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Abstract: The adsorption of CO2 on a raw activated carbon A and three modified activated carbon 
samples B, C, and D at temperatures ranging from 303 to 333 K and the thermodynamics of adsorption 
have been investigated using a vacuum adsorption apparatus in order to obtain more information about the 
effect of CO2 on removal of organic sulfur-containing compounds in industrial gases. The active ingredients 
impregnated in the carbon samples show significant influence on the adsorption for C02 and its volumes 
adsorbed on modified carbon samples B, C, and D are all larger than that on the raw carbon sample A. 
On the other hand, the physical parameters such as surface area, pore volume, and micropore volume 
of carbon samples show no influence on the adsorbed amount of COa. The Dubinin-Radushkevich (D- 
R) equation was the best model for fitting the adsorption data on carbon samples A and B, while the 
Freundlich equation was the best fit for the adsorption on carbon samples C and D. The isosteric heats of 
adsorption on carbon samples A, B, C, and D derived from the adsorption isotherms using the Clapeyron 
equation decreased slightly increasing surface loading. The heat of adsorption lay between 10.5 and 28.4 
kJ/mol, with the carbon sample D having the highest value at all surface coverages that were studied. The 
observed entropy change associated with the adsorption for the carbon samples A, B, and C (above the 
surface coverage of 7 ml/g) was lower than the theoretical value for mobile adsorption. However, it was 
higher than the theoretical value for mobile adsorption but lower than the theoretical value for localized 
adsorption for carbon sample D. 
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1. Introduction 

Activated carbon was a highly microporous niate- 
rial with a large surface area and has been employed as 
one of the main adsorbents for desulfurization. The 
method of removing CS2 by using activated carbon 
a t  normal temperature was considered to be econom- 
ical and appropriate [l]. However, COz and water 
vapor that existed in the industrial gases led easily 
to  lower selectivity and sulfur capacity of activated 
carbon. In recent years, modified activated carbon 
was considered to be a potential adsorbent due to its 

better selectivity [2-41. The effect of water vapor on 
the removal of organic sulfur-containing compounds 
by activated carbon modified with organic amine was 
investigated [2] and water vapor was found to have a 
negative effect on the removal of CS2. The adsorp- 
tion kinetics of CS2 from damp gas on activated car- 
bon were also studied in a fixed-bed and by using the 
therrnogravimetric technique, respectively [5,6], and 
their results revealed that  both Bangham and Elovich 
equations could be used to  describe the adsorption 
kinetic behavior of CS2 but Bangham equation was 
more favorable. 

In the previous studies, the adsorption proper- 
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ties of CSz on a raw and three modified activated 
carbon samples were investigated by the gravimet- 
ric method and a FT-IR that was equipped with a 
vacuum adsorption system [7,8]. In this study, the 
COz adsorption isotherms, at different temperatures 
on the above-mentioned four carbon samples, were 
measured gravimetrically using the vacuum adsorp- 
tion system and the adsorption data fitted to different 
isotherm equations. The isosteric heat of adsorption 
was derived from isotherm equations. The thermody- 
namic analysis of the adsorption was also given. The 
adsorption properties of COz on the four activated 
carbon samples with the aim of obtaining more infor- 
mation about the effect of COz on removal of organic 
sulfur-containing compounds in industrial gases was 
also studied. This would be important for the further 
development of the adsorbents. 

2. Experimental 

2.1. Materials 

Four carbon samples A, B, C, and D were used in 
this study. Sample A was a commercially activated 
carbon, ZL-30, which was obtained as a raw material 
from the Xinhua Chemical Plant in China. The three 
modified carbon samples B, C, and D were prepared 
by raw materials that were impregnated with different 
solutions. The saturated carbon samples were kept 
humid for 24 h at room temperature. Sample B that 
was impregnated with 4% KOH solution was heated 
at 373-393 K for 2-3 h and then dried in a vacuum 
oven at  353-373 K for 3 h. Sample C was impregnated 
with a mixture of ethylenediamine and ethanol (the 
volume ratio of ethylenediamine and ethanol was 2:l) 
and then dried at 343-363 K for 3 h. Sample D was 
impregnated with a mixture of 4% KOH, ethylenedi- 
amirie, and ethanol (the volume ratio of ethylenedi- 
amine and ethanol was 2:l) and then dried at 343-363 
K for 3 h. The physical properties of the four carbon 
samples were given in the related reference [8]. 

