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CARBON DIOXIDE CAPTURED BY MULTI-
WALLED CARBON NANOTUBE AND
ACTIVATED CHARCOAL: A COMPARATIVE
STUDY

In this study, the equilibrium adsorption of CO. on activated charcoal (AC) and
multi-walled carbon nanotube (MWCNT) were investigated. Experiments were
performed at temperature range of 298-318 K and pressures up to 40 bar. The
obtained results indicated that the equilibrium uptakes of CO, by both adsor-
bents increased with increasing pressure and decreasing temperature. In spite
of lower specific surface area, the maximum amount of CO- uptake achieved
by MWCNT at 298 K and 40 bar were twice that of CO. capture by AC (15
compared to 7.93 mmol g 7). The higher amount of CO, captured by MWCNT
can be attributed to its higher pore volume and specific structure of MWCNT,
such as hollowness and light mass, which had greater influence than specific
surface area. The experimental data were analyzed by means of Freundlich
and Langmuir adsorption isotherm models. Following a simple acidic treatment
procedure, CO, capture was increased marginally by MWCNT over entire
range of pressure, while for AC this effect appeared at higher pressures. Small
values of isosteric heat of adsorption were evaluated based on Clausius-Cla-
peyron equation showed the physical nature of adsorption mechanism. The high
amount of CO, capture by MWCNT renders it as a promising carrier for prac-
tical applications such as gas separation.

Keywords: adsorption;, COs;; MWCNT, AC, adsorption isotherms, [so-
steric heat.

Extensive utilization of fossil fuels has increased
CO, emission into the atmosphere. Carbon dioxide is
one of the major greenhouse gases that may have
direct linkage to global climate changes. The control
of CO, emission is a serious and challenging
research topic. Thus, a great deal of efforts has been
devoted to limit the emissions of greenhouse gases,
especially CO,, into the environment. For example,
CO, removal from flue gases at large industrial plants,
such as thermal power stations, steal manufacturing
plants and oil refineries that use fossil fuel for
combustion is considered as a major solution to CO,
emission problem [1-5].
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Various techniques have been proposed to cap-
ture CO,, including chemical absorption, physical ab-
sorption, cryogenic separation, physical adsorption
and membrane separation [6-8]. Among them, chemi-
cal absorption with aqueous solution of alkanol-
amines such as monoethanolamine (MEA) and di-
ethanolamine (DEA) has been recognized as the
most matured process. However, solvent absorption
technology has several disadvantages such as high
corrosion, oxidative degradation of absorbents, high-
energy consumption for solvent regeneration, high
viscosity and foaming in the gas-liquid interface [9,
10]. To overcome these problems, physical adsorp-
tion with porous materials has received increasing
attention for CO, capture from flue gas. Porous media
including activated carbon, X-type zeolites, SBA-16
micro-/mesoporous  silica sorbents, mesoporous
spherical-silica particles and mesoporous molecular
sieve MCM-41 are suitable adsorbents for CO, cap-
ture [11-13].
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Among solid adsorbents, carbonaceous mate-
rials have been evaluated as potential adsorbents in
CO, separation. The advantages of carbonaceous
materials for CO, capture are fast adsorption/desorp-
tion kinetics, high surface area, large pore volume
and low density that render them as suitable materials
for high prersdsure gas adsorption [14,15]. Chandra
et al. [16] have synthesized N-doped porous carbon
produced via chemical activation of polypyrrole func-
tionalized graphene sheets and studied the adsorp-
tion of CO, and N, with this adsorbent. Results showed
selective adsorption of CO, (4.3 mmol g”') over N,
(0.27 mmol g') at temperature of 298 K and pressure
of 1 atm. They have stated that the potential for large
scale production and facile regeneration makes this
material useful for industrial applications.

