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The adsorption of SO2 and NO onto palm shell activated carbon supported with cerium oxide (Ce/PSAC)
was studied in a fixed bed adsorber. This paper reports the adsorption equilibrium of SO2 and NO in a
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simulated flue gas on Ce/PSAC. The experimental results show that within the experimental conditions at
different inlet concentration of SO2/NO, the adsorption capacities of Ce/PSAC can be well fitted by Lang-
muir compared to Freundlich adsorption isotherms. The binary mixtures of SO2 and NO at different initial
concentration can be well-correlated by the extended Jain and Snoeyink (JS) Langmuir model compared
to extended Langmuir model. The physical properties of Ce/PSAC were calculated and it was consistent
with the isotherm parameters obtained from the adsorption results. The adsorption was controlled by
dsorption isotherm physisorption.

. Introduction

Combustion processes and its emission i.e. flue gas has been a
ong time setback to nature as well as human kind. It has been
eported that SO2 and NO contained in flue gas are the primary
gents responsible for the acid rain and ground-layer ozone for-
ation. Due to these factors, interest in reducing these emissions

imultaneously has been increasing lately to save the global health.
mong the famous reducing methods are dry-type methods such
s selective catalytic reduction, adsorption and flue gas desulphur-
zation [1–5].

Activated carbon as an agent for adsorption has been used
or many years in many field. Gas-phase adsorption by activated
arbon is a separation process in which adsorbate molecules are
ransferred to the pore surface of solid activated carbon [6]. Acti-
ated carbon is predominantly amorphous material that has large
urface area and pore volume. Activated carbons are made from
ariety of starting material [7]. For gaseous removal, activated car-
on made from bituminous coal and coconut are the prominent
nes [8]. Currently palm shell-based activated carbon is introduced
or gas phase applications because it has similar property as coconut

hell [9].

Few discussions were made in the literature about adsorption
ehavior of SO2, O2, CO2, N2, CH4 and H2S on palm shell acti-
ated carbon (PSAC) [10–14]. However none have been reported
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on NO removal or simultaneous removal of SO2 and NO. More-
over these researchers did not study the adsorption kinetics using
model isotherms. Bae and Lee [15], examined the adsorption kinet-
ics of 8 different gases (O2, H2, N2, Ar, CO, CO2, SO2 and CH4)
on a carbon molecular sieve using three different isotherms, i.e.
Dubunin–Radushkevich (DR), Langmuir and Freundlich–Langmuir
(LF). Juray et al. [16] developed a transient kinetic model using
Langmuir ideal surface and Elovich real surface model for simul-
taneous adsorption of NO and SO over Na/�-AlO sorbent.

In this study, the most commonly used adsorption isotherm
equations i.e. Langmuir and Freundlich were used to describe single
gas adsorption of SO2 and NO over Ce/PSAC. A modified extended
Langmuir (MEL) was used to predict the binary mixture. Different
inlet concentrations (i.e. 1000–2500 mg/l of SO2 and 100–700 mg/l
of NO) and equilibrium temperatures (i.e. 100–300 ◦C) were used
to describe the adsorption isotherm and heat of adsorption.

2. Materials and methods

2.1. Preparation of sorbent

The PSAC was prepared by physical activation using CO2 gas.
The details of the preparation method are reported elsewhere [17].
Prior to the impregnation process, PSAC was sieved to a size of
1 mm. The PSAC was subjected to pore volume impregnation by

cerium metal nitrate. First the PSAC was impregnated with cerium
metal nitrate (Ce(NO3)3·6H2O) of an appropriate concentration to
obtain around 10 wt% of metal content per gram of PSAC (10 ml
of 10 wt% metal solution/g of PSAC). In this study cerium nitrate
from Fluka was used as the metal precursors. During the impreg-
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Table 1
The characteristics and proximate analysis of PSAC and Ce/PSAC.