The pure carbon dioxide gas (purity>99.99%) was 
purchased from Beijing Haipu Beifen Gas Industry 
Corporation. All the chemicals used were of A.R. 
grade. 

2.2. Apparatus and reaction conditions 

Adsorption experiments of CO2 gas were carried 
out in a glass vacuum system as shown in Figure 1. 

The small quartz basket in the adsorption column was 
packed with 40 to 60 mesh carbon samples. The vac- 
uum before adsorption was at the range of 10-3-10-3 
Pa. About 200 mg of the samples was heated to a 
given temperature and held at this temperature for 
45 minutes to reach thermodynamic equilibrium at 
a certain pressure of COz. The weight of the sam- 
ple was then recorded and the amount adsorbed wits 
calculated. The adsorption was usually carricd out 
under a pressure of 0-40000 Pa. 

The adsorption kinetics on four carbon samples 
was measured at three or four temperatures: 303 K, 
313 K. 323 K,  or 333 K, respectively. 

Figure 1. The vacuum system for the adsorption of 
carbon dioxide 

1-Gas sample flask, 2-Pressure gauge, 3-Glass cock, 4- 
Quartz spring balance, 5-Adsorbing column, 6-Heating fur- 
nace, 7-Quartz basket, 8-Vacuum pump, 9-Mark point, 
10-Temperature controller 

3. Results and discussion 

3.1. Adsorption isotherms 

The adsorption isotherms of carbon dioxide at 
different temperatures on the four activatcd carbon 
samples are shown in Figure 2. 

The adsorption data were fitted to standard 
isotherm models, Langmuir [S], Freundlich [lo] 
Dubinin-Radushkevich (D-R) [I 1-16], and Temkin 
[17] by linear regression, respectively. The best fitting 
isotherm models along with the regression coefficients 
and the relative error for isotherm fits are given in Ta- 
ble 1. The Dubinin-Radushkevich modpl was found to 
give the best f i t  for the adsorption of carbon dioxide 
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Figure 2. Adsorption isotherms of carbon dioxide at different temperatures on the four activated carbon 
samples 

(a) sample A, (b) sample B, (c) sample C, (d) sample D; (1) 303 K,  (2) 313 K, (3) 323 K, (4) 333 K 

on carbon samples A and B at 303, 313, and 333 K. 
The Freundlich model was found to give the best fit 
for the adsorption of carbon dioxide on carbon sam- 

at 303, 313, 323, and 333 K, respectively. The D-R 
equation is in the form of: 

where, V0 is D-R micropore capacity, Po  is adsorbate 
saturation vapor pressure, and D is D-R model con- 
stant. The Freundlich equation takes the form of 

ple C at 303, 313, and 333 K and carbon sample D V = K P I I n  (2) 

where, K and n are Freundlich model constants. The 
estimated values of the parameters of the best fitting 
isotherm models are presented in Table 2. 1nV = In& - D [ I ~ ( P ~ / P ) ] ~  (1) 

Table 1. Regression coefficient and average relative error for the best fitting isotherm model 

Activated carbon Temperature (K) Best fitting model Regression coefficient Average relative error* (%) 
A 303 D-R 0.9996 0.87 

313 0.9993 2.24 
333 0.9998 0.68 

B 303 D-R 0.9990 2.10 
313 
333 

0.9990 
0.9978 

2.02 
3.60 

C 303 Freundlich 0.9978 1.38 
313 
333 

0.9963 
0.9988 

2.30 
1.17 

D 303 Freundlich 0.9981 1.36 
313 0.9988 1.08 
323 0.9970 1.75 
333 0.9968 2.05 

N 
*Average relative error=(lOO/N) )7 abs(V,,I, - Vexp.)j/Vexp., where N=number of data points. 

j=1 
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Table 2. Constants of t h e  best f i t t ing  isotherm 
models for the adsorpt ion of carbon dioxide 

on the four activated carbon samples 

Activated T Best fitting Constants of the best 

carbon /K model fitting isothcrm models 

D 1% frn1w-p / a )  
A 30:3 D-R 0.1421 9.096 

31 3 0.1710 8.292 
333 0.2015 7.830 

D Vi 
B 303 D-R 0.1600 14.769 

,'3 1 3 0.1754 14.288 
333 0.1956 12.761 

K I ) .  

