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Adsorption of CO, on Zeolite 13X and Activated Carbon

with Higher Surface Area

Zhijuan Zhang, Wei Zhang, Xiao Chen, Qibin Xia, and Zhong Li
School of Chemistry and Chemical Engineering, South China University of Technology,

Guangzhou, China

In this work, adsorption isotherms and adsorption Kinetics of
CO; on zeolite 13X and activated carbon with high surface area
(AC-h) were studied. The adsorption isotherms and Kkinetic curves
of CO, on the adsorbents were separately measured at 328K,
318K, 308K, and 298K and with a pressure range of 0-30 bar by
means of the gravimetric adsorption method. The mass transfer con-
stants and adsorption activation energy E, of CO, on the adsorbents
were estimated separately. Results showed that at very low pressure
the amounts adsorbed of CO, on the zeolite 13X was higher than
that on the AC-h, while at higher pressure, the amounts adsorbed
of CO; on the AC-h was higher than that on the zeolite 13X since
the AC-h has a larger surface area and a larger total pore volume
compared to the zeolite 13X. The adsorption Kinetics of CO, can
be well described by the linear driving force (LDF) model. With
the increase of temperature, the mass transfer constants of CO,
adsorption on both samples increased. The adsorption activation
energy E, for CO, on the two adsorbents decreased with the
increase of pressure. Furthermore, at low pressure the E, for CO,
adsorption on the zeolite 13X was slightly lower than that on the
AC-h, while at higher pressure the E, for CO, adsorption on the
zeolite 13X was higher than that on the AC-h.

Keywords activated carbon with high surface area (Ac-h);
activation energy; adsorption isotherms; adsorption
kinetics; carbon dioxide removal; zeolite 13X

INTRODUCTION

Globally there is an increasing concern over the environ-
mental impact of anthropogenic gas emissions, particularly
carbon dioxide, with targets and taxes being implemented
to decrease gas release to the atmosphere. Over the last cen-
tury, rapid increase in atmospheric CO, concentration has
resulted in global climate change and even more extreme
climatic conditions (1-4). CO, emissions control could
have significant social, economic and environmental
impacts on the earth and humans (5-7).
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In the current stage, over 85 percent of the world energy
demand is supplied by fossil fuels. Fossil-fueled power
plants are responsible for roughly 40 percent of total CO,
emissions, coal-fired plants being the main contributor
(8). So the removal and recovery of CO, from coal-fired
plants is considered to be the most effective way to reduce
global CO, emissions from an energy point of view. Gener-
ally, there are three steps in CO, management: separation,
transportation, and sequestration (9). Various strategies
have been proposed to sequester CO,, however, the key
point for the sequestration is the removal of CO, by the
gas separation process. In recent years, research works
about CO, capture technologies including CO, absorption
by aqueous ammonia (10-16), which was a typical tech-
nology but energy-consuming, cost-intensive (17-18), the
removal of CO, emissions by pressure swing adsorption
(PSA) (19-23), which proving to be a successful technology
for the purificatiion and bulk separation of gas mixtures by
either equilibrium or Kinetic driving factors or temperature
swing adsorption (TSA) (23,24) with porous materials,
CO, separation by membrane (25-28) and ionic liquids
(29) were reported. The capture or separation of CO, by
adsorption will be one of the most important approaches
in the commercial and industrial applications. Hence, the
development of the adsorbent with high adsorption
capacity, high selectivity, high thermal and chemical stab-
ility, and high adsorption rate is critical for a successful
adsorptive process.