Activated carbon is a common adsorbent that is
often revealed a good capability in CO, capture
because of its excellent porous structures, specific
surface properties, reusability, minimal costs and en-
vironmentally benign nature [17]. Since the emer-
gence of carbon nanotubes (CNTs) in 1991 [18], a
series of attempts has been made to evaluate the
adsorption properties of these new materials because
of their unique properties such as uniform porosity,
high pore volume, high specific surface area and low
mass density [19]. CNTs have been proven to pos-
sess good potential for CO, capture from flue gas due
to their unique physicochemical properties as well as
high thermal and chemical stability [20]. The ad-
sorption of CO, in carbonaceous materials such as
MWCNT corresponds to the amount of CO, adsorp-
tion, which takes place near the carbon surface solid
only due to the physical forces - van der Waals inter-
actions - that carbon atoms exert on CO, molecules.
This is the reason why the phenomenon is called
physisorption. Lu et al. [21] have investigated the ad-
sorption of CO, on the raw and 3-aminopropyl-tri-
ethoxysilane (APTS)-modified MWCNT, granular acti-
vated carbon (GAC), and zeolite at CO, concentration
range of 5-50%. After the modification, the MWCNT
showed the greatest enhancement in adsorption ca-
pacity of CO,, followed by the zeolite and then the
GAC.

Recently, pressure swing adsorption (PSA) pro-
cesses have attracted a great deal of attention as a
promising technology for CO, capturing due to low
cost, high selectivity, high adsorption capacity and
easy regeneration of adsorbents [22]. A proper design
of a PSA unit requires knowledge of the adsorption
isotherms and rate parameters of each adsorbate.
Equilibrium parameters are also required as input
information to the modeling and simulation of PSA
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processes. It provides insight about maximum gas sto-
rage capacity attainable by a specific adsorbent [23].

The main objective of the present research was
to assess the potential of MWCNT as an effective
adsorbent for essential capture of CO, compared to
conventional carbonaceous materials such as AC.
Also, the treatment of adsorbents by concentrated
acids was evaluated as a way to study the effect of
chemical treatment on the structure of adsorbents
and amount of CO, capture. Experimental results of
CO, adsorption by these adsorbents at equilibrium
state were described by several adsorption isotherm
models. The kinetic study was also carried out to eva-
luate the effectiveness of the adsorption processes.
Isosteric heat of adsorption was evaluated from a set
of isotherms based on the Clausius-Clapeyron equa-
tion. The selected pressure and temperature ranges
in this study were based on the effectiveness of the
adsorption process. The adsorption of CO, on physi-
cal adsorbents normally favors lower temperature and
higher pressure. Therefore, application of the results
of the present study at large industrial plants needs
preconditioning of hot flue gas to lower the tempera-
ture for effective performance of adsorption plants.
However, the pressure range used in the study is typi-
cally the operating pressure range at large scale in-
dustrial plants (such as pressure swing adsorption
PSA plants).

EXPERIMENTAL

Material and its characterization

The MWCNT used in this work were purchased
from Alpha Nanotechnologies Company, Ltd. (China),
which was synthesized via CVD method with purity
greater than 95%. The apparent density of MWCNT
was 0.063 g cm™. The AC used for the measurement
of CO, adsorption was purchased from Merck Com-
pany (Darmstadt, Germany). Apparent density of this
adsorbent was 0.2653 g cm™. Carbon dioxide and he-
lium with purity of 99.99 and 99.995%, respectively,
were purchased from Technical Gas Services, UAE.
Nitric acid 65% (HNO3) and sulfuric acid 96% (H,SO,)
were obtained from Merck.

The materials characterization techniques were
applied for each adsorbent. MWCNT was characte-
rized with respect to wall thickness (single or multi-
walled), diameter and length by transmission electron
microscopy (TEM). Scanning electron microscopy
(SEM) was used to obtain supplementary information
regarding the MWCNT and AC structure before and
after oxidation process.
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The pore characteristics for both adsorbents
were measured by BET technique employing N, ad-
sorption isotherm at 77 K. N, adsorption/desorption
isotherms were determined at a relative pressure
(P pp) range of 0.0001-0.99 and used to measure sur-
face area, average pore diameter and pore volume.