Characteristics PSAC Ce/PSAC

BET surface area (m2/g) 1250 807
Micropore volume (cm3/g) 0.399 0.330
Average pore diameter (Å) 16.0 15.0
Solid density (g/cm3) 1.693 1.961

Proximate analysis (wt%)
Carbon 85.2 63.9
S. Sumathi et al. / Chemical Eng

ation, the solution of metal nitrate was continuously mixed with
SAC for 5 h. Then the samples were heated to 70 ◦C while being
onstantly stirred until the liquid was totally evaporated. After
hat the samples were dried in an oven at 110 ◦C for a period of
2 h. Finally, the prepared samples were heat-treated at 400 ◦C
or 4 h in the presence of argon to form the reduced sorbents
n oxide form. The selection of 10 wt% concentration of cerium

as based on our preliminary study. Ce/PSAC denotes a sample
mpregnated with 10 wt% of cerium nitrate which has been cal-
ined.

.2. Activity test

The simultaneous removal activity of the prepared sorbent was
arried out in a fixed bed adsorber. The schematic diagram of the
xperimental setup has been reported previously [18]. The pre-
ared Ce/PSAC sorbent (1.0 g) was placed on borosilicate glass wool
0.05 g) in the center of the adsorber. A stream of gaseous mixture
epresenting the simulated flue gas, containing SO2 (2000 mg/l)
50%), NO (500 mg/l) (11%), O2 (10%), and N2 (29%) as the balance,
as passed through the prepared sorbents. The feed flow through

he adsorber was controlled at 150 ml/min. The GHSV of the sys-
em is 23,527 h−1. The inlet and outlet concentrations of SO2 and
O were measured using a wall-mounted flue gas analyzer (Elec-

rochemical Gas Sensor Technology, IMR5000/400, Environmental
quipment Inc., USA) before and after adsorption activity. The con-
entrations of SO2/NO were recorded from the first point of SO2/NO
etected in the effluent until it reaches the breakthrough point.

t was continuously monitored for every minute. The column is
aken to be at equilibrium when the effluent concentration lev-
ls off at or near the feed concentration. This situation indicates
00% of breakthrough. The gas flow through the adsorption column
as continued for an additional time after the breakthrough time

o ensure that adsorption equilibrium was reached. The activity of
he sorbent towards SO2/NO was expressed by SO2/NO adsorption
apacity, which is defined by the breakthrough curves (C/Co versus
). C/Co is a dimensionless factor, where C is the outlet concentration
f SO2/NO (mg/l) from the adsorber, Co is the initial concentration
f SO2/NO (mg/l) and t is the adsorption time (min). Each and every
xperimental run was repeated at least three times to increase the
recision of the results, and only the average value was reported
hroughout this study. The repeatability was found to be sufficiently
igh with relative error less than 5%.

To study the effect of SO2/NO adsorption capacity over Ce/PSAC,
he feed concentration of SO2 and NO was varied from 1000 to
500 mg/l and 100 to 700 mg/l respectively. When SO2 was varied,
O was fixed at 500 mg/l and when NO was varied SO2 was fixed
t 2000 mg/l. For the model fitting the adsorber temperature was
et to 150 ◦C. This temperature was found to yield the best simulta-
eous removal of SO2 and NO by Ce/PSAC from the previous study
19]. An adsorber temperature of 100–300 ◦C was used to study the
eat of adsorption.

. Results and discussion

.1. Characteristics of Ce/PSAC

From the previous studies [17], it was found that PSAC without
odification/impregnation with metal oxides could only remove

O2 successfully. Hence in order to achieve simultaneous removal

f SO2 and NO, it was deduced that PSAC should be impregnated
ith metal oxides. PSAC impregnated with cerium oxide was found

o yield the best simultaneous removal of SO2 and NO compared to
ther metal oxides [20]. The characteristics and proximate analysis
f PSAC and Ce/PSAC are shown in Table 1.
Moisture 7.4 18.1
Volatile 4.3 8.6
Ash 3.1 9.4

3.2. Single-component SO2 and NO adsorption equilibrium

The simplest and still useful isotherm is the Langmuir equation
[21], which is based on constant adsorption energy independent of
surface coverage. When the adsorption equilibrium data do not fit
well on linear coordinates, the Freundlich isotherm is probably the
equation most commonly used. The Freundlich model [21], which
is usually applied in a strictly empirical sense, can be of theoretical
interest in terms of adsorption onto an energetically heterogeneous
surface assuming a heterogeneous valence distribution. Hence in
this study the pure component i.e. SO2/NO was analyzed based on
Langmuir and Freundlich isotherm.