Nowadays, the sorption processes based on solid adsor-
bents are being actively pursued, especially using inorganic
porous materials such as zeolite 13X, 4A, and activated
carbon via physisorption in micropores for room and
medium temperature application. Siriwardene et al. (30)
studied the adsorption performance of molecular sieve
13X and activated carbon for CO, adsorption with volu-
metric methods in the pressure range of 0-20bar. It was
found that at low pressures (<25psi) the adsorption
capacity of the activated carbon for CO, was lower than
that of the molecular sieve 13X, while at higher pressures
(>25 psi) the activated carbon exhibited significantly higher
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adsorption capacity of CO, compared to 13X. Lee et al.
(31) studied the adsorption isotherms of CO, on zeolite
13X and zeolite 13X/activated carbon at low pressure
range of 0—1.0 bar, and reported that the amount adsorbed
of CO, on the zeolite 13X was higher than that on zeocar-
bon; however, the adsorption capacity of the two adsor-
bents became similar as the pressure increased. Cavenati
et al. (32) studied the adsorption equilibrium of CO, on
zeolite 13X at high pressures of 0-50bar, and the zeolite
13X showed very strong and selective adsorption of CO,.
However, kinetic studies of CO, adsorption on porous
adsorbents were rarely reported. Both adsorption equilib-
rium and kinetics are important parameters to value the
adsorption performance of an adsorbent. Therefore, it is
worth of studying the adsorption performance of CO, on
the zeolite 13X and activated carbon with high surface area
(AC-h).

The objective of this work is to study the CO, adsorp-
tion on the zeolite 13X and the activated carbon with high
surface area(AC-h) at different temperatures. The adsorp-
tion isotherms and adsorption kinetic curves of CO, on
the two adsorbents at different temperatures and pressures
were separately measured. The adsorption rate coefficients
and adsorption activation energies of CO, on the adsor-
bents would be estimated separately. The textural proper-
ties of the adsorbents were -characterized by an
Accelerated Surface Area and Porosimetry Apparatus
(ASAP 2010). The effects of the pore size and surface area
of the adsorbents on the CO, adsorption on the two adsor-
bents would be discussed and reported here.

EXPERIMENTAL
Materials and Instrumentation

Zeolite 13X (analytical grade), was purchased from the
Chemical Plants of Tianjin (Tianjin, China). High surface
area activated carbon was purchased from Tangshan Solid
Carbon Co. Ltd of Hebei (Hebei, China), and its particle
size was 300400 mesh. Prior to use, the adsorbents were
dried at 375K for 24 h.

Maganetic suspension balance RUBOTHERM was
used to measure the adsorption isotherms and kinetic
curvers of CO, on an adsorbent, which is supplied by
Germany. Its precision was 0.000001 g. ASAP 2010 sorpt-
ometer was supplied by Micrometrics Company, USA.

Nitrogen Adsorption Experiments

The specific surface area, pore volume, and average pore
diameter of samples were measured by nitrogen adsorption
at the liquid nitrogen temperature 77 K with the help of
Micromeritics gas adsorption analyzer ASAP 2010 instru-
ments. The zeolite 13X sample and the AC-h were separ-
ately degassed at 523K for 8h and 4h in a vacuum
environment before the nitrogen adsorption measurements.

The BET surface area was calculated from the adsorption
isotherms of N, using the standard Brunauer-Emmett-
Teller (BET) equation. The pore size distributions (PSD)
were determined using Density Funtional Theory (DFT)
based on statistical mechanics. The specific surface area
and the pore volume of the zeolite 13X and the AC-h were
measured by the BET method. The average pore diameter
D,=4V,/Sger (assuming a cylindrical and a slit shape of
pores, separately) was calculated from the BET surface
area and pore volume.

CO;, Adsorption Measurement
Determination of Adsorption Kinetic Curves of CO,
on Adsorbents

The CO, adsorption kinetic experiments at 0.5 bar,
3.0 bar, 20.0 bar with different temperatures were obtained
on a RUBOTHERM magnetic suspension balance. First,
1/3-1/2 (v% of sample container) adsorbent was intro-
duced in the sample container, and the sample container
was placed on the magnetic suspension balance located in
the measuring cell. Second, the zeolite 13X and the AC-h
were degassed at 523K for 8h and 4h in a vacuum
environment before the adsorption experiment start, and
then, the weight of the sample zeolite 13X and the AC-h
would be periodically recorded with the help of the mag-
netic suspension balance as the adsorption occurred. And
the adsorption kinetic curves giving the amounts adsorbed
of CO, on the two adsorbents as a function of time were
measured. Third, the adsorption kinetic experiment ended
when the weight of the sample got unvaried, meaning that
the equilibrium had been achieved (the two adsorbents
were saturated with CO,). In order to get the adsorption
kinetic curves for the adsorption of CO, on the zeolite
13X and the AC-h under the condition of different pres-
sures, the adsorption kinetic experiments mentioned above
of these two adsorbents were carried out separately at
0.5bar, 3.0 bar, and 20.0 bar, and thus the adsorption kin-
etic curves at different pressures can be obtained.