C 303 Freundlich 0.2256 2.61 
313 0.1585 2.43 
3 3 3  0.1419 2.47 

K n. 
D 303 Freiindlich 0.1571 2.33 

313 0.1995 2.52 
323 0.1218 2.35 
333 0.0936 2.26 

3.2. Isosteric heat of adsorption 

The isosteric heat of the adsorption of carbon 
dioxide, Q, at a given specific surface loading V, was 
calculated from the adsorption isotherms at  different 
temperatures using the Clapeyron equation: 

Where, R is the gas constant, T is temperature, 
and P is pressure. The best fitting isotherm mod- 
els listed in Table 2 were used to  calculate Q in this 
study. 

The isosteric heat of adsorption for the four car- 
hon samples at differerlt surface loadings is plotted 
i r i  Figure 3 .  The value of adsorption heat on carbon 
sample A decreased slightly from 16.2 to  14.7 kJ/rnol 
and the surface coverage increased from 3 to  6 ml/g. 
The isosteric heat of adsorption on carbon sample B 
decreased from 12.3 to  10.5 kJ/mol and the surface 
covcra.ge increased from 4 to 8 ml/g. The isosteric 
heat of adsorption on carbon sample C also shows a 
small decreasc from 19.6 to  17.7 kJ/mol and an in- 
crease in the surface coverage from 5 to  9 ml/g. On 
increased loading, there was a small decrease in the 
heat of adsorption on carbon sample D and the value 
of Q was about 28 kJ/mol. When compared with the 

carbon samples A, B, and C, the valuc of the heat of 
adsorption on carbon sample D was the highest at all 
surface coverage. It was suggested that carbon diox- 
ide was adsorbed more strongly on carbon sample D 
than on carbon samples A, B, and C. The obserled 
small decreasc in the heat of adsorption with iricrehse 
of surface coverage suggests weak repulsive interac- 
tioris between adsorbed carbon dioxide molecules. 

25 t 

3 3 5 6 7 8 0 
L olume adsorbed (nil\,? g) 

Figure 3. Isosteric heat  of adsorpt ion as a function 
of surface loading. 

(1) sample A, (2) samplc B, (3) sample C, (4) sample D 

3.3. Gibbs energy and entropy of adsorption 

The therrnodynarnic data for the adsorption at  
surface coverage of 6 ml/g are presented in Table 3 .  
The values of free energy and entropy changes due to 
adsorption were estimated from the adsorption data 
using thc following expressions [ 181 : 

s, = S, + A s  (6) 

where, AG, A H ,  and AS arc the standard free energy, 
enthalpy (isosteric heat of adsorption under isother- 
mal conditions), arid entropy changes in the adsorp- 
tion process, respectively. S, is the entropy of the 
adsorbate at  standard pressure P, (101.325 kPa). S, 
is the entropy of the adsorbed phasc. and P is the 
equilibrium pressure of the adsorbate. The values of 
S, for the carbon dioxide gases are taken from the 
data given elsewhere [19, 201. 
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Table 3. Thermodynamic data for the adsorption on carbon samples A, B, C, and D 
at the surface coverage of 6 mlsTp/g 

Activated carbon ‘l’emperature (K) AG/(k.J/mol) -AS/(J/(rnol.K)) Sg*/(J/(mol,K)) S,/(J/(mol.K)) 

303 
313 
333 
303 
313 

333 
303 
313 
333 
303 
313 
323 
333 

4.29 
3.58 
3.18 
5.98 
5.79 
5.43 
7.46 
7.03 
6.29 
7.66 
7.69 
6.40 
5.83 

62.7 
58.4 
53.7 
56.9 
54.5 
50.1 
87.4 
83.2 
76.0 
117.4 
113.7 
106.2 
101.3 

214.3 
215.5 
217.8 
214.3 
215.5 
217.8 
214.3 
215.5 
217.8 
214.3 
215.5 
216.7 
217.8 

151.6 
157.1 
164.1 
157.4 
161.0 
167.7 
126.9 

132.3 
141.8 
96.9 
101.8 
110.5 
116.5 

*The values axe taken from references [19, 203; Sg-entropy of the adsorbate at standard pressure. 

