activated carbons. Molecular dynamics
(MD) simulation is a technique to compute the
transport properties of a system. MD is a widely
used method in which the classical equations of
motion for a system are integrated using a finite-
difference algorithm. The resulting trajectory sam-
ples the microcanonical ensemble of states, and
can be used to obtain thermodynamic averages
and transport properties. Most MD studies of
phase equilibria in confined systems have focused
on the kinetics of the two-phase separation. In
these studies a system is quenched from supercrit-



560 J.K. Brennan et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 187188 (2001) 539568

ical conditions into the two-phase region. This
method has principally been used to study liquid
mixture separations in slit-pores [174], two-dimen-
sional ‘strip’ pores [175], cylindrical pores
[162,176,177], and more complex disordered me-
dia [178].

For a more comprehensive treatment of these
methods the reader is referred to the texts: Com-
puter Simulation of Liquids [146]; Understanding
Molecular Simulation [147]; and Computer Simu-
lation and the Statistical Mechanics of Adsorp-
tion [179].

5. Molecular simulation studies

There has been little simulation work on the
adsorption of water in activated carbons. All
studies have used the idealized slit pore model
described in Section 4.1, with one exception [79].
Segarra and Glandt [79] used the SPC point-
charge water potential and modeled the activated
carbon using randomly orientated platelets of
graphite with a dipole distributed uniformly over
the edge of the platelets to mimic the activation.
Recent work suggests the model of the surface
sites is not sufficiently inhomogeneous to predict
the correct trends in low adsorption data and in
heats of adsorption [129]. Below we describe the
simulation studies of the behavior of water in
both graphitic and activated carbons modeled as
slit pores. We also describe simulation work un-
derway in more realistic carbon model structures.

5.1. Slit pore models

For graphitic carbons (where all the oxygenated
groups have been removed from the surface
through heat treatment or reduction) the adsorp-
tion behavior of water is dominated by the wa-
ter—water interactions since they are much more
attractive than the water—carbon interaction.
Modeling graphitic systems is relatively straight-
forward and has been successfully carried out
using both point-charge and off-center square well
models of water in slit graphitic pores [13,14,180—
183]. The adsorption behavior is characterized by
negligible adsorption at low-to-moderate relative-
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Fig. 19. Simulated adsorption isotherms for water (closed
circles) and propane (squares) on a graphite surface at 300 K
[13]. Open circles are experimental results of water on graphon
at 20°C [192]. Dashed lines are drawn as a guide to the eye.
Reprinted with permission from Ref. [13] copyright 1996,
American Chemical Society.

pressures (see Fig. 19) followed by an onset of
pore filling that occurs suddenly at high relative-
pressures, P/P,~ 0.8 for the model shown [13].
The adsorption behavior is Type V in the IUPAC
classification and agrees satisfactorily with experi-
ment [3,184]. Not surprisingly, such Type V be-
havior can be described with simple Lennard-
Jones potentials [44] since the behavior merely
requires a fluid—fluid interaction that is much
more attractive than the fluid—solid interaction.
Molecular simulation studies of activated car-
bons in which a significant density of oxygenated
sites are present on the carbon surfaces are con-
siderably more difficult to model. Maddox et al.
[183], Muller and coworkers [13,185], and McCal-
lum et al. [14] have used models in which the
pores are approximated by slits comprised of
graphitic walls, with embedded surface sites. In
the work of Maddox et al. [183], the sites were
assumed to consist of —-COOH groups and were
modeled using OPLS functions [186], while water
was modeled using the TIP4P potential [96]. The
adsorption isotherms of water at 298 K in a 2 nm
pore with various site densities were obtained.
More detailed studies have been carried out by
Muller et al. [13] and McCallum et al. [14] for a
wide range of surface site densities at 300 K. In
these works, H-bonding between water molecules
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and between water and a surface site was modeled
using off-center square well potentials instead of
charges. Interestingly, both the point-charge and
square well models used to represent the H-bond-
ing in these studies gave qualitatively similar
results.