Surface characterization of acid treated adsor-
bents were carried by Fourier transformed infrared
spectroscopy (FTIR) spectrometer. Sample discs were
prepared by mixing the samples with KBr and scan-
ned in a range from 400 to 4000 cm™".

Apparatus

The amounts of adsorbed carbon dioxide on the
MWCNT and AC, before and after the oxidation pro-
cess, were determined by volumetric technique. Fi-
gure 1 displays the apparatus that was designed to
conduct the CO, adsorption experiments. The pres-
sure drop due to CO, adsorption was measured at
constant operating temperature by this apparatus.

The apparatus consisted of two high-pressure
cells made of stainless steel, called the pressure and
adsorption cell. They were placed in a thermostatic
water bath to keep the temperature constant during
the CO, adsorption. The pressure cell was connected
to a regulator and adsorption cell via a needle valve
to control gas entrance. The gas flew from a CO,
high-pressure reservoir to the pressure cell via the
regulator (1) by opening the connecting valve (2). The
adsorption experiments were initiated by opening val-
ves 5 and 6 between the pressure cell and adsorption
cell and allowing gas entrance to the adsorption cell
loaded with the adsorbent. The pressure in the sys-

tem started to drop as CO, was adsorbed on the ad-
sorbents. The equilibrium state was reached when
the pressure approached to a constant value. Both
cells equipped with a PT100 temperature probe and a
pressure transducer that were interfaced to the com-
puter to monitor and record system pressure. The ma-
ximum allowable pressure in the installation was 50
bar and its working temperature was in the range of
283-343 K.

In each batch experiment, about 1 g of adsor-
bent was loaded in an adsorption cell. Prior loading
adsorbent into the adsorption cell, the setup was
tested against any probable leak using pressurized air
for 24 h. Before each test, the adsorbents were de-
gassed at 473 K for 24 h and the system was eva-
cuated by vacuum pump to 0.1 mbar. Helium gas was
employed to determine the dead volume by using a
calibration cell with a definite volume. By this method
the exact volume of pressure and adsorption cell with
their connection lines such as tubes and valves were
measured.

The amount of adsorbed CO, was calculated
using material balance before and after each test and
SRK equation of state for the compressibility factor:

pV|+p|/|:pV|+pV|+N (1)
ZRT|, ZRT|, 2ZRT|, ZRT|,

where subscripts 1, 2, L and a stand for the initial
state, final equilibrium state, pressure cell and ad-
sorption cell, respectively; V'is the volume, p is the
pressure, T is the temperature, A is the universal gas
constant, and Zis the CO, compressibility factor.
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Figure 1. Schematic diagram of the volumetric adsorption apparatus: 1) regulator; 2,3) valves; 4) vacuum pump, 5-7) valves,
8,9) pressure transducer; 10, 11) temperature probe; 12, 13) pressure digital indicator; 14, 15) temperature digital indicator;
16) computer; 17) water bath.
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RESULTS AND DISCUSSION

Materials characterizations

The main characteristics such as BET surface
area, mean pore diameter and total pore volume have
been listed for both adsorbents in Table 1. The spe-
cific surface area of AC is about two times of
MWCNT, while the MWCNT shows a higher pore
volume compared to AC.

Table 1. The structural properties of adsorbents measured by
the BET technigue

Adsorbent Szg Pore v<3)Iume Mean pore diameter
m°/g cm/g nm

MWCNT 294 0.6231 4.68

AC 545 0.48 3.49

The N, adsorption and desorption isotherms at
77 K of the MWCNT and AC are shown in Figure 2.
The isotherms were classified as the type Il ad-
sorption isotherm defined by IUPAC. Micropores ad-
sorption occurred at the initial part of the curve.