The thermodynamic data calculated reveal that 
the values of AG and -AS decreased with increas- 
ing surface coverage on the four carbon samples. In 
all cases, AG and -AS decreased with the increase 
of temperature. The entropy of the adsorbed phase 
for the four carbon samples, S, (and hence the mo- 
bility), increased as carbon dioxide loadings increased 
and also increased with increasing adsorption temper- 
ature. 

Figure 4 shows a comparison at 303 K between 
the observed entropy change (-AS,) associated with 
the adsorption (after correcting for the contributions 
of entropy change in the vapor phase and in the ad- 
sorbed phase) at different surface loadings and the 
theoretical entropy change (St3D -  st^^) . The value 
of (-AS,) can be obtained from AS using the relation 
[21]: 

A+ 
AS, = AS + Rln- A (7) 

where, A+ is the standard molecular area (4.08 
T ~ 1 0 - l ~  cm’) and A is the molecular area of the 
adsorbate estimated using the relation suggested by 
Emmett and Brunauer [22]. 

The theoretical entropy change for the mobile film 
model [21] in the adsorption can be calculated from 
the following relation: 

where S t 3 D  and S t z D  are the translational entropies 
for the three-dimensional and two-dimensional adsor- 

bate vapors, respectively. S t S D  and s t z ~  can be esti- 
mated from the following expressions [21] [23]: 

The t,heoretical entropy changes for the mobile and 
localized adsorption models were expected to be equal 
to (St3D StZD)  and S t J D ,  respectively. The observed 
entropy change ( AS,) and the theoretical entropy 
change for mobile adsorption (A& d t 3 D  - S t z D )  at 
different adsorbate loadings are plotted in Figure 4. 

t 
01 I , I I I I I 

3 4 5 6 I 8 9 
Volume adsorbed (m15T,,/g) 

Figure 4. Comparison of the observed entropy 
change (-AS,) at different adsorbate 
loadings with the theoretical entropy 
change for mobile adsorption (StaD-StzD) 
in the adsorption of carbon dioxide on the 
four carbon samples at 303 K 

(1) sarriplc A, (2) sarnple B, (3) sample C, (4) sample D 
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The result,s in Figurc 4 show that, the observed 
entropy change  AS,) for thc four carbon samples 
dccreased slight,ly with increasing surface loadings in 
all cascs. For the adsorption on carbon samples A and 
B. thc ent,ropy change ( AS,) was lowcr than that, 
for the mobilc adsorption (StsD-Stzu) in the entirc 
range of adsorbate loading studied. For t,he adsorp- 
tion on ca.rhon sample C,  the erit,ropy change crossed 
the theoretical va.liie for the mobile adsorption above 
the adsorbat,c loading of 7 ml/g. For the adsorption 
OII carbon sample D, t,hc entropy change was higher 
t,han that for the mobile adsorption (St3~-St2~) in the 
entire range of adsorbate loading t,ha,t, was s td i ed .  

3.4. Comparison of adsorption properties 

A comparison of the adsorption data in t'empera- 
tmes ranging from 303 to 333 K on four carbon sam- 
ples as shown in Figure 3 reveal that the volume ad- 
sorbed on the modified carbon samples B, C, and D, 
wliicli were impregnated with KOH, ethylenediamine, 
and the mixture of KOH and ethylenediamine, re- 
spectively, were generally larger than that on the raw 
carbon sample A. The probable reason could be be- 
cause of the at,tractive interactions between the irn- 
pregnated ingredients and adsorbed carbon dioxide 
molecules. The volume adsorbed on the four carbon 
samples decreased with increasing temperature in all 
cases. However, the volume adsorbed does not ex- 
hibit any relationship with the physical properties of 
the four carbon samples [8] such as BET surface area, 
pore volume, or micropore volumc. The volume ad- 
sorbed of carbon dioxide was much lower than that of 
carbon disulfidc on the same carbon samples [7]. 

