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" The adsorption isotherm of SO2, NO and CO2 was constructed to characterize isotherms.
" Thermodynamic parameters were used to understand adsorption behavior.
" The Extended Langmuir model was used to simulate competition adsorption.
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a b s t r a c t

For researching the co-adsorption behavior of SO2, NO and CO2 in flue gas, the adsorption characteristics
of pure component on activated carbon fiber (ACF) at temperatures ranging from 323.15 K to 363.15 K
have been experimentally measured by a volumetric apparatus. The equilibrium data were analyzed
by the Langmuir and Freundlich model, which revealed that Freundlich model was more suitable to
describe the three gases adsorption than Langmuir model. The Henry’s Constant was investigated based
on the adsorption isotherms. The results showed that adsorption affinity follows the order
SO2 > NO > CO2 on ACF. Thermodynamic functions integral Gibbs’ free energy, enthalpy and entropy were
calculated to characterize adsorption behavior. Finally, The Extended Langmuir (EL) Model was used to
predicted multicomponent competed adsorption. We compared the experimental data both for the indi-
vidual adsorption and for the mixture adsorption in our research. This work can provide helpful informa-
tion to understanding the removal SO2, NO and CO2 via simultaneous adsorption on ACF in further
studies.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

SO2, NO and CO2 are major pollutants in the atmosphere, which
contribute to acid rain, photochemical smog, ozone depletion and
greenhouse effects [1–3]. It was estimated that SO2 and NOx emis-
sion of China in 2020 will be 30.6 and 26.6 Mt, respectively. CO2

emission may be at peak between 2020 and 2035 [4]. Hitherto,
many methods for protecting SO2 and NO have been proposed
and applied such as wet scrubbing, spray-dry scrubbing, and dry
scrubbing using lime or limestone as absorbents, NOx selective cat-
alytic reduction (SCR). A lot of technologies such as membrane sep-
aration, the conventional temperature swing adsorption (TSA) or
pressure swing adsorption (PSA) have been proposed to sequester
CO2 from the flue gases. However, removal techniques of the three
gases alone have some disadvantages. Wet scrubbing was highly

efficient but it tended to generate wastewater. Spray-dry scrubbing
was suffering from many shortcomings such as the blockage of the
spray nozzle and production of sludge. The main disadvantage of
dry scrubbing was its low removal efficiency of SO2 [5]. But the
adsorption was considered as one of the most promising technolo-
gies in the commercial and industrial applications because of the
low energy requirement, cost advantage, and ease of applicability
over a relatively wide range of temperatures and pressures [6–8].
Active carbons fibers (ACFs) had been actually used in removal
apparatus for noxious gas because of their extended specific sur-
face area, high adsorption capacity, well-developed microspores,
safety, reproducibility, process ability, and so on [9]. At present, re-
search in the field of adsorbents had made rapid progress for
adsorbing single pollutant in flue gas. Gaur [10] had performed lots
of experiments to investigate the adsorption properties for SO2 on
ACF in the presence of O2 and H2O. Shirahama et al. [11] had tested
the adsorption of NO2 on ACF at different NO2 concentrations. Liu
[12] had researched modified ACF for adsorption of SO2 and NO.

1385-8947/$ - see front matter � 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.cej.2012.06.013

⇑ Corresponding author. Tel.: +86 871 5170905; fax: +86 871 5170906.
E-mail address: yhhtxl@163.com (H. Yi).

Chemical Engineering Journal 200–202 (2012) 399–404

Contents lists available at SciVerse ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier .com/locate /cej

http://dx.doi.org/10.1016/j.cej.2012.06.013
mailto:yhhtxl@163.com
http://dx.doi.org/10.1016/j.cej.2012.06.013
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej


Carbon capture by adsorption technology had drawn much re-
search effort recently. An [13,14] had done lots of work to improve
capture performance. However, there were few studies about
adsorption for SO2, NO, CO2 simultaneously removal. For testing
SO2, NO and CO2 co-adsorption on ACF, we had to understand
the adsorption characteristics of single component.

From the above perspectives, the motivation for this work was
to investigate experimentally adsorption properties for SO2, NO
and CO2 on ACF in flue gases. The adsorption isotherms of SO2,
NO and CO2 by ACF were investigated. The adsorption parameters
(Gibbs’ free energy, enthalpy and entropy), the heat of adsorption
data and Henry’s law constant were calculated to characterize
adsorption behavior and understand the affinity of adsorbent and
adsorbate.

2. Materials and method

2.1. Materials

ACF samples in this work were gotten from the Senyou Carbon
Fiber Co. Ltd., Jiangsu, and China. The adsorbent materials were
washed three times by distilled water, and dried at 373 K in a dry-
ing oven. Then the samples were kept in a desiccator. CO2 was ob-
tained from Foshan Kodi Gas Chemical Industry Co. Ltd. SO2 and
NO were gain from Dalian Special gases Co. Ltd., Liaoning, China.
Adsorbate purities were 99.9%, 99.5% and 99.9% (wt.%) for SO2,
NO and CO2, respectively.