Determination of Adsorption Isotherms of CO,
on Adsorbents

The CO, adsorption-desorption isotherms at 298 K,
308K, 318K, 328 K were obtained on a RUBOTHERM
magnetic suspension balance. The initial activation of the
Zeolite 13X sample and the AC-h sample were carried
out at 523K for 10h and 4h in a vacuum environment,
respectively. He (Ultra high purity, U-sung) was used as
a purge gas in this study. The adsorption processes were
carried out using high purity CO, (99.999%) gas. A feed
flow rate of 100mL/min and 30mL/min, respectively,
were controlled with a mass flow controller (MFC) to the
sample chamber. Both adsorption and desorption experi-
ments were conducted at the same temperature. The
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temperature of the sorption chamber can be adjusted and
maintained constant by an internal temperature sensor.
And the pressure can be changed stepwise through the
gas flow rate.

RESULTS AND DISCUSSION
Textural Properties

According to IUPAC classification, pores within porous
materials can be divided into micropore (width less than
20 A), mesopore (width between 20 and 500 A), and macro-
pore (width greater than 500 A). Table 1 presents a sum-
mary of the textural parameters of the zeolite 13X and
the AC-h. The data in Table 1 shows that the AC-h had
a larger surface area and total pore volume in comparison
with the zeolite 13X, while the average pore diameter of the
zeolite 13X was lower than that of the AC-h.

Isotherms of CO, on the Zeolite 13X and the AC-H
Figures 1 and 2 show separately the adsorption iso-

therms of CO, on the zeolite 13X and the AC-h with differ-

ent temperatures at the pressure from vacuum to 30.0 bar.

TABLE 1
Textural parameters of the zeolite 13X and AC-h
BET Average Total
surface pore pore
area diameter volume
Sample m?-g 1 [nm] [em?- g~ 1]
AC-h 2829 2.19 1.55
Zeolite 13X 164.3 1.00 0.21
500
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FIG. 1. CO, adsorption isotherms of the zeolite 13X at different
temperatures.
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FIG.2. CO, adsorption isotherms of the AC-h at different temperatures.

It can be seen that the amounts adsorbed of CO, on the
zeolite 13X and the AC-h decreased with temperature,
and the lower the temperature was, the larger the amounts
adsorbed of CO, were. It meant that the adsorption of CO,
is mainly physical adsorption.

Figures 3 and 4 give a comparison of the adsorption iso-
therms of CO, on the zeolite 13X and the AC-h at the tem-
peratures of 298 K and 328 K, separately. It can be seen
that at very low pressure the amounts adsorbed of CO,
on the zeolite 13X was higher than that on the AC-h, which
may be ascribed to its smaller pore diameter compared to
the AC-h. With the increase of pressure, the adsorption

—o— zeolite 13X
o— AC-h

2

800- =
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400- /

200+
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FIG. 3. CO,; adsorption isotherms of two adsorbents at the temperature
of 298 K.
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FIG. 4. CO, adsorption isotherms of two adsorbents at the temperature
of 328 K.

capacity of the AC-h for CO, increased gradually and
exceeded greatly that of the zeolite 13X since the AC-h
has a larger surface area and a larger total pore volume
compared to the zeolite 13X.

Figure 5 exhibits a comparison of the adsorption iso-
therms of CO, on the adsorbents at low pressure in the
range of 0.5-2.0bar. It can be seen that the amounts
adsorbed of CO, on the zeolite 13X were higher than those
on the AC-h at the pressure of 0-0.9 bar. It was because the
pore diameter of the zeolite 13X was smaller than that of
the AC-h. At lower pressure, the smaller the pore size
was, the stronger the adsorption force field formed in the
pore was, so the equilibrium amounts adsorbed of CO,

2204 —o— AC-h 328 K
1—o0— AC-h 318 K
200'_ —A— AC-h 308 K
1804 —v— AC-h 298 K
1 —<+— zeolite 13X 328 K
1609 - zeolite 13X 318 K
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120+

100
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o
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o
1
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Pressure (bar)

FIG. 5. CO, adsorption isotherms of the two samples at the pressure
0.5-2.0 bar with different temperatures.

was higher. However, when the pressure increased from
0.9bar to 2.0bar, the adsorption of CO, on the AC-h
increased much faster due to its high surface area and total
volume.