The objective of these studies was to examine
the effect of active surface sites (e.g. OH, COOH,
CO) on the adsorption of water. The size of
graphite microcrystals, site density, pore size dis-
tribution, and site species were taken into account
[14,187,188]. The adsorption behavior was found
to depend strongly on the geometric arrangement
of the active sites on the carbon surface. Results
were obtained for both regular arrays of surface
sites, and for randomly placed sites. Cooperative
adsorption effects were found to be very impor-
tant, with water clusters forming readily in surface
regions where two or more sites were positioned
at a separation suitable for both water—site and
water—water bonding. The adsorption behavior
was also found to be dependent on the number of
sites present on the surface. When even low den-
sity of active sites are added to the carbon sur-
face, the adsorption behavior is qualitatively
changed. Adsorption of water is appreciable at
low pressures, and pore filling occurs at lower
pressures. At low pressures, isolated water
molecules bond to oxygenated surface sites, but
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this stage is quickly followed by the buildup of
water clusters around those sites. Where possible,
water molecules seek locations where they can
form multiple H-bonds on adsorption, either by
bonding to several pre-adsorbed water molecules
or to a water molecule and a surface site. At site
densities of n ~ 0.4 sitesnm ~2 and above, capil-
lary condensation no longer occurs but is replaced
by a continuous filling of the pore. The effect of
surface site density on the adsorption of water in
a pore width of 1.69 nm is shown in Fig. 20. For
experimental activated carbons, site densities usu-
ally range between n = 0.1 and 2.5 sites nm ~2 (for
comparison, there are about 38 carbon
atoms nm ~2 on a graphite surface). A compari-
son of simulation results with experimental data
for a carbon having a site density of 0.675
sites nm ~ 2 is shown in Fig. 21.

Generally good agreement is obtained with the
model of McCallum et al. [14], despite uncertain-
ties in the morphology of the carbon, which had a
wide pore size distribution. However, the model
used had some defects. The chief deficiency of the
model is the over-simplified treatment of the car-
bon structure. This is represented as a distribution
of unconnected slit pores having a range of widths
(H) chosen to approximately match the experi-
mentally determined pore size distribution, with
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Fig. 20. Effect of surface site density on water adsorption at 298 K in a pore width of 1.69 nm [14]. Three site densities are shown:

0.3 (circles), 0.675 (squares), and 1.2 sites nm ~2 (diamonds). Rep
Chemical Society.

rinted with permission from Ref. [14]copyright 1999, American
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Fig. 21. Comparison of adsorption isotherms for water from experiment (open circles) and simulation (filled circles) at 298 K [14].
Reprinted with permission from Ref. [14] copyright 1999, American Chemical Society.

surfaces composed of graphite basal planes which
are decorated with oxygenated sites. Such a model
does not allow for effects due to the edges of the
carbon microcrystals, nor for the finite size of
these or irregular ordering of neighboring crystals.
Edge defects are believed to be important in water
adsorption, since the oxygenated groups are lo-
cated at the edge of the microcrystals. In addition,
the intermolecular potentials used for both water
and water—site interactions neglected long-range
interactions and polarizability effects.

Recently, the adsorption behavior of water va-
por—methane mixtures in activated carbon pores
was simulated by Muller and coworkers [131].
Further refinements of their original model in-
cluded a more physically realistic placement of the
surface sites. They found that the relative adsorp-
tion of the two species is strongly dependent on
the surface site density. For slit pore width H =
1.0 nm, the adsorption selectivity of methane
decreases dramatically as site density increases,
where an inversion of selectivity (i.e. water be-
comes preferentially adsorbed) occurs at a modest
site density n~0.04 sitesnm 2 The crossover
from preferential adsorption of methane to water
is illustrated in Fig. 22. Snapshots of equilibrium
configurations in a pore width H =1 nm with site

densities = 0.5 and 1.75 sites nm ~2 at 300 K are
shown. The strong adsorption of water, and con-
sequent exclusion of other organic components,
may explain the large reduction in adsorption
capacity due to the presence of humidity in feed
gas streams that is frequently observed [1,3]. Wa-
ter clusters formed may effectively block whole
pores, diminishing the overall effective surface
area that can affect equilibrium as well as diffu-
sion behavior

5.2. More realistic models

The simulation of the adsorption of water in a
more realistic carbon structure has recently been
carried out [189]. Water molecules are modeled
using the fixed-point-charge water model of
Errington and Panagiotopoulos [89] described in
Section 4.2. The RMC technique described in
Section 4.1 was used to generate a realistic model
of microporous carbon pore morphologies com-
posed of rigid, carbon basal plates [84]. Arrange-
ments of the carbon plates were driven by a
systematic refinement of simulated C-C radial
distribution functions to match experiment. Sur-
face sites were placed randomly on the edges of
the microcrystals in these structures. The adsorp-
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tion of water on activated (surface oxygen sites,
=0) and non-activated (graphitic) carbons pre-
pared in this fashion has been investigated using
the grand canonical Monte Carlo simulation
method at 300 K.

Carbon—water interaction parameters were ad-
justed to correspond to potentials developed by
McCallum et al. [14], who adjusted the dispersion
interaction parameters to fit very low-pressure
adsorption data (in the pressure region where
fluid—fluid interactions are negligible) for an ex-
perimental activated carbon that was well charac-
terized. We model the surface oxygen site (=0) as
a single Lennard-Jones (LJ) sphere with a point
charge fixed at its center. The LJ energy and size
parameters are taken from the OPLS format (see,
e.g. Ref. [190]) to be ¢/k=105.76 and o =0.296

nm, respectively. The C=0 bond length was taken
as 0.1214 nm. Finally, the point charge is ¢ =
—0.37¢, which was derived from the quantum
chemical electrostatic potential [191]. Electrostatic
interactions were estimated using Ewald summa-
tion. A spherical cutoff of 3.90, was applied
without long-range corrections. Cubic simulation
cells with length either 5.0 nm (carbon structure
porosity = 0.485) or 10.0 nm (carbon structure
porosity = 0.579) were used.