Langmuir isotherm is expressed as

q = qs
KLC

1 + KLC
(1)

where C is the initial concentration of the adsorbate (mg/l), q is
the adsorption capacity of adsorbent (mg/g), qs (mg/g) is Langmuir
constant related to adsorption capacity and KL is Langmuir constant
related to rate of adsorption (l/mg). Hence a linearized plot of C/q vs.
C gives a straight line with slope of (1/qs) and intercept of (1/qsKL).

Freundlich isotherm is expressed as

q = KF C1/n (3)

where q (mg/g) is the adsorption capacity of adsorbent, C (mg/l) is
the initial adsorbate concentration, KF is adsorption or distribution
coefficient for Freundlich isotherm (mg/g(l/mg)1/n) and n is the Fre-
undlich constant and 1/n is the heterogeneity factor. The isotherm
is usually used for special case of heterogeneous surface energy
in which it is characterized by the heterogeneity factor 1/n. A plot
of ln(q) vs. ln(C) enables the constant KF and exponent 1/n to be
determined. The magnitude of the exponent n gives an indication
of the favorability of adsorption. Whereby, values n > 1 represent
favorable adsorption condition.

The adsorption capacity of Ce/PSAC for SO2 and NO was deter-
mined by a dynamic mass balance, which requires numerical
integration of the data. Using the breakthrough curve data from
an adsorption breakthrough run, the time equivalent to the total or
stoichiometric capacity of the column for a particular adsorbate is
calculated numerically integrating the following equation:

tt =
∫ ∞

0

(
1 − C

Co

)
dt

where tt is the time equivalent to the total or stoichiometric capac-
ity, t is the time, C is the concentration of adsorbate at time t, and
Co is the feed concentration of adsorbate. With tt determined, the
amount of adsorbate adsorbed by adsorbent (the adsorption capac-

ity) is calculated at non-STP condition from the following equation
[22]:

q = Qf ttyf

mc
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Fig. 1. SO2 removal at different initial concentration.
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Fig. 3. Langmuir plot of (a) SO2 adsorption on PSAC–Ce, (b) NO adsorption on
PSAC–Ce.
Fig. 2. NO removal at different initial concentration.

here q is the adsorbent adsorption capacity, yf is the mole fraction
f adsorbate in the feed, Qf is the volumetric feed flow rate at STP,
nd mc is the mass of adsorbent used inside the bed.

Figs. 1 and 2 show the breakthrough curves of SO2 and NO at dif-
erent initial concentrations. Table 2 shows the sorption capacity of
O2 and NO at different initial concentration. From Figs. 1 and 2 and
able 2 it was noticed that, for low concentrations of SO2 or NO, a
elatively small amount of SO2 (89.33 mg/g) and NO (0.93 mg/g)
ere adsorbed and a longer time was required to reach break-

hrough point. Tsai et al. reported a similar trend of breakthrough
urve for VOC removal at different initial concentration [23]. How-
ver, for a SO2 concentration of 2500 mg/l, the amount adsorbed
as high as 120.25 mg/g and the breakthrough time was shorter.

he same phenomenon was observed for NO concentration at
00 mg/l. These data suggested that the sorption capacity and sorp-
ion rate of PSAC–Ce are dependent on the concentration of the
dsorbate. A similar finding was reported by Lua and Guo [24] for
O2 adsorption by PSAC.