The TEM image of MWCNT is shown in Figure
3a. It was clearly demonstrated that the MWCNT had
small amount of catalyst particles (as impurity), but a
number of thin amorphous carbon layers sticking to
the nanotube walls were observed in some chains of
MWCNT. The caps of MWCNT were open, which is
important for the gas adsorption because open tubes

enable gas adsorption by both the inside and outside
of the tubes [24]. The outer diameter of adsorbent
ranged from 15 to 20 nm, the inner diameter was
about 4 nm, and the length was about 30 pm.

The SEM images for MWCNT before and after
acid treatment are shown in Figures 3b and 3c, res-
pectively. It is obvious from Figure 3b that the MWCNT
are held together into bundles via van der Waals
forces and show high degree of aggregation. It was
also due to CNT length as the MWCNT showed a
larger degree of entanglement [25]. It is clearly de-
monstrated from Figure 3c that the morphology of
MWCNT after oxidation remains undamaged. No des-
truction and real damage for MWCNT was observed,
which indicates that MWCNT is strong enough to
withstand during oxidation process. Oxidized MWCNT
indicated more obvious ends compared to the pristine
MWCNT, because oxidative etching along the walls of
MWCNT by strong acids caused the MWCNT to frag-
ment in lengths in the range of 100 to 300 nm. This
observation was also reported by the other re-
searchers [26,27].

The porous structure of AC adsorbent is shown
in Figure 4a. The existing cavities and cracked
structure accounts for high specific surface area of
the adsorbent. There are some metal ions and other
impurities on the surface of AC. It is obvious from
Figure 4b that acid treatment removed impurities on
its surfaces. The porosity of COOH-AC was clearer
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Figure 2. N> adsorption/desorption isotherms of MWCNT (a) and AC (b).
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than AC because of the destruction of pore walls due
to the acid treatment effect. In some cases, the
carbon texture was destroyed under oxidative acidic
conditions.

Figure 3. TEM Image of MWCNT (a) and SEM images of
MWCNT (b) and COOH-MWCNT (c).

Figure 5 shows the FT-IR spectra of MWNT and
AC before and after the oxidation process. The peaks
at 1635 and 1627 cm™ are due to the C=C bond of
carbon structure of adsorbents. The peaks at 3440

and 3431 cm™ are assigned to the OH band due to
water molecules present in the KBr and unmodified
adsorbents. After oxidation with strong acids, small
peaks at 1714 and 1728 cm™ appeared that belong to
the C=0 stretching vibration of COOH groups. Asym-
metric and symmetric stretching vibrations of C-H are
appeared at 2856-2926 cm™ region. Further confir-
mation of the oxidation process is appearance of C-O
band at 1122 and 1224 cm™ and O-H bands at 3440
and 3429 cm™ [28-33].

Acid treatment process

The oxidized MWCNT (COOH-MWCNT) was
achieved by adding 100 mg of pristine MWCNTSs to
150 ml of mixture of H,SO4HNO; (3:1 by volume
ration). The mixture was dispersed in an ultrasonic
bath for 1 h and then the solution was refluxed at 90
°C for 1 h. After cooling down to room temperature,
the solution was filtered with a 0.2 pm cellulose ace-
tate microfiltration membrane and washed with dis-
tiled water several times until pH increased to na-
tural. The carboxylated MWCNT was then dried in a
vacuum drying oven at 100 °C for 4 h.

Two grams of AC were oxidized with 80 ml of
mixture of H,SO4#/HNO; (3:1 by volume ration) at 70
°C for 2 h under magnetic stirring. The oxidized AC
(COOH-AC) was filtered, washed with distilled water
until natural pH and then dried in a vacuum drying
oven at 100 °C for 4 h.