The adsorption behavior was found to be
strongly dependent on the presence of active sites,
with no appreciable adsorption in the graphitic
carbon until the pressure is very close to the bulk
saturation point. Additionally, water adsorption
is found to increase as the active site density
increases. The adsorption isotherms at 300 K for

Fig. 22. Snapshots of equilibrium configurations for the adsorption of methane (red spheres) and water (blue spheres) in a pore
width H =1 nm with site densities 7 = 0.5 sites nm ~2 (top) and n = 1.75 sites nm ~? (bottom) at 300 K. Yellow spheres represent
activated sites on the surface of the pore; white and green spheres are the hydrogen and lone pair electron square well sites on the
water molecules, respectively. Reprinted with permission from Ref. [131] copyright 2000, American Chemical Society.
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Fig. 23. Adsorption isotherms for water in a realistic activated carbon structure at 300 K. Two site densities, 0.25 (circles) and 0.65

(squares) sites nm ~2, are shown.

graphitic carbon agree qualitatively with experi-
mental data for graphitic carbons [3,184] al-
though experimentally the onset of significant
water uptake and capillary condensation may
occur at lower pressures than in the simulations.
This difference can be attributed to structural
heterogeneity (e.g. non-aromatic rings of carbon
atoms or heteroatoms that induce cross-linking
of carbon plates) in actual carbons that are not
present in our simplified representation of aro-
matic carbon plates. Such heterogeneity in ac-
tual carbon samples provides additional
adsorption sites for the water molecules.

The adsorption behavior of water adsorbed in
our activated microporous carbon model is
shown in Fig. 23 for activated site densities, n =
0.25 and 0.65 sites nm ~2. At low pressures, up-
take of water occurs via the bonding of isolated
water molecules to the oxygenated surface sites.
This stage is followed by a buildup of water

clusters around those sites. For the n=0.25
sites nm ~ 2 isotherm, when all sites are occupied
by water clusters little further uptake occurs as
the pressure increases. This is attributed to the
sites (and their resident water clusters) being lo-
cated far from each other so that the bridging
of proximal water clusters is unlikely. At the
higher site density, continuous uptake occurs as
the pressure increases. Water molecules search
for locations where they can either bond to sev-
eral pre-adsorbed water molecules or to a water
molecule and a surface site simultancously — a
mechanism recently termed cooperative bonding
by Muller et al. [13]. A snapshot of a configura-
tion of water adsorbed at high relative-pressure
in the carbon sample for n=0.65 sitesnm ~? is
shown in Fig. 24. It should be noted that simu-
lations for different random placement of the
active sites found no significant changes in the
adsorption behavior.
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6. Conclusions and future outlook

Activated carbons can be found throughout the
chemical, oil and gas, food, and pharmaceutical
industries for purification and separation tech-
nologies. They play a central role in many pollu-
tion abatement processes — being the most
widely used of the common adsorbents. Water
purification, as well as the removal of pollutants
from gas streams, rely on adsorbent beds of acti-
vated carbons. A central need in all of these
applications are reliable methods for characteriz-
ing carbons. Over the next 5-10 years, with the
continual increase in computer power that is an-
ticipated, it should be possible to generate realistic
models for carbons having a wide range of pore
sizes, porosities, and surface chemistry. Software
could then match experimental data on real acti-
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Fig. 24. Snapshot of water adsorption in activated carbon
model (site density is 0.65 sites nm ~2) at high P/P,. Orange,
green, blue, and yellow spheres represent carbon atoms, acti-
vated sites, water molecules, and hydrogen atoms, respectively.
For visual clarity, the size of all spheres has been reduced and
one-quarter of the simulation box at the right front edge has
been removed.

vated carbons to the model materials contained in
a data bank, thus providing a much more sophis-
ticated and complete characterization.

The presence of water in activated carbons has
a large effect on the performance of industrial
adsorbers, often reducing their useful lifetime by
as much as 50%. It is obvious from this review
that a thorough molecular-level understanding of
the behavior of water in activated carbons is
lacking. Gaining a comprehensive understanding
by experiment alone has not been successful thus
far because of the difficulty of preparing well-
characterized carbon structures. Molecular simu-
lation offers the possibility of studying many
phenomena exclusively and systematically for pre-
cisely defined model materials. Moreover, comple-
mentary experimental and simulation studies such
as those described in Section 5, appear most
promising in understanding the mechanism of wa-
ter adsorbed in activated carbons.
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