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Introduction
Adsorption isotherm describes the equilibrium relationship of H2S 

distribution in the bulk gas stream and on the surface of an adsorbent.2 
This equilibrium data is crucial and required in the process design of 
the adsorption systems.3 There are various models developed such as 
Langmuir, Freundlich, Temkin and Dubinin-Radushkevich isotherms. 
These isotherms generally are empirical models and used linear 
regression to fit the experimental data. Dynamic and static adsorption 
was performed by.4 They reported that dynamic and static adsorption 
of H2S will result differently. For dynamic adsorption, it is not suitable 
used for finding adsorption isotherm. Equilibrium study needs to use 
static adsorption to find data able to fit with adsorption isotherms. 
During dynamic adsorption, external H2S concentration was constant 
because it was supplied continuously. Therefore, the driving force for 
H2S was not identical with grain adsorption. In addition, if a lot of 
adsorbent was used for dynamic adsorption, the adsorption capacity 
will increase with lower H2S concentration. For grain adsorption, 
adsorption capacity will decrease with lower H2S concentration.

Langmuir model was developed to describe the adsorption of gases 
onto adsorbents with the assumption that the gases are adsorbed in the 
monolayer pattern.5–8 In addition, there is finite number of adsorption 
sites on the solids that are same with identical potential energy. In 
another word, homogeneously structured adsorbent is assumed in 
developing the Langmuir equation.9 In the context of adsorption 
on micro porous adsorbents, the idealized monolayer adsorption of 
this model is not applicable, even though the characteristic form of 
Langmuir model (Type I) is found for the micro porous adsorbents. 
The major reason for this claim is the characteristic form found using 
the micro porous adsorbent is due to the micro pore volume-filling 
process, but not the monolayer surface coverage as described by 
Langmuir model.10

On the other hand, Freundlich model was one of the earliest 
developed models to describe the adsorption process. It is empirical 

and used in the non–ideal adsorption process. Therefore, it is 
considered as a model involving the measure of heterogeneous 
adsorption.9,11–13 If the heterogeneity factor in the equation is larger 
than one, the adsorbent surface is becoming more heterogeneous. The 
weakness of this isotherm is the under prediction and over prediction 
of the