CO, adsorption isotherm

The adsorption studies were carried out at diffe-
rent pressures up to 40 bar and three sets of tempe-
ratures, ie., 298, 308 and 318 K. At any given tem-
perature, the amount of CO, adsorbed on adsorbents
is only a function of pressure. Results demonstrated
that CO, uptake increased with an increase in pres-
sure and a decrease in temperature. Figure 6 illus-
trated that the isotherms for AC material lies below
those of MWCNT. At higher pressures the adsorption
isotherm curve of MWCNT increases almost linearly
and it seems that the CO, uptake could be continued
by increasing pressure, whereas the AC isotherm
curve leads to saturation at high pressure. This par-
ticular behavior is due to the difference in their struc-
ture. Although the specific surface area of AC is much
higher than MWCNT and the BET surface area plays
an important role in determination of the adsorption
capacity, the structure of adsorbent is a key factor in
gas adsorption. When AC is exposed to CO,, gas ad-
sorption occurs in micropores whereas the mesopo-
res and the macropores do not influence the adsorp-
tion amount [24,34]. Specific structures of MWCNT
such as hollowness and light mass are important in
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Figure 4. SEM Images of AC (a) and COOH-AC (b).
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Figure 5. FTIR Spectra of MWCNT (a), COOH-MWCNT (b), AC (c) and COOH-AC (d).

CO, adsorption. Actually CO, can be stored on the
inside area of CNTs, shaping a cylindrical monolayer
form, or at the outer surface, or in the interplanar spa-
cing between the adjacent platelets in MWNTs or
between the nanotubes in the case of bundles of car-
bon nanotubes [35].

In this study, at 298 K and 40 bar, the maximum
amounts of CO, uptake achieved for MWCNT and AC
adsorbents were 15 and 7.93 mmol g, respectively.

The equilibrium data can be approximated using
common and practical adsorption isotherms, which
provide the basis for the design of adsorption sys-
tems. The amount of adsorbed material onto an ad-
sorbent as a function of its pressure at constant tem-
perature can be described by different adsorption iso-
therm models. The most famously used isotherm
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equation for modeling of the adsorption data is the
Langmuir equation, which is based on monolayer
sorption onto a surface with a finite number of equi-
valent sites and is given by the following equation
[36,37]:

K.p

qe:qm1+KLp

2)
where g, is the amount of CO, adsorbed per unit
mass of MWCNT (mmol g'); g. is the maximum
amount of CO, adsorbed (mmol g") and A is A =
= ki kK, k2 and A, are adsorption and desorption cons-
tants, respectively.

The Freundlich model is an empirical equation
which is used for non ideal sorption on heteroge-
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Figure 6. Nonlinear fit of experimental data with Langmuir and Freundlich model/s.

neous surfaces and it is not restricted to the mono-
layer sorption [38]. The Freundlich adsorption iso-
therm is given by the following equation:

1
Go = Kep"” (3)

where A is Freundlich constant and 1/n is the hete-
rogeneity factor. For n > 1, adsorption is favorable.
The Freundlich isotherm indicates reversible adsorp-
tion process [39,40].

The isotherm parameters were obtained through
a nonlinear fit of experimental data with isotherm
models. Figure 6 shows the comparison of experi-
mental adsorption data to predicted values by Lang-
muir and Freundlich isotherm models. The values
obtained for Langmuir and Freundlich isotherm para-
meters are shown in Table 2.

The maximum capacity (g.,) of adsorbents and
K values (Langmuir parameters) for CO, adsorption
decreased with increasing temperature. These results
confirmed that the affinity between CO, and adsor-
bents had an inverse relationship with temperature
and indicating an exothermic nature.

It is confirmed by n values higher than 1 in the
Freundlich isotherm model that the adsorption is
favorable for both adsorbents. Also, the A value for
both adsorbents decreased with an increase in tem-
perature. This suggests that the adsorption of CO, on
these adsorbents is more favorable at low tempera-
ture, and agreed with the results from Langmuir mo-
del [41]. Similar trends were observed in equilibrium
adsorption behavior of MWCNT and AC, which indi-
cates a common adsorption mechanism for these car-
bonaceous materials.

By inspecting the R-squared values (coefficients
of determination) for two examined model isotherms
(Table 2), Freundlich model has shown a better fit
with experimental data than the Langmuir model.