2.2. Method

2.2.1. Adsorption isotherms
Equilibrium isotherms of SO2, NO and CO2 were measured by

using a static volumetric adsorption instrument. The details about
the experimental set-up and operational conditions were pre-
sented elsewhere [15]. This was capable of operating in the tem-
perature range from 323.15 to 363.15 K and at pressure up to
70 kPa. Equilibrium isotherm data of SO2, NO, and CO2 on the
ACF was obtained at 323.15 K, 343.15 K, 363.15 K, respectively.

The dynamic adsorption experiments were carried out in a fixed
bed reactor using 0.5 g of sample at 323.15 K. The details about the
experimental set-up were presented elsewhere [16]. Concentration
for SO2, NO, CO2 and N2 cylinder were 1%, 1%, 99.9% and 99.99%
(v%) respectively. In all experiments, the volumetric flow rate of
the gas was kept at 400 mL/min.

2.2.2. Adsorption isotherm simulation
Adsorptive capacity was described by adsorption isotherms

which characterized by certain constants whose values could ex-
press the surface properties and affinity of the adsorbent [17]. In
order to describe the SO2, NO and CO2 adsorption behavior on
the ACF clearly, the Langmuir and Freundlich equations were used
to fit the isotherms. The Langmuir model [8] originally developed
for the adsorption of gases onto solids assumes that adsorption oc-
curred in a monolayer or that adsorption may only occur at a fixed
number of localized sites, on the surface with all adsorption sites
identical and energetically equivalent. Therefore, the Langmuir
equation is based on the assumption of a structurally homoge-
neous adsorbent. The model can be represented as follows [18]:

q ¼ qm
bp

1þ bp
ð1Þ

where q is the amount adsorbed in equilibrium with the con-
centration of adsorbate in gas phase (mmol tg�1), qm is the maxi-
mum adsorption amount (mmol g�1), P (kPa) is the equilibrium
pressure of the adsorbate in gas phase, and b (kPa�1) is the equilib-
rium constant of adsorption.

The Freundlich isotherm model [19] was the earliest known
equation describing the adsorption process. It is an empirical equa-
tion used for nonideal sorption that involves heterogeneous sorp-
tion. The Freundlich isotherm is commonly given by the following
nonlinear equation:

q ¼ kp1=n ð2Þ

where k is Freundlich constants, whereas 1/n is the heterogene-
ity factor and an indicator of adsorption capacity, becoming more
heterogeneous as its value gets farther to one.

To compare the fitting results, r2 is constructed which is calcu-
lated from the following relationship:

r2 ¼

PN
i�1
ðŷi � �yÞ2

XN

i�1

ðyi � �yÞ2
ð3Þ

where yi is the corresponding adsorbed amounts of each exper-
imental points, while�y is the amount calculated by equation, �y is
the average value, Nis the number of experimental points. Param-
eters of each equation were given by ORIGIN 8.0.

2.2.3. Henry’s law constant
In order to evaluate adsorption affinity between adsorbate and

adsorbent, Henry’s constant was investigated. The constant was di-
rectly related to the interaction of molecules with the surface of
the adsorbent since at low pressure, molecule-surface forces pre-
dominated [20,21]. The higher value of the constant was, the stron-
ger affinity between adsorption pair would be. This expression can
reduce to Henry’s law at low adsorbate pressure, in other words:

P
q
¼ 1

KH
exp 2A1qþ 3

2
A2q2 þ 4

3
A3q3 þ . . .

� �
ð4Þ

where A1, A2, A3 are the virial coefficients. A plot of ln(P/q) vs the
loading q, should approach the axis linearly as q close to 0 with
slope 2A1 and intercept �ln(KH).

2.2.4. Thermodynamics of adsorption
The thermodynamic parameters could provide very useful infor-

mation that elucidated the behavior of adsorption. The enthalpy
change (DH), the free energy (DG) and entropy (DS) were the main
thermodynamic parameters for adsorption. These forms always ex-
hibit singularity and thus integral functions including free energy
(DG) were calculated in this study to understand the adsorption.

The change in the integral molar Gibbs’ energy (DG) can be ob-
tained in the following ways [22,23]:

DG ¼ X
q
¼ �

RT
R P

0 qd ln p
q

ð5Þ

where X is the surface potential (kJ mol�1), q is the adsorption
amount (mmol tg�1) R is the gas universal constant(J mol�1 K�1), T
is the absolute temperature (K).

The integral molar enthalpy change (DH) can be derived from
the fundamental thermodynamic relationships:

DH ¼
@ðX=TÞ
@ð1=TÞ

h i
p

q
ð6Þ

The integral molar entropy change (DS) can be calculated as
follows:

DS ¼
� @X

@T

� �
p

q
ð7Þ
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