Thus these data are substituted into the isotherms i.e. Langmuir
nd Freundlich. Fig. 3(a) and (b) shows the linearized plot of (C/q)
s. C for different initial concentration for SO2 and NO respectively
or Langmuir isotherm. Fig. 4(a) and (b) shows the plot of log q vs.
og C for different initial concentration for SO2 and NO respectively
or Freundlich isotherm. Table 3 shows the calculated numerical

arameters of Langmuir and Freundlich from Figs. 3 and 4. A com-
arative study based on the parameters of the respective isotherms

n Table 3 was done.
It was observed that Langmuir isotherm fits well for SO2 or NO

dsorption by Ce/PSAC compared to Freundlich isotherm under the
Fig. 4. Freundlich plot of (a) SO2 adsorption on PSAC–Ce, (b) NO adsorption on
PSAC–Ce.
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Table 2
Sorption capacity of SO2 and NO by PSAC–Ce at different initial concentration.

Initial concentration (mg/l) SO2/NO Breakthrough time (min) Sorption capacity (mg pollutant/g PSAC–Ce)

SO2 NO SO2 NO

1000/100 455 405 89.33 0.93
1500/300 375 315 110.43 2.18
2000/500 295 275 115.83 3.17
2500/700 245 220 120.25 3.55

Table 3
Calculated numerical parameters and constants of Langmuir and Freundlich for SO2 and NO adsorption.

Gas adsorbed Langmuir Freundlich

2

.992

.987

c
c
c
i
t
o
w
w
a
c
C

s
F
i
f

F
d

KL (l/mg) qs (mg/g) R

SO2 0.001496 153.85 0
NO 0.001567 6.92 0

oncentration range studied by comparing the correlation coeffi-
ient (R2) value. The R2 value of Langmuir isotherm plot was very
lose to the most favorable value of R2 = 1 whereas for Freundlich
sotherms it was found that it could not fit well with the SO2 sorp-
ion by Ce/PSAC. NO sorption data at different initial concentration
f NO vs. sorption capacity could fit the Freundlich isotherm well
ith R2 > 0.99. However the calculate n value for both gaseous
ere lower than 1. This means that the adsorption was unfavor-

ble which is impossible in this case. Thus Freundlich isotherm
ould not represent the adsorption isotherm of SO2 and NO from
e/PSAC.

In order to justify that the Langmuir model fits well with the

ingle-component data, the linear transform model is illustrated in
ig. 5(a) and (b). The predicted data matched well with the exper-
mental data for SO2 as well as NO with a correlation coefficient
actor of R2 > 0.95. This suggests that the Langmuir isotherm can

ig. 5. Continued single-component Langmuir isotherms vs. experimental data
erived by linearization for (a) SO2 and (b) NO.
KF (mg/g (l/mg)1/n) n R2

0.0229 0.4208 0.9175
107.5474 0.7168 0.9903

provide a reasonable description and analysis of the data for the
single gas sorption.

3.3. Multi-component SO2 and NO adsorption equilibrium

An extended Langmuir equation has been developed for com-
petitive multi-component adsorption by Butler and Ockrent in
1930 [25]. This model assumes a homogeneous surface with respect
to the energy of adsorption, no interaction between adsorbed
species, and that all sites are equally available to all adsorbed
species. Extended Langmuir isotherm is expressed as

qi = KLqoCi

1 +
∑N

j=1KLjCj

(5)

where is q,i is the equilibrium of the component i, N is the
number of the components, Cj (j = 1,2,3. . ..,n) is the equilibrium
concentration of each component, while KL,i and qo,i are Lang-
muir constants obtained from the corresponding single adsorbate
adsorption isotherm.

The extended Langmuir competitive model (Eq. (5)), which
assumes that competition between different components is only
depended on the adsorbate concentrations ratio, can be applied in
order to predict the adsorption behavior of a material in a multi-
component system, using the single-component parameters. In
many cases, the adsorption constants of the individual isotherms
fail to describe the interactions between adsorbate ions in a binary
system. The addition of further correction parameters to the clas-
sical competitive Langmuir equation (Eq. (5)) makes the model
capable to depict the complexity of the adsorption process. The
modified extended Langmuir equation is given as [26]

qi = qo,iKL,i(Ci/nii)

1 + ∑N
j=1KLj(Cj/nij)

(6)

where KL,i, qo,i are derived from the corresponding single-
component Langmuir equations and nij is the correction parameter
of species i and j, which is characteristic of each species and depends
on the concentrations of all the other components in the system.