The effect of treatment

The effect of acid treatment on CO, adsorption
was studied at different pressures up to 40 bars and
temperature of 298 K. Figure 7 illustrates the CO, ad-
sorption isotherm of acid-treated adsorbents.

The experimental results indicate that the COOH-
-MWCNT shows improvement compared to pristine

Table 2. Langmuir and Freundlich isotherm constants for adsorption of CO, on MWCNT and AC samples

MWCNT AC
TIK Langmuir Freundlich Langmuir Freundlich
Gn K R K n G K R K n R
298 30.81 0.0204 0.9871 1.1103  1.4511 0.9962 9.63 0.0801 0.9842 1.41 21720  0.9965
308 28.79 0.0199 0.9918  0.9921 1.4337 0.9977 860 0.0775 0.9786 1.27 2.2036  0.9985
318 27.55 0.0180 0.9938 0.8449 14025 0.9986  8.11 0.0665 0.9888 1.01 2.0383  0.9969
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Figure 7. The effect of acid-treated adsorbents in CO, capture at 298 K.
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MWCNT in CO, capture. Acid treatment can eliminate
effectively impurities such as the catalyst particles
and amorphous carbon. This caused to increase the
CNT purity and formation of defects and cavities
which originate from removing impurities [35]. Also,
chemical modification opened closed-caps of MWCNT,
which is useful for gas storage [42]. Nevertheless, the
treatments of MWCNT could not have great effects on
the CO, adsorption capacity (Figure 7), because ends
and sidewalls of MWCNT are covered with various
oxygen containing groups (mainly carboxyl groups)
after pretreatment with concentrated acids, which
weakens the adsorption capacity of the nanotubes
[43]. Similar trends in equilibrium adsorption behavior
of MWCNT and COOH-MWCNT confirms that the
morphology of MWCNT remained undamaged after
treatment.

From the shape of the isotherms (Figure 7) can
be deduced that the adsorption process must in
general be different for AC and COOH-AC. The ad-
sorption isotherm for COOH-AC indicates a type IV
shape according to IUPAC classification. Micropores
adsorption and formation of multilayer film on the pore
walls is observed for the initial part of the adsorption
isotherm curve. In other words, the adsorption iso-
therm indicates that the AC has lower microporosity,
but higher mesoporosity after chemical modification
[1,9]. This fact confirms the destruction of micropore
walls as mentioned before. At higher pressures, about
25 bar and up, the amount of CO, capture on COOH-
AC was higher than for AC. Therefore, if the CO,
capture at higher pressures is considered, acid treat-
ment of AC could be a way to increase CO, capture
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by this adsorbent. The amounts of CO, uptake at 298
K and 40 bar achieved for COOH-MWCNT and
COOH-AC adsorbents were 16.57 and 9.79 mmol g”,
respectively.

CO, adsorption kinetics

The kinetics of CO, uptake by the MWCNT and
AC samples at 298 K and about 16 bar were invest-
tigated (Figure 8). The plots of g, versus t showed that
the adsorption kinetics of CO, on both adsorbents
consisted of two steps - an initial rapid step where
adsorption was fast, and a second slow step where
equilibrium uptake was obtained.

The recorded data revealed fast kinetics for the
adsorption of CO, in which most of the adsorption
occurs at early time of adsorption experiments and
then adsorbent is saturated by the adsorbate. The
initial high rate of CO, uptake may be attributed to the
existence of the vacant active sites and bare surface;
however the number of available adsorption sites de-
creased as the number of CO, molecules adsorbed
increased. Similar observations were reported in the
literature dealing with gas adsorption onto porous ad-
sorbent [44,45]. The equilibrium time was 17 min for
MWCNT and 40 min for AC. The relatively fast ad-
sorption of CO, on the MWCNT reflected the exis-
tence of easier accessibility of adsorption sites for
MWCNT than AC [46-49].

