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Abstract. Grand Canonical Monte Catlo simulation is used to study water adsorption in activated
carbon (AC) and carbon nanotubes (CNT) which is modelled as a bundle of seven tubes, and the
simulation results are compared with the experimental data. To investigate the role of functional
groups on water adsorption, hydroxyl groups are grafted at various locations on the surface of AC
and CNT. For carbon nanotubes, the spacing between tubes can affect the isotherm. For small
spacing and functional groups are located on the exterior surface of the central tube, the isotherm
is not affected by the spacing and the concentration of the functional group. This is simply due to
the geometrical constraint that prevents water to adsorb in the interstices between the tubes.
However, the onset of adsorption occurs at lower pressures when the functional group is
positioned in the larger interstices. When the spacing is larger, water clusters are readily formed
around the functional group, resulting in an enhancement in adsorption, and pore-filling occurs in
the interstices. For AC which is modelled as slit pores, the position and amount of functional
group affect adsorption. The effects of temperature were also studied, and we observed an
unusual behaviour in that the adsorptive capacity at 10 °C is lower than that at 15 °C which is
confirmed with our computer simulation.
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1. Introduction

Adsorption phenomena in activated carbon (AC) are increasingly studied with molecular simulation, among
which Molecular Dynamics (MD) and Monte Carlo (MC) [1-2], are widely used. AC represents an
important group of adsorbents because of its large micropore volumes and high surface area. It contains
pores of different sizes and shapes. For the simplicity of modeling, AC is assumed to compose of graphitic
slit pores of different sizes and eatly modeling treated these pores having infinite length in extent [3-8].
Since pores in AC are spaces between graphitic crystallites of finite size [9], such an assumption of infinite
length does not give a good representation. To this end, there is a trend in recent years to model pores of
finite length [10-12] as the desorption branch of a simulated isotherm agrees better with experimental data.
We adopted the same approach in this paper, and in addition to the consideration of finite length we also
considered functional groups as it is known that they have an important role in the adsorption and
desorption of associating fluids, such as water [13].

Single walled carbon nanotubes (SWNTSs) have been increasingly used in many applications, for
example the energy storage for hydrogen, methane, sensor technology and medical technology [14] since
the discovery of carbon nanotube by lijima in 1991 [15]. SWNTs form bundles due to the strong van der
Waals interactions [16], and as a result adsorption can occur at the cusp interstices (between tubes), where
the fluid-solid interaction is very strong because of the overlapping of potentials [17]. Isolated single
nanotubes have been commonly studied in the literature [14, 17-18], but the results do not describe
correctly the experimental data. To develop a better solid model, we model SWNTs as a bundle of seven
tubes of finite-length, arranged in a hexagonal pattern [19].

For proper utilization of either AC or SWNT, they must be characterized for structural properties and
surface chemistry. For the former, adsorption of nitrogen or argon at their respective boiling points is
commonly used. As alternative to these common molecular probes, we believe water could also be used
and it is more economical because adsorption of water can be carried out at ambient temperature while
argon and nitrogen are used under cryogenic conditions. However the limitation of using water lies in the
fact that water does not fill mesopores, and therefore its use is limited to the determination of micropores.
Since ACs are mainly microporous, the use of water for characterization should be established and
validated with a wide range of microporous samples. While adsorption of non-polar gases, such as argon,
and weakly polar gases, such as nitrogen, is well studied both theoretically and experimentally [10], water
adsorption exhibits a different behavior because of the strong adsorbate-adsorbate interactions (hydrogen
bonding) [19]. For a carbon surface, the interaction between a water molecule and a graphene surface is
much weaker than the intermolecular interaction of water, and therefore water adsorption in porous carbon
only occurs when its surfaces contain functional groups. Therefore, the aim of this paper is to use graphitic
slit pores with functional groups to model AC and bundles of SWNT with functional group to investigate
the mechanism of water adsorption, and the isotherms obtained for different pore sizes are then used as a
kernel to determine micropore size distributions of ACs and SWNTs.