The single-component parameter sets for the two gases,
obtained using the Langmuir model methods, were substituted
into Eq. (6) to enable prediction of the binary component
isotherms using the extended Langmuir isotherm. Examples of
the model predictions compared with experimentally measured

results are presented in Table 4. It was noticed that the well-
known extended Langmuir model developed from the basic
Langmuir model did not fit this set of experimental data to pre-
dict multi-component adsorption. The data shows the extended
Langmuir model could predict the NO adsorption accurately
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Table 4
q (experiment), q (predicted) and R2 values for the extended Langmuir isotherm using Langmuir isotherm parameter sets.

Concentration (mg/l) q (mg/g) (experiment) q (mg/g) (predicted) Correlation coefficient (R2)

SO2

1000 89.33 196.46 0.3125
1500 110.43 231.32 Not fit
2000 115.83 253.85
2500 120.25 269.60

NO
0.926 0.999
2.180
2.990
3.557

w
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100 0.938
300 2.213
500 3.041
700 3.620

ith R2 = 0.9672, but then not for SO2 adsorption by Ce/PSAC
R2 = 3.125).

The extended Langmuir isotherm is based on the same assump-
ions as the single-component Langmuir isotherm. Whereby there
hould be no interaction between the gases and an equal compe-
ition for the adsorption sites occur during the adsorption. From
revious research data report earlier [27], it was found that SO2
as creates a competition with NO to be adsorbed on to the active
ites of Ce/PSAC. Thus this is clearly proven in this case and it must
e assumed that there is a significant interaction and competi-
ion occurring, resulting in the extended Langmuir model failing
o apply to this system. The results in Table 4 also indicate that

(predicted) for SO2 gas does not match the q (experiment)
ecause SO2 gas is the one that creates the competition towards
O gas.

Thus in this study case, the adsorption constants of the indi-
idual isotherms fail to describe the interactions between the
ases with the extended Langmuir model for the multi-component
dsorption. The addition of correction factor to the classical com-
etitive Langmuir equation (Eq. (6)) can make the model capable
o depict the complexity of the adsorption process. The extended
angmuir model should take into consideration the presences of
ther gases in the flow that can affect the apparent affinity of a
articular gas for the adsorption on an active site. In many cases,
ue to the occurrence of other gases in the flow, the maximum
ptake does not remain constant. Thus in this study an improved
nd modified version of extended Langmuir model with the fac-
or Qo, added to the existing extended Langmuir model was done.
his model was proposed by Jain and Snoeyink in 1973 [28] and is
amed as JS modified Langmuir, which for a binary system can be
ritten as

O1 = (qo,1 − qo,2)KL,1C1

1 + KL,1C1
+ qo,2KL,1C1

1 + KL,1C1 + KL,2C2
(7)

O1 = qo,2KL,2C2

1 + KL,1C1 + KL,2C2
(8)

he first term in Eq. (7) can be related to the fraction of species (1)
hat is sorbed without competition, while the second term in Eq. (8)
orresponds to the fraction of ions (1) that adsorb in competition
ith ions of species (2). It must be noted that all parameters in Eqs.

7) and (8) can be determined from single-component isotherms.
Table 5 shows the multi-component isotherm q (experiment),

(predicted) and R2 values for the MEL isotherm using single
angmuir isotherm parameter sets. From Table 5 it can be clearly
een that the MEL model developed from the basic extended
angmuir model predicted the multi-component adsorption com-
etently.
It was observed that the q (predicted) was almost similar to one
eported by the experiment. This data verifies that MEL model fits
ell with the set of experimental data in this study. MEL model

ould predict the SO2 and NO adsorption accurately with R2 > 0.95.
he error difference between the experiment and predicted data
Fig. 6. Multi-component MEL model vs. experimental for (a) SO2 and (b) NO sorption
equilibrium.

was less than 7% and 5% for SO2 and NO respectively. Fig. 6(a)
and (b) shows the MEL model fit in graphical form. The predicted
data matched well with the experimental data for SO2 as well as
NO with a correlation coefficient factor of R2 > 0.95. This suggests
that the MEL isotherm models exhibit excellent reproduction of the
experimental data at the whole concentration range for the multi-
component adsorption of SO2 and NO from flue gas. The first term
in the MEL equation can be related to the fraction of species (1)
i.e. SO2 that is sorbed without competition, while the second term
corresponds to the fraction of ions (1) that adsorb in competition
with ions of species (2) i.e. NO.