In order to describe the CO, adsorption on these adsor-
bents clearly, the Langmuir equation was used to fit the
isotherms. Langmuir derived the simple equation for the
equilibrium adsorption isotherm as (33):

_ qmaxKP;

=T kP (1)

P 1 P

= +
q gmaxK  Gmax

(2)

Where q; is the amount adsorbed in equilibrium with the
concentration of adsorbate in gas phase (mg/g), qmax iS
the maximum adsorption amount (mg/g), P* is the equilib-
rium pressure of the adsorbate in gas phase (bar), K is the
equilibrium constant of adsorption. In the model, q,,.x and
K can be calculated from the linear plots of p/q versus p.

Table 2 presents the parameters of Langmuir equation,
their standard deviations S.D.qu.x and S.D.g, and the
correlation coefficients (r?) for the linear regression of the
data presented in Figs. 1-2. The linear correlation of the
data was good because the correlation coefficients r* were
up to 0.98. It meant the adsorption behaviors of CO, on
both adsorbents can be well described by the Langmuir
adsorption equation. The data in Table 2 also indicated
that the gmax values of CO, on the AC-h was far higher
than that on the zeolite 13X, and the maximum adsorption
capacity (max of both adsorbents became lower with the
increase of temperature, suggesting that the adsorption of
CO, on both adsorbents was physical adsorption.

CO, Adsorption Kinetics

Figures 6-11 describe the adsorption kinetic curves of
CO, on the two samples separately at 0.5, 2.0, and
20.0 bar with different temperatures. It can be seen that
the amounts adsorbed of CO, on the adsorbents increased
quickly during the initial adsorption stages, then increased
slowly and finally reached equilibrium amounts. The higher
the pressure of CO, was, the higher the equilibrium
amount adsorbed of CO, on the adsorbent was.

In order to value or compare the adsorption rate of CO,
on the two adsorbents, it is necessary to determine their
mass transfer coefficients. Suppose M gram of adsorbent
was suddenly placed in CO, flow. At time t > 0, the adsorp-
tion of CO, occurred, and the amount adsorbed, ¢(7), of
CO, on the adsorbent increased with time. The adsorption
rate of CO, was assumed to follow first-order kinetics (lin-
ear driving force model) with the following equation used
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TABLE 2
Parameters obtained by fitting of Langmuir equation and their standard deviations

Parameters for Langmuir model

Adsorbents Temperatures [K] Qmax [mg/g] S.D.qmax [mg/g] K S.D.x r’
AC-h 328K 1160.108 12.625 0.0583 0.0034 0.995
318K 1171.038 14.184 0.0633 0.0045 0.994
308 K 1208.240 18.906 0.0766 0.0073 0.993
298 K 1258.466 25.370 0.0927 0.0118 0.992
Zeolite 13X 328K 184.162 16.920 0.566 0.0045 0.997
318K 186.220 14.520 0.673 0.0034 0.998
308 K 200.401 22.375 0.471 0.0069 0.992
298 K 235.849 14.951 0.378 0.0073 0.987
to describe the adsorption process (34-39): If the adsorption kinetic experiment of CO, is conducted
B at a certain pressure, the corresponding kinetic curve,
?: ke (4" — q) (3) q(t) —t curve, could be obtained. After that, a plot of

p .

where ks is the mass transfer constant, q* is the equilib-
rium amount adsorbed of CO, corresponding to the CO,
concentration of gas phase at some temperature, and ¢(7)
is the CO, amount taken by the adsorbent at time ¢, which
can be found out using the gravimetrical measurement
method. From Eq. (3), integral equation was available as
follows:

In <C] q: C]) = — kefft (4)

—— 38K

q(t) (mg/g)

—0— 318K
20‘_ A —4— 308K
10 —v— 28K

0 ® 10 150 20 250 30

t (min)

FIG. 6. Adsorption kinetics curves of CO, on zeolite 13X at 0.5 bar with
different temperatures.