Thermodynamic studies

Langmuir and Freundlich isotherms do not give
any idea about the adsorption mechanism. Hence, in
order to obtain a conceptual understanding of the
adsorption mechanism associated with the phenol-
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Figure 8. Kinetics of CO; adsorption by MWCNT and AC at 298 K.

mena, heat of adsorption was calculated. The heat of
adsorption shows the enthalpy change before and
after adsorption. Therefore, it is a measure of the
strength of interaction between gas molecules and
the surface of adsorbent. The isosteric heat of ad-
sorption is defined by the Clausius-Clapeyron equa-
tion [50, 51]:

dinp

AH, =R——F
d(1/7')|qe

st

(4)

where p (bar) is pressure at constant equilibrium
uptake, R (J mol” k™) is the gas constant and 7 (K) is
temperature. The plot of In p versus 1/ T gives the iso-
steric heat of adsorption (Figure 9).

The main difference between physical and che-
mical adsorption lies in the amount of heat of ad-
sorption. In physical adsorption, the gas molecule is
held to the solid surface by weak forces of intermo-
lecular cohesion. The chemical nature of the ad-
sorbed gas remains unchanged; therefore, physical
adsorption is a readily reversible process. In chemical
adsorption, a strong chemical bond is formed between
the gas molecule and adsorbent. Chemical adsorp-
tion, or chemisorption, is not easily reversed. Ad-
sorption processes with heat of 80 kJ/mol or more are
considered to be controlled by chemisorption, while
lower values indicate a physisorption nature of the
adsorbent [52,53]. Heat of adsorption for both ad-
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Figure 9. Isosteric heat of adsorption of CO on the MWCNT and AC (g in mmol g”).
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sorbents was much smaller than 80 kJ/mol. This
indicates that the process of CO, adsorption on the
adsorbents used in this study is dominated by physi-
sorption. The negative slopes shown in Figure 10
reconfirmed that the process of adsorption is exo-
thermic.

Figure 10 depicts the variation of the isosteric
heat of adsorption with the amount of adsorbed CO.,.
At low pressure, the isosteric heat of adsorption
increased for both adsorbents. This can be explained
by knowing that in lower pressure CO, can come into
direct contact with the adsorbents due to low surface
coverage. This causes a strong interaction between
CO, and adsorbent surfaces accompanied by high
isosteric heat of adsorption. However, at high surface
coverage, the weak interaction between CO, and ad-
sorbents occurs due to pore filling at high CO, equi-
librium pressure. Hence, the heat of adsorption de-
creases.

A comparison between the heat of adsorption of
CO, on MWCNT and AC revealed that at lower sur-
face cover ages, the heat of adsorption of CO, on
MWCNT is higher than heat of adsorption of CO, on
AC. The high heat of adsorption suggests that CO, is
adsorbed in MWCNT stronger than in AC at low cove-
rage. By increasing surface coverage, this promi-
nence was inversed. At lower surface coverage, the
occupation of adsorption sites on MWCNT by CO,
molecules occurred after AC, which can be attributed
to availability of more adsorption sites for CO, on
MWCNT.

By increasing the surface coverage from 1.5
mmol g to more, the isosteric heat of CO, adsorption

45

on AC showed a small decrease with the increasing
surface coverage (almost constant). The observed
small decrease in heat of CO, adsorption suggests
weak repulsive interactions between adsorbed CO,
molecules on AC. This phenomenon for MWCNT oc-
curred at almost 4 mmol g™

CONCLUSIONS

The adsorption capacity of MWCNT and AC as
two potential carbonaceous materials serving as
porous media for CO, capture was investigated. The
experimental isotherm of CO, adsorption was de-
termined by the measurement of equilibrium uptake of
CO, at a pressure range of 0-40 bar at different
temperatures. The maximum storage capacity for
both materials was obtained at the lowest tempera-
ture and highest pressure. The amount of CO, ad-
sorbed on MWCNT was almost two times higher than
on AC adsorbent, whereas the specific surface area
of AC was about two times higher than MWCNT. This
can be attributed to the high pore volume, hollowness
and lower mass density of MWCNT adsorbent which
had stronger impacts on the level of CO, loading.
Acid treatment increased the amount of CO, capture
over entire range of pressure for MWCNT without any
destruction and real damage on the morphology of
MWCNT. For AC, after chemical treatment, the
amount of CO, capture in comparison to pristine AC
increased at higher pressures (25 bar and higher).
The kinetics of CO, uptake for both samples at 298 K
and 16 bar revealed fast adsorption kinetics for both
adsorbents, in which most of the adsorption occurred