Thus this model can predict the competitive adsorption of SO2
and NO from the simulated flue gas with acceptable fitting results.
According to the JS modified Langmuir adsorption model [28], the
presence of other gases in the flow, affects, not only the shape of the

isotherm curve, due to changes in apparent gas affinity for the active
sites, but also the maximum uptake, Qo of each component. This is
why the model can predict binary adsorption isotherms with rela-
tive success using single-solute parameters, even if the difference
in the adsorbate capacities is quite large.



S. Sumathi et al. / Chemical Engineering Journal 162 (2010) 194–200 199

Table 5
q (experiment), q (predicted) and R2 values for the modified extended Langmuir (MEL) isotherm using Langmuir isotherm parameter sets.

Concentration (mg/l) q (mg/g) (experiment) q (mg/g) (predicted) Error (%) Correlation coefficient (R2)

SO2

1000 89.33 90.80 1.6 0.9666
1500 110.43 107.60 2.5
2000 115.83 119.32 3.0
2500 120.25 128.36 6.7

NO
100 0.938 0.926 1.2 0.999
300 2.213 2.180 3.3
500 3.041 2.990 1.7
700 3.620 3.557 1.7

Table 6
Parameters of Langmuir isotherm and vant Hoff equation for adsorption of SO2 and NO on PSAC–Ce at various temperatures.

Adsorbate Equilibrium temperature Langmuir parameters R2 Vant Hoff parameters

(◦C) qs (mg/g) KL (l/mg) �H (kJ/mol) �S (kJ/mol K)

SO2 100 153.85 0.001496 0.99
8.28 0.032150 153.88 0.002052 0.98

200 98.04 0.001771 0.98
−18.68 −0.093250 97.08 0.001011 0.99

300 82.65 0.000779 0.97

NO 100 6.92 0.001567 0.99
0
0
0
0
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150 7.87
200 7.97
250 9.67
300 4.53

.4. Heat of adsorption

The heat of adsorption was assumed to be independent of tem-
erature and was evaluated by the vant Hoff equation [21] as

n KL = ln
qe

Ce
= �S◦

R
− �H◦

RT
(9)

hereby �H is the heat of adsorption (enthalpy change) (J/mg), �S
s entropy change, T is the solution temperature (K), KL is Langmuir
onstant and R is gas constant, 8.314 J/mol K. Thus, the entropy �S◦

kJ/mol K), and enthalpy �H◦ (kJ/mol) values of an adsorption pro-
ess can be calculated from the slope and the intercept of ln KL vs.
/T plot. The linearity between ln KL and 1/T is also an indication
hat the adsorption is an endothermic process [29].

Earlier it was found that Langmuir isotherm could be used to
redict the adsorption isotherm of SO2 and NO by Ce/PSAC. Thus
o predict the heat properties of SO2 and NO adsorption, Langmuir
onstants, qs and KL, based on the experimental data estimated from
he breakthrough data of different temperature effect on SO2 and
O adsorption from the previous study were used [19]. The Lang-
uir constants were then substituted in the vant Hoff equation.