The D-R equation was found to  give the best, fit 
for the adsorption of ca.rhon dioxide on carbon sam- 
ples A arid B. The Freimdlich equation was found to 
be the best model for the adsorption of carbon dioxidc 
on carbon samples C and D. A comparison of the heat 
of adsorpt,ion on four carbon samples as in Figure 3 
reveals the following order: 

Sample B<Sample A<Sample C<Sa,mple D. 
The heat of adsorptiori on carbon samples A. B? 

c': and D are about 15, 12, 19, and 28 kJ/rnol, re- 
spectively, and the value of carbon sample D was the 
highest in all surface coverage studied. Tt is unex- 
pected that the heat of adsorption on carbon sample 
B was the lowest due to the small change of volume 
a.dsorbed with temperature. 

The thermodynamic dat,a for the adsorption rc- 
veals t,liat the mobility for the four carbon samples 

A ,  B, C. and D increased as the surfacc loading in- 
creases. This implies t,liat, in t,he initial stages of i d  

sorption it, was t,he sitJes of highest adsorption po- 
t,eritial which were occupied first. Theso adsorption 
sites might be in the narrowest, of t,lir: iriicropurosit?. 
As the adsorption process contimics. t he adsorption 
sit,cs changed to pores of lower adsorption potcrltiwl 
and more arid 111ore adsorbed carhon dioxide mole- 
cules were mobile on t,l-ie surface of activated carbons. 
The entropy change ( AS,,,) diie to tlie adsorption on 
the four carbon samplcs dccrcascd wit,h the increase 
o f  surface loadings and the values of ( AS,,,) for tlic, 
carbon samples A, B. and C were lowcr tha.n thc thco- 
retical value for the mobile adsorption ( S t s ~ - S t 2 ~ ) )  in 
the entire range of adsorbate loading studied cxccpt 
for the carbon sample C at low surface coverage (be- 
low 7 rnlsTp/g). In the case of carbon sample D, the 
entropy change (-AS,,l) was higher tliari the tlieoret- 
ical value for the mobile a,dsorpt,ion (S+:{D--.~~,~D) hiit 
much lower than the theorctical value for thc localized 
adsorption (St3D) .  

4. Conclusions 

The results show that the adsorption of carbon 
dioxidc on the four carbon samples does not follow 
thc samc adsorption isotherm equation. The D-R 
equation was found to fit well the adsorption data 
on ca.rbon samples A and B. The Freundlich equation 
was found to give the best fit for tlie adsorption on 
carbon samples C and D. It. was also found tJha,t the 
active ingredients impregnated in the carbon samples 
l-iatl significant infliience on tfhc adsorpt,ion of carbon 
dioxide and the volumes adsorbed on the modified 
carbon samples B. C .  and D w e r ~  all larger tlhaii that 
on the raw carbon sample A. Howcvcr. the physical 
propert,ies, surface area. pore voliimc. and micropore 
volume of carbon samples showed 110 influence on the 
a,mount a.dsorbcd. The isostcric heat of adsorption 
( Q )  derived from their equilibriiini lay hetmwn 10.5 
and 28.4 kJ/mol at surfacc coverage studied and the 
value of Q for carbon sample D was the highest. The 
value of the heat, of adsorption indicated that, the ad- 
sorption might be physicid ndsorption. Tn all cases. 
the heat of adsorption decreased slightly as thc snr- 

Analysis of the t,herrnodyiiamic data showed that 
the mobility for t,lie adsorption increased as the sin- 
face loading increased in all cases. The erit,ropy change 
( AS, )  for the carbon samples A, B; and C (above 

loading increased. 
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the surface coverage of 7 ml/g) was lower than the 
theoretical value for the mobile adsorption. However, 
the value of -AS, for carbon sample D was higher 
than the theoretical value for the mobile adsorption 
but lower than the theoretical value for the localized 
adsorption. 
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