—In(q* —q)/q" versus t will yield a line with slope k.
As a result, from the slope of the line, k. can be found
out (40).

After adsorption kinetic curves of the zeolite 13X and
the AC-h were available, as shown by Figs. 611, their
mass transfer constants can be found out according to
Eq. (4). Figure 12 and Fig. 13 show separately the plots
of In(q* — q)/q* versus time for CO, adsorption on the zeo-
lite 13X and the AC-h. The plots were linearly fitted with
correlation coefficients (r) more than 0.99 as shown in
Figs. 12-13, indicating that the adsorption process of

q(t) (mg/g)
S

FIG. 7. Adsorption kinetics curves of CO, on the AC-h at 0.5 bar with
different temperatures.
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FIG. 8. Adsorption kinetics curves of CO, on the zeolite 13X at 3.0 bar
with different temperatures.

CO, can be well described by Eq (3). From the slopes of
these lines, the mass transfer constants of CO, on the
two adsorbents were obtained, as listed in Table 3.

Table 3 lists the mass transfer coefficients of CO, dif-
fusion within the adsorbents and their standard deviations
S.D.;3x and S.D.sc.. The data in Table 3 indicated that

280
v/v/v/‘V
240- i
| VYY PEENEEES S .
2001 IVA&  o—0— 0— 0
D 160 N o 0
(@]
2
= 120-
7 038K
80 —0- 318K
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401 —v— 208K
0 T T T T T T T
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FIG. 9. Adsorption kinetics curves of CO, on the AC-h at 3.0 bar with
different temperatures.
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=)
D 300+
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0-
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FIG. 10. Adsorption kinetics curves of CO, on the zeolite 13X at
20.0 bar with different temperatures.

the mass transfer coefficients increased with the increase
of temperature because the diffusion of CO, molecular
became quicker with temperature, and decreased with the
increase of pressure because the molecular diffusion resist-
ance became larger with pressure. A comparison of the
mass transfer coefficients k., of CO, on the zeolite 13X

—0— 328K
| —0—318K
7004 —4— 308K
—— 208 K

o

0 20 40 6 8 100 120 140
t (min)

FIG. 11. Adsorption kinetics curves of CO, on the AC-h at 20.0 bar with
different temperatures.
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FIG. 12. Linear dependence between In (1 — q/q*) and time for analysis
of CO, adsorption kinetics on the zeolite 13X using the LDF model at
0.5 bar with different temperatures.

and the AC-h showed that at pressure of 0.5 bar, the k. of
CO, on the zeolite 13X were higher than that on the AC-h.
As the pressure increased further, the difference in mass
transfer coefficients of CO, on both the zeolite 13X and

In(q*-q)/q*

t(min)

FIG. 13. Linear dependence between In (1 — q/q*) and time for analysis
of CO, adsorption kinetics on the AC-h using the LDF model at 0.5 bar
with different temperatures.

the AC-h became smaller and smaller so that they were
nearly the same at the pressure of 20.0 bar.

After a series of the mass transfer coefficients &, of CO,
at different temperature were available, the adsorption
activation energy of CO, can be found out using the Arrhe-
nius equation:

ke = Aexp(—Eq/RT) (5)

where E,, A and R refer to the Arrhenius activation energy,
the Arrhenius factor and the gas constant, respectively. Eq.
(5) can also be expressed as,

Inkey =Ind— E,/RT (6)

When In k. is plotted to (1/7) according to the data in
Table 3, a straight line (slope = —(E,/R)) can be obtained.
Thus the adsorption activation energy E, can be directly
calculated from the slope of the straight line.

Figures 14 and 15 show the plots of Ink,; versus the
inverse temperature (1/7) in an Arrhenius-type plot. The
plots were linearly fitted with correlation coefficients (r%)
more than 0.95, showing a good linearity between In ks
and 1/T. Thus the adsorption activation energies E, were
available from the slope of the straight line, which were
listed in Table 4.