he Langmuir constants, qs and KL of SO2 and NO at different tem-
eratures are shown in Table 6. To calculate �H and �S a plot of

n KL versus 1/T was done. The results are given in Table 6.
The Langmuir constants, qs and KL, were determined from the

reakthrough data of different temperature effect on SO2 and NO
dsorption and are presented in Table 6. As shown in Table 6, the
xperimental data could be reasonably fitted by the Langmuir equa-
ion with correlation coefficients (R2) in the range of 0.96–0.98.
able 6 indicates that the maximum adsorption capacity, qs and KL,
or Ce/PSAC decreases at 300 ◦C for both NO and SO2. This tendency
s reasonable because it is known that at higher temperature the

dsorption affinity will be reduced. It was noticed that for NO at
emperatures below 300 ◦C the process was endothermic. This is
ecause increase in temperature can increase the rate of reaction
f NO with Ce reduction in Ce/PSAC. Whereas for SO2, temperatures
f 100 and 150 ◦C shows an endothermic adsorption and tempera-
2.49 0.047
.001696 0.97
.001762 0.98
.002011 0.99
.002584 0.98

tures from 200 to 300 ◦C was exothermic. This is because at these
temperatures SO2 could not be adsorbed by Ce/PSAC physically or
chemically. For an exothermic reaction at constant pressure, the
change in enthalpy is equal to the energy released in the reaction,
including the energy retained in the adsorption and lost through
expansion against its surroundings.

In a similar manner, for an endothermic reaction, the system’s
change in enthalpy is equal to the energy absorbed in the reac-
tion, including the energy lost by the adsorption and gained from
compression from its surroundings. Thus a relatively easy way to
determine whether or not a reaction is exothermic or endothermic
is by looking at the sign of �H.

Therefore in this case for SO2 gas adsorption by Ce/PSAC at initial
temperature the �H was positive, the reaction was endothermic,
that is heat is absorbed by the adsorption process due to the prod-
ucts of the reaction having a greater enthalpy than the reactants.
This could be one of the main reasons for poor removal of NO at
lower temperatures. On the other hand at higher temperatures the
�H was negative, the reaction is exothermic, that is the overall
decrease in enthalpy is achieved by the generation of heat. The
exothermic adsorption processes may be due the weakening of
sorptive forces between the active sites on the Ce/PSAC and SO2.
Thus as temperature increased, the physical bonding between the
organic compounds and the actives of the adsorbent are weakened.
This can be clearly seen for SO2 at temperatures more than 150 ◦C
and NO at 300 ◦C.

For NO at temperatures below 300 ◦C the �H was positive, the
reaction was endothermic. This data proves that NO molecules
need more energy in order to be adsorbed by Ce/PSAC and why
the adsorption of NO was more favorable at higher temperatures
with Ce/PSAC. NO was reduced by Ce/PSAC at higher temperature.
Increase in temperature could also increase the rate of diffusion of

NO molecules across the external boundary layer and the internal
pores of Ce/PSAC. So this could be also the reason why the enthalpy
was low even at higher temperature for NO.

The range of the change of enthalpy for chemisorption is
−50 kJ/mol > �H > −800 kJ/mol [30] whereas for physisorption is
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elow −50 kJ/mol. Referring to Table 6, all the �H values obtained
ere found to be less than −50 kJ/mol, which directly lead to a

onclusion of an adsorption process controlled by physisorption.
From Table 6 it appears that the value of �S for SO2 was greater

o NO. �S describes the randomness at the solid–gas interface dur-
ng the adsorption. Which proves that at lower temperatures SO2
ould be adsorbed better compared to NO by Ce/PSAC. The nega-
ive value of �S for SO2 at higher temperatures corresponds to a
ecrease in the degree of freedom of the SO2 adsorbed. As observed
arlier higher temperature provokes the adsorption of NO thus this
tate indirectly decreases the freedom of SO2 to be adsorbed onto
e/PSAC.

. Conclusions

The adsorption characteristics of SO2 and NO on Ce/PSAC were
nvestigated. From the experimental results and data regression
nalysis, the adsorption of SO2 and NO can be well fitted by the
angmuir isotherm for single gas (SO2/NO) compared to Freundlich.
or binary mixture (SO2 and NO) the extended JS Langmuir model
orrelated well compared to extended Langmuir model. Temper-
ture plays an important role in the adsorption of SO2 and NO by
e/PSAC. Higher temperature (>250 ◦C) deters the adsorption prop-
rties of Ce/PSAC. Lower temperatures (<150 ◦C) are favored for SO2
dsorption. It was concluded that the overall adsorption process of
O2 and NO by Ce/PSAC was controlled by physisorption.
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