40

35 1

30 4

25 1

—AH(kJ/mol)

20 A

15 4
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10 T T
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Figure 10. Variation of the isosteric heat of adsorption with the amount of adsorbed CO..
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in the initial period of adsorption experiments, after
which the adsorbents were saturated by the adsor-
bate. Small values obtained for the isosteric heat of
adsorption evaluated from a set of isotherms based
on the Clausius-Clapeyron equation indicated the
physical nature of adsorption mechanism. The results
of the present study indicated that MWCNT seems to
be a promising carrier of CO, for practical applica-
tions. Besides, improved manufacturing technology
and large-scale production of CNTs based on CVD
method have caused a substantial decrease in its
price. This creates a great incentive for development
of its application for CO, capture purposes.

Nomenclature

Abbreviations

CNTs Carbon nano tubes

MWCNT Multi-walled carbon nano tube

AC Activated charcoal

PSA Pressure swing adsorption

CVvD Chemical vapor deposition

TEM Transmission electron microscopy
SEM Scanning electron microscopy

BET Brunaner-Emmett-Teller

FTIR Fourier transformed infrared

IUPAC International Union of Pure and Applied
Chemistry

Symbols

t Time (min)

p Pressure (bar)

T Temperature (K)

v Volume (cm®)

V4 Gas compressibility factor

R Gas constant (bar cm® mol” K

G Maximum amount adsorbed (mmol g™
K- Freundlich constant (mmol g~ bar™™")
AHy Isosteric heat of adsorption (kJ/mol).
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ADSORPCIJA CO, NA VISESLOJNIM
UGLJENICNIM NANO-CEVIMA | AKTIVNOM
UGLJU: KOMPARATIVNA STUDIJA

U ovom radu je ispitivana ravnoteZa adsorpcije CO. na aktivnom uglju (AC) i viseslojnim
uglfenicnim nano-cevima (MVCNT). Eksperimenti su vrseni u temperaturnom opsegu
298-318 K i na pritiscima do 40 bar. Dobijeni rezultati ukazuju da se ravnoteZna adsor-
bovana kolicina CO., od strane oba adsorbenata povecava sa povecanjem pritiska i
smanjenjem temperature. Uprkos manjoj specificnoj povrsini, maksimalna kolicina ad-
sorbovanog CO; je dva puta veca kod MVCNT na 298 K i 40 bar nego kod AC (15 u
poredenju sa 7,93 mmol-g ’) Veca adsorpcije CO; od strane MVCNT se moZe pripisati
vecoj zapremini pora i specificnoj strukturi MVCNT, kao Sto su Suplfine i manja mase,
koji imaju veci uticaj od specificne povrsine. Eksperimentalni podaci su analizirani po-
mocu Freundlich-ovih i Langmuir-ovih adsorpcionih izotermi. Koriscenjem jednostavnog
kiselinskog tretmana u celom opsegu datog pritiska neznatno je povecana kolicina ad-
sorbovanog CO; od strane MVCNT, dok se isti efekat kod AC javija na visim pritiscima.
Male vrednosti izosterne toplote adsorpcife odredene na osnovu Clausius-Clapeyron-
ove jednacine pokazujfu fizicku prirodu adsorpcionog mehanizma. Velika adsorbovana
kolicina CO, cini MVCNT obecavajucim nosacem za prakticne primene, kao sto je
gasna separacija.

Kljucne reci: adsorpcifa, CO,, MWCNT, AC, adsorpcione izoterme, izosterna
foplota.
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