Table 4 lists the adsorption activation energies E, of
CO, on the two adsorbents at different pressures. It can
be seen that the E, decreased with the increase of press-
ure, which indicated that the adsorbate-adsorbent interac-
tion potential of the two adsorbents for CO, was stronger
at higher pressure. This is because, for physical adsorp-
tion, as the pressure increases, the adsorbate-adsorbent
interaction potential of the adsorbent becomes stronger
due to the increase of gaseous density, and hence the
adsorption has a lower activation energy under higher
pressure. In addition, it was noticed that at lower pressure
of 0.5bar, the E, of CO, on the zeolite 13X was slightly
lower than that on the AC-h, suggesting that the
adsorbate-adsorbent interaction potential of the zeolite
13X for CO, was somewhat stronger compared to that
of the AC-h. However, at the pressure higher than
3.0 bar, the adsorption activation energy E, of CO, on
the zeolite 13X was slightly higher than that on the
AC-h, indicating that the adsorbate-adsorbent interaction
potential of the AC-h for CO, was somewhat stronger in
comparison with that of the zeolite 13X. The order of the
adsorption activation energies of CO, on the two adsor-
bents at different pressures was nearly in consistent with
that of the adsorption capacities of two adsorbents for
CO, within a pressure range of 0.5-20.0 bar, as shown
in Figs. 3-5.



08:50 25 January 2011

Downl oaded At:

ADSORPTION OF CO2 ON ZEOLITE 13X 717

TABLE 3
The mass transfer coefficients of CO, on the two materials and their standard deviations

Mass transfer coefficients and their standard deviation k. [x 107*s™']

Pressure [bar] Temperatures [K] 13X S.D.13x AC-h S.D.ach
0.5 298 K 29.5 0.0468 19.6 0.0141
308 K 31.7 0.0388 21.2 0.0204
318K 33.5 0.0414 22.6 0.0147
328K 35.8 0.0301 23.8 0.0503
3.0 298 K 25.3 0.1212 27.0 0.1027
308 K 26.0 0.0717 29.5 0.0947
318K 29.2 0.0936 30.0 0.0719
328K 29.7 0.0669 31.5 0.0554
20.0 298 K 5.44 0.0653 5.53 0.1205
308 K 5.63 0.0563 5.88 0.0841
318K 5.75 0.0595 5.99 0.0641
328K 6.07 0.0496 6.29 0.0480
CONCLUSIONS
The amounts adsorbed of CO, on the zeolite 13X at
low pressure were higher than that on the AC-h due to 551
the smaller pore size of the zeolite 13X. However, as the
pressure increased further, the amounts adsorbed of M
CO; on the AC-h increased quickly, and when the pres- 60 %
sures were up to 3.0bar and 20.0bar separately, the
amounts adsorbed of CO, were up to 266.72mg/g and
806.89 mg/g respectively which were much higher than £ 65
that on the zeolite 13X. The adsorption kinetics of 3
CO, can be well described by the linear driving force  — 0 O5ber
704 % 30ber
A 200ber

\*ﬁ\”f\ﬁ,,\‘i -
60 -
g \EF\\B—\
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641
=
£ 68
= 0 05ber
% 30bar
- A 200bar
‘ﬂé‘\\\a————‘\fg\\”\é\
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FIG. 14. Linear dependence between Inker and 1/T for estimation of
CO, adsorption activation energies on the zeolite 13X.
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FIG. 15. Linear dependence between Inkey and 1/T for estimation of
CO,; adsorption activation energies on the AC-h.

TABLE 4
Adsorption activation energy, E,, of CO, on the two
adsorbents
E, [kJ/mol]
Adsorbents 0.5 bar 3.0 bar 20.0 bar
AC-h 5.264 3.913 2.740
Zeolite 13X 5.167 4.854 2.831
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(LDF) model. With the increase of temperature, the
mass transfer constants of CO, adsorption on both sam-
ples increased. The adsorption activation energy E, for
CO, on the two adsorbents decreased with the increase
of pressure. And at low pressure the E, for CO, adsorp-
tion on the zeolite 13X was slightly lower than that on
the AC-h, while at higher pressure the E, for CO,
adsorption on the AC-h was higher than that on the
AC-h.
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