Molecular simulation has been applied to elucidate the adsorption mechanism of water in hydrophobic
SWNTs [7, 14, 17, 20] and carbon slit pores [4-7, 21-24], and comparison between the simulation results
and the experimental data has been made [5, 19, 22]. To model water, there are broadly two classes of
potential models. One is the point charge models, for example SPC [25], SPCE [26] and ST2 [27] models,
while the other is the square-well site models such as the Primitive model (PM) [28] and Mdller ¢ a/. [4-5]
models. In our simulation, we chose the SPCE and the Muller ¢f @/’s model to represent these two classes.
The SPCE model involves long-range Coulombic interactions, and to minimize the cut-off error large
simulation box is required. This adds to the high computation cost [21]. The Miller ¢z 2/’s model, on the
other hand, can mimic the hydrogen bonding without the need for a large simulation box, which reduce the
computation time significantly [5], and most importantly this model compares well with the SPCE in the
description of water adsorption in slit and cylindrical pores [21, 23].

Most experimental data of water adsorption on activated carbon [29] show Type V isotherm [30] with
steep adsorption and desorption branches in the range of reduced pressure from 0.3 to 0.8 [23] and a
significant hysteresis loop [29, 31]. Simulated isotherms of water adsorption in graphitic slit pores with no
functional group show a vertical pore filling at P/Py greater than unity and a much larger hysteresis loop
than experimental data [21-23]. The common reason used to explain the difference is the absence of
functional groups in the solid models [21-23, 29]; however other factors such as pore length and pore
morphology could also contribute to this difference.
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2. Methodology
2.1. Water Model

The Miller ¢ a/. model treats water molecule as one LJ-dispersive site (oxygen atom) at the centre of a
tetrahedron and four associating sites, modelled with a square well (SW) potential, placed at the vertices.
These four sites represent two hydrogen atoms and two lone pairs of electrons. The molecular parameters
are listed in Table 1. The energy well depth for unlike sites (a hydrogen atom of one molecule and a lone
pair of electrons of another molecule to form hydrogen bond (HB)) is enus while that for the like sites is
zero. A cut-off radius in the calculation of interaction energy is five times the collision diameter of oxygen
atom (5000), and the long range correction is not considered. Details of this model can be found in [4].
SPCE model consists of an L] site located at the centre of the oxygen atom and three partial charges: a
negative charge is located at the L] site and two positive charges are located along the oxygen-hydrogen
bonds. The molecular parameters of the SPCE water model are listed in Table 2 [20].

Table 1. Molecular parameters for the Miller ¢z /. water model [4], where eoo and ooo are the energy well
depth and the collision diameter of the dispersive site, respectively, k is the Boltzmann’s constant, and rou
is the distance between a square well (SW) associating site and the oxygen atom, ous is the diameter of the
associating site to form hydrogen bond (HB) and epp is the energy well depth for unlike sites to form
hydrogen bond.

Fluid 000, A Eoo/k, K roH, A OHB, A EHB/k, K
H>O 3.06 90.0 1.2852  0.612 3800

Table 2. Molecular parameters for the SPCE water model [26], where &4 and o are the energy well

depth and the collision diameter of fluid, respectively and k is the Boltzmann’s constant, Iy, is the

distance between oxygen and hydrogen atoms, Onon is the bond angle of water molecule, qo and gy are the
negative charge at oxygen atom and the positive charges at hydrogen atoms of water model, respectively.

Fluid oty A Sff/ k, K foH, A Ouon qo, € qH, €
HxO 3.166 78.23 1.00 109.47 -0.8476  +0.4238

In the case of Miiller ef a/. water model, if A represents a hydrogen atom on one water molecule and B
is a lone pair of electrons on another water molecule, the interaction potential energy between A and B to
form a hydrogen bond is [4].

_ )7 % Mg <Owp

P (rAB) = . M
0 otherwise

where Iy is the distance between A and B. In this study, the long-range interactions are not taken into

account. For SPCE water model, the interaction between two charges of two different molecules, takes the
form of a Coulomb law of electrostatic interaction.

2.2. Solid Model and Functional Group Model

We modeled AC with a finite length slit whose walls consist of three graphene layers with an interlayer
spacing (A) of 3.354 A. The pore widths used in this study are 10, 16, 20 and 30 A, chosen to represent the
micropore range and the low end of the mesopore range. For carbon nanotube, we model it with seven
tubes arranged in a hexagonal pattern. Figure 1 shows a schematic diagram of bundles of seven tubes in the
simulation box and its replica. The pore wall of each tube consists of one graphene layer, and the size (D)
of a tube is defined as the diameter of a ring passing through the centers of the carbon atoms forming the
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wall. The separation spacing (5) between two adjacent tubes is defined as the minimum distance between
the two adjacent tubes. In the tube bundle, there are two types of interstices: (i) the cusp interstices, and (if)
the square interstices (Fig. 1). The tubes used are (7:7), (8:8), (10:10), and (12:12) SWNTs, which
cogespond to diameters of 9.5, 10.8, 13.6, and 16.3 A, respectively and the spacing, s, is varied from 4 to
10A.

The 1] parameters for a carbon atom in a graphene layer are G and &s/k, 3.4 A and 28 K, respectively.
The L] interaction energy between a fluid molecule and a carbon atom is calculated with Lennard-Jones 12-
6 equation and the cross molecular parameters are calculated from the Lorentz-Berthelot rule.

gy o
interstices

- " Square
e At interstices ot
L]

Fig. 1. Schematic diagram of bundles of SWNT's [19].

We use a hydroxyl group to represent the functional group as done in Miiller ¢z 4/, [32]. It is modeled
as a L] dispersive site at the centre of oxygen atom and a single square well (SW) site at the hydrogen atom,
and their molecular parameters are the same as those of the water potential model except the hydrogen
bond strength. The potential well depth between the hydrogen atom on a hydroxyl group and the lone pair
of electrons on a water molecule to form hydrogen bond is 5000 K [32]. In this paper, we use 1 and 3 OH
groups positioned either (1) at the middle, (2) at the edge of the central tube of a bundle or (3) at the middle
of an outer tube near the square interstice, as shown in Fig. 2. For the slit pore model, the hydroxyl group is
located either at the edge or at the center of innermost layer of the upper wall. We used either two or six
functional groups. The distance of the 1] site of the OH group from the pore wall is 1.364A and the SW
site is placed at 1.2852 A from the L] centre with an angle of 109 [32].

2b) Edge topology for 3 OH groups

2a) Middle topology for 3 OH groups 2c) square interstices topology for 3 OH groups

Fig. 2 The solid configuration for a) middle, b) edge and ¢) square interstices topologies for the bundle of

tubes. Big red spheres represent oxygen atoms while small black spheres represent hydrogen atoms of the
OH groups.
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2.3. Simulation Method

The simulation box used for carbon nanotubes bundle is a rectangular box with the z-dimension the same
as the tube length while the x- and j-dimensions depend on the tube diameter and the spacing to
accommodate seven tubes. A tube length of 50 A is chosen in this study. The simulation box is shown in
Fig. 3 and the length in x and y directions can be calculated from the following equations.

L =3(D+s); L, = 2{(37D+ sjsin(%)}+ s ®)

A

BUIE(E+H I +)

o
=
ra

— sf2

Fig. 3 A bundle of seven tubes of diameter D located at the middle of the simulation box and a separation
spacing of s.

For the slit model, the x- and y-dimensions are 37.6 and 39.4 A, respectively, the box height is the same
as the pore width. Grand Canonical Monte Carlo method (GCMC) with the Metropolis algorithm is used
to obtain adsorption isotherms. For adsorption, we started with an empty box, and the simulation is carried
out at a given chemical potential until the system has reached equilibrium. Once this is achieved, the
chemical potential is increased, and the final configuration of molecules of the previous chemical potential
is used as the initial configuration for the new simulation. For each point on the adsorption branch, 700
million configurations are used to reach equilibrium and to obtain ensemble averages. For desorption, the
simulation process is reversed, by starting with the highest chemical potential, until the simulation box is
empty.

The maximum displacement step length is initially chosen as half of the collision diameter of water, and
during the equilibration stage it is decreased by 5% when the acceptance ratio is less than 0.5 and increased
by 5% when it is greater than 0.5. The virial equation [32] is used to determine the relative pressure of the
bulk gaseous phase for a given chemical potential. In the case of finite-length pore, the particle move is
rejected if the particle is displaced to a position outside the simulation box. To study the effects of
functional group and temperature on water adsorption, simulations are carried out at 278, 293, 298 and 303
K

2.4. Experiment
2.4.1. Preparation and Characterization of Activated Carbon

In this study, dried Eucalyptus wood chips are used as the precursor for AC. The preparation of activated
carbon using physical activation (ACP) was as follows; the chip was milled by a rotor beater mill and sieved
to obtain a size fraction of 20 X 30 mesh (average size 0.714 mm.) and then carbonized in a horizontal
ceramic tube furnace at 673 K for 1 hour under a nitrogen flow of 100 ml/min. The resulting char was then
activated under constant flow of 200 ml/min of (50:50) nitrogen and carbon dioxide mixture at 873 K for 1
hour, followed by cooling down to room temperature under nitrogen atmosphere. The same procedure is
applied for activated carbon prepared using chemical activation (ACC), however the sieved wood chip was
impregnated in phosphoric acid 50% by wt. for 1 hour and then carbonized. To increase the functional
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group concentration, ACC was treated with hydrogen peroxide 35% wt. at 298 K for 24 hours while ACP
was treated with nitric acid 1 M at 363 K for 24 hours.

The carbon samples were characterized for the structural porous properties (BET-area and total pore
volume) by N2 adsorption at 77 K by using an automated adsorption apparatus (ASAP2010 Micromeritics,
USA). The pore size distribution was determined with the density functional theory (DFT). This method
also gave the micropore volume which was calculated from the cumulative volume of the pores smaller
than 20 A. Procedures for the analysis of oxygen functional group are taken from Boehm [33].

2.4.2. Water Adsorption Measurement

Water vapor adsorption was carried out with an Intelligent Gravimetric Analyzer IGA) supplied by Hiden
Analytical Ltd as shown in Fig. 4. Prior to each measurement, the adsorbent (typical about 200 mg) is
outgassed until a constant weight is achieved at a pressure of 10¢ mbar and 473 K. HPLC grade water
supplied by RCI-LabScan is used as adsorbate, and dissolved gases are removed by repeated evacuation and
vapor equilibration cycles. The weight change as a function of time is analyzed in real-time with a computer
algorithm to ensute that the system has reached equilibrium.

T
|
— | ‘ P
I . ' Wenk
Micr Balase - a0
——a — =

W aruii pimnp

I

Fig. 4 An Intelligent Gravimetric Analyzer IGA) for water adsorption measurement.

3. Results and Discussions

3.1. Effects of Functional Group on the Adsorption of Water

3.1.1. Adsorption of Water in Homogeneous and Heterogeneous Slit Pore Models

The effects of functional group on water adsorption in 10 and 16 A slits are presented in Figs. 5 and 6 for
the Miiller e7 a/’s and SPCE models, respectively, with the centre configuration of OH. For comparison, we
also showed the isotherms for homogeneous pores (no functional group), where we see that the adsorption

branch shows a steep increase at a pressure greater than Po; a feature of weak interaction between water and
graphene surface, that is well known in the literature [23].
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Fig. 5 Adsorption isotherms at 298 K for the Miiller ef a/. water model in slits whose widths are 10 A (a)
and 16 A (b).
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Fig. 6 Adsorption isotherms at 298 K for SPCE water model in slits whose widths are 10 A (a) and 16 A (b).

Observing the isotherms in the presence of functional groups, we note the following features:

(i) an eatly onset of adsorption isotherm, due to the clustering of water molecules around the functional
groups, resulting from the strong interaction between water and functional group, and

(ii) the hysteresis loop is smaller, and this is due to the early onset of adsorption and the desorption
branch is not affected by the presence of the functional group because desorption is governed by
the fluid-fluid interaction.

3.1.2. Adsorption of Water in Homogeneous and Heterogeneous Bundle of Tubes

The isotherm of water adsorption at 298 K for bundles of tubes whose diameters are 10.8 and 13.6 A and
the spacing between tubes is 4 A with 1 OH group placed at the middle of the exterior surface of the
central tube (middle topology) are shown in Figs. 7(a) and 7(b), respectively. For comparison, we also
present the isotherms for homogeneous tube bundle. The adsorptive capacity has two contributions: one
from inside the tubes and the other from the interstices between the tubes.

Adsorption is dominated by that inside the tubes (intra-tube adsorption), despite of the stronger solid-
fluid interactions in the interstices and the strong fluid-functional group interactions. This is because of the
geometrical constraint of the interstices that prevent clustering of water [19]. The pore filling pressure of
the intra-tube adsorption increases in the larger tube, due to its lower solid-fluid potential.
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Fig. 7 The adsorption isotherms of the Miller ¢ a/ water in homogeneous (unfilled symbols) and
heterogeneous (OH at the middle of the exterior surface of the central tube, filled symbols) at 298 K for
tube bundles of tubes having diameter of 10.8 A (a) and 13.6 A (b).

Figure 8 shows the isosteric heats in bundles of 10.8 and 13.6 A tubes, in the absence and presence of
functional group. At very low loading, the isosteric heat is lower than the condensation heat, Hyq, when the
density increase, the heat increases above the condensation heat, which is due to the combined effects
clustering of water molecules and the interaction of water with graphene surfaces.

60
10.8A (homogeneous) =
5 50
£ iy L A hameenels) e
2 PPt Q}OO“/ N H.
= 40 PRI liq
s <a /ch’
< 30 &
o <
e
(0]
"J; 20 ——<—— 10.8A homogeneous tube bundle
(@] ——&@—— 13.6A homogeneous tube bundle
2 —_-— 10.8A heterogeneous tube bundle
- —O-— 13.6A heterogeneous tube bundle
10 esesssesss Heat of condensation for water
0 2 4 6 8
Pore density (kmol/m3)

Fig. 8 The isosteric heats for the Miller ¢ a/ water adsorption in homogeneous (solid line) and
heterogeneous (dashed line) carbon nanotubes with different diameter at 298 K. The horizontal dashed line
is the heat of condensation of bulk water (44 kJ/mol).

3.2. Effects of Functional Group’s Location and Amount of Functional Group on The Adsorption
Isotherm

3.2.1. Slit Pore Model

Two configurations of functional groups were considered: edge and centre, and the separation distance, 4,
between two adjacent functional group is 4.26 A. This spacing was derived in our earlier study [22] where
we investigated different spacing and found that 4.26 A is the most suitable to describe water adsorption.
Figure 9 shows the isotherms obtained for heterogencous finite pores with these two configurations of
functional group.
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Fig. 9 Adsorption isotherms at 298 K for the Miiller ¢ a/. water model in slits whose widths are 10 A (a)
and 16 A (b) (triangle symbols for pore with edge topology while circles for pore with centre topology;
filled symbols for adsorption and unfilled symbols for desorption)

At low loadings, adsorption is enhanced with the central configuration because water clusters on a
functional group are stabilized by carbon atoms around it. In the edge configuration, this stabilization effect
is absent. This is consistent with what was observed in the literature [21, 24-25].

Figure 10 shows the snapshots of water molecules in heterogeneous pores of 10 A and 16 A. For
clarity, we show only one graphene layer of each wall. We observe that water molecules nucleate around the
functional group. Once nucleated, the water cluster grows in all directions but predominantly in the
direction perpendicular to the pore wall. This is due to the tetrahedral structure of the Muller e# 2/ model, in
which one lone pair of electrons of water molecule forms hydrogen bond with the functional group. This
makes two hydrogen atoms and the remaining lone pair of electrons of that water molecule pointing
downward, and they are available for the other water molecules to form hydrogen bond with [22].

10@ gg pore

10a) 10A pore 10b) 10A pore oA pOrE
atP/P,=0.28 atP/P,=0.28 at P/Pg = 0.63 at P/Pg =0.32
(Edge topology) (Centre topology) (Edge topology) (Centre topology)

Fig. 10 Snapshots of the Miiller ez a/. water molecules in heterogeneous finite-length slit pores for width of
10 and 16 A. In these figures, big white spheres represent carbon atoms, big and small black spheres
represent oxygen and hydrogen atoms of hydroxyl group, respectively, and big dark gray spheres represent
oxygen atoms of water while small gray spheres and small white spheres represent hydrogen atoms and
lone pair electrons of water molecules, respectively.

3.2.2. Carbon Nanotubes Bundle

Figure 11 shows the effects of the location of functional group on adsorption in bundles of 10.8 and 13.6 A
tubes, with 4 A spacing. Two locations of the functional group are associated with the central tube: (i) at the
middle of the exterior surface, (if) at the edge, and one location at the middle of an outer tube near the
square interstice. The isotherms of the corresponding bundles of homogeneous tube are also plotted in the
same figure as dashed lines.
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Fig. 11 The adsorption isotherms of the Miiller ¢f a/. water in heterogeneous tubes at 298 K for different
topology of functional group for 10.8 A. (a) and 13.6 A (b).

It is seen that water adsorbs mostly inside the tubes because the inter-tube spacing is too small for the
formation of water cluster. The simulation results show a similar behavior to the experimental data
observed by Maniwa ez a/. [34] for water adsorption in bundle of 13.5 A tubes. An eatly onset of isotherm
for the square interstice topology is observed, and this is due to the contribution of the greater water-
functional group interaction at the square interstice which is large enough for water molecules to form
hydrogen bonds around the functional group and to grow into large aggregates. This is supported with the
snapshots of water molecules in the bundle of 10.8 A tubes at various pressures as shown in Fig. 12.

12a) P/P, = 1.62 12b) PP, = 2.1 12c) PIP =28

Fig. 12 Snapshots of water molecules in bundle of 10.8 A tubes at various pressures for square interstice
topology. In these figures, big white sphere and small black sphere represent oxygen and hydrogen atoms
of hydroxyl group, respectively, and big dark gray spheres represent oxygen atoms of water while small gray
spheres and small white spheres represent hydrogen atoms and lone pair electrons of water molecules,
respectively.

3.2.3. Effects of Amount of Functional Group

For slit pore, we grafted two and six functional groups on the innermost layer of the upper wall with the
separation distance (&) of 4.26 A, two configurations of functional groups, edge and centre topologies were
investigated. The pore density increases with an increase of functional group as physically expected. This
behavior agrees with the experimental data observed by Morimoto and Miura [35] which shown that the
increase amount of functional groups leads to a drastically increase of the amount of adsorbed water.

In the case of SWNT with a spacing of 4 A, one and three OH groups were grafted at the edge of the
exterior surface of the central tube, and the spacing between functional groups is 11.3 A. Tt is found that
the adsorption for heterogeneous tubes with 3 OH groups is greater than that with 1 OH group; this is due

102 ENGINEERING JOURNAL Volume 17 Issue 4, ISSN 0125-8281 (http://www.engj.org/)



DOI:10.4186/¢j.2013.17.4.93

to the greater functional group-water interaction. Even though the adsorption outside the tube increases
with the amount of functional group, the dominance of adsorption is due to the intra-tube adsorption.

3.3. Effects of Separation Spacing Between Tubes

Figure 13 shows the effects of the separation spacing on adsorption in bundles of 10.8, and 13.6 A SWNTs
with the middle topology of one OH group. Two separation spacings, 4 A and 10 A were considered. For
10.8 A tubes, the adsorption inside the tube is unaffected by the spacing. But for bundles of 13.6 A tubes,
the onset of adsorption shifts to lower pressure for larger spacing. This is due to the contribution of the
greater fluid-fluid and electrostatic interactions [19] that results in the favourable formation of clusters.

- 50
50 13a) 10.8 A, Middle topology 13b) 13.6A, Middle topology
—~ 40 - —~ 40 1
[3p] [s2]
£ =
= ° A Inside tubes for s = 4A
E 30 + £ 30 + A Outside tubes for s = 4A
X B @ Inside tubes for s = 10A
“;: g ©  Outside tubes for s = 10A
= 20 A = 20 1
73} [2]
5 A |nside tubes for s = 4A %
A Qutside tubes fi =4A
o 10 4 o] \n:g:e teulfesefsorcsr i 10A 2 10 1
O OQutside tubes for s = 10A
0 - : : ; 0 - ; : ;
0.0 5 1.0 1.5 2.0 25 3.0 0.0 9 1.0 1.5 2.0 2.5 3.0
PP, PIP,

Fig. 13 The adsorption isotherms of water in heterogeneous bundle of 10.8 and 13.6 A tubes with one OH
group placed at the middle of exterior surface of the central tube at various separation spacing.

3.4. Comparison between the Simulation Results and the Experimental Data

3.4.1. Adsorption of Water in Activated Carbon

The structural properties of ACPs and ACCs for modified and unmodified surfaces determined from
nitrogen adsorption isotherms at 77 K and the surface functional groups are shown in Table 3. The

experimental data of water adsorption at 298 K are shown in Fig. 14.

Table 3 Porous properties of activated carbons used in this study.

BET  Micropote Meso- and Total Acidic Basic ?otal

Sample area volume  mactopores pore group group functional

R volume volume group

(m?/g)  (cc/g) (cc/g) (cc/g) mmol/g) (mmol/g) .\ 01/0)

ACC 1200 0.55 0.03 0.58 0.66 0.63 1.29

ﬁC(gJ— 689 0.34 0.01 0.35 1.67 0.40 2.07

22

ACP 460 0.21 0.02 0.23 1.20 0.40 1.60

ﬁ(N:Ig 405 0.20 0.03 0.23 1.98 0.60 2.58
5
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Water adsorption at 298K for various modified ACs
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Fig. 14 The experimental isotherms of water in various activated carbons at 298 K.

The experimental isotherms of ACCs show a modest increase for relative pressures less than 0.3, after
which the isotherm increases sharply, which is the typical behavior of water adsorption in micropores. The
onset of filling occurs at lower pressure than what typically observed in the literature [25], and this is due to
the high concentration of functional groups in our activated carbons. The behavior of ACP is the same as
that of ACC, but the S-shape pattern of ACP is less pronounced because of its lower micropore volume.
For ACC-H20, the micropore volume is reduced by half from its parent ACC, but the total functional
group concentration is doubled. However the ACP-HNOj is oxidized with nitric acid (which is milder than
H>0Oy), the micropore volume is barely affected and the concentration of the functional group is increased
by 50% as shown in Table 3. The reduction in surface area and pore volume of oxidized carbons, especially
ACC-H20q, is due to an inaccessibility of the probe molecules into the pore interior caused by the
oxidation reaction between oxidizing agent and unstable covalent bond between carbons, leading to the
partial collapse of pore walls [36].

To describe the experimental isotherms, we use a set of local isotherms of 10, 16 and 20 A pores
having edge and centre topologies, and choose two and six hydroxyl groups to characterize unmodified and
modified activated carbons, respectively. As a result of the fitting of the theoretical results and the
experimental data (shown in Fig. 15), the pore volume distributions were derived and tabulated in Table 4.
For comparison, the total pore volume obtained from the nitrogen adsorption is presented in the same
table.

Table 4 Pore size distribution for various kinds of activated carbons used in this study.

Volume of Volume of Volume of Volurr;f Total pore Total pore

10 A pore 10 A pore 16 A pore of 20 ; volume f.rom volum_e from

Sample with corner  with centre with centre PO ¢ with  adsorption nitrogen
tonolo tonolo tonolo centre of water and adsorption

pology poogy POTO8Y  topology finite-length at 77K

(cc/g)  (cclg)  (c/8)  (c/g)  pore (cc/g) (cc/g)
ACC 0.11 0.25 0.05 0.05 0.46 0.58
ACC-H,O, 0.14 0.29 0.04 0.03 0.50 0.35
ACP 0.01 0.10 0.04 0.03 0.18 0.23
ACP-HNO3 0.08 0.12 0.04 0.02 0.26 0.23
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Fig. 15 The experimental isotherm of water in various activated carbons at 298 K (circle symbols) and the
combined simulation isotherm (solid line) at the same temperature.

The agreement between the theory and the experimental data is regarded as satisfactory. Better
agreement might be possible with more pore sizes considered and variable functional groups distributed
along the pore walls. For unmodified carbons (ACC and ACP) the total pore volumes determined by water
adsorption are less than those by nitrogen adsorption, and this is due to the amount of functional group is
not high enough and clusters formed are not of sufficient sizes to enter small mesopores; on the other
hand, for the modified carbons, total volumes determined by water adsorption are greater, and this is
probably due to the contribution of water clusters outside the pores.

3.4.2. Adsorption of Water in Carbon Nanotubes

SWNTs were supplied by Cheap Tube Inc., and the diameters were in the range between 1 to 2 nm (Fig.
16). The experimental data for the modified nanotubes is greater than the unmodified one which is due to
the favorable adsorption of water molecules around functional groups. For unmodified sample, we used the
simulation results of 10.8 and 13.6 A tubes without functional group to fit the experimental data. The good
agreement between the combined isotherm and data is shown in Fig. 17. It is found that the specific pore
volumes of 10.8 and 13.6 A tubes are 0.009 and 0.21 cc/g, respectively, giving a total pore volume of 0.219
cc/g which is less than that determined by nitrogen adsorption of 0.43 cc/g. The treason for this difference
is similar to what was discussed above for activated carbon.
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Fig. 16 The FESEM image of unmodified CNT, provided by Cheap Tube Inc. [37].
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Fig. 17 The experimental data of water adsorption in modified and unmodified carbon nanotubes at 293 K
and the combined isotherm of water in homogeneous pores of 10.8 and 13.6 A at 298 K.

3.5. Adsorption of Water in Activated Carbon at Different Temperatures.

Figure 18 shows the experimental water isotherms for ACC versus relative pressure at a range of
temperatures from 10 to 30 °C. Typically adsorption increases with a decrease in temperatute, because
adsorption is an exothermic process. However, we observe an unusual behavior at 10 °C, at which the
isotherm is, in fact, less than that at 15 °C. To seck an explanation for this, we carried out simulation of the
adsorption of SPCE water in 8 and 30 A pores at 5, 20 and 30 °C and presented the results in Fig. 19.

Interestingly, we reproduce this unusual behavior of water adsorption at low temperatures: the
simulated isotherm at 5 °C is less than that at 20 °C. At 20 °C, water molecules are nucleated around the
functional groups, once water clusters outside the pore are large enough, water molecules enter the pore,
following the pore-filling mechanism. The water clusters can grow in all directions but predominantly in the
direction perpendicular to the pore wall [25]. However, at 5 °C, water cluster grows across the pore,
forming a bridge which prevents water molecules entering the pore interior. We will investigate this unusual
behavior with other water models and different configurations of functional group, and will present the
results in a future communication.
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Fig. 18 The expetimental data of water adsorption in unmodified activated carbon (ACC) at 30 °C
(diamond symbols with solid line), 25 °C (line and dotted), 20 °C (dashed line), 15 °C (triangle symbols with
solid line) and 10 °C (solid line).
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Fig. 19 The simulation isotherms of SPCE water adsorption in slit pore of 8 A (a) and 30 A (b) at 30 °C
(diamond symbols with solid line), 20 °C (dashed line) and 5 °C (solid line).

4. Conclusion

In this paper, we have presented the adsorption of water in activated carbons and carbon nanotubes with
functional group grafted on the surfaces and studied the effects of functional group on the adsorption
isotherm using a GCMC simulation. The simulation results show that the onset of adsorption and the pore-
filling occur at lower pressure with an increase in the functional group concentration. We also showed that
the comparison between the simulation results and water adsorption isotherms at 298 K suggests that water
adsorption at ambient temperatures could be used as an alternative to nitrogen adsorption at 77 K to
characterize porous carbons for their microporosity. One interesting feature that arises from both
experimental measurements and simulation is the unusual lower water adsorption capacity at low
temperatures, and this is a subject of extensive investigation and results will be reported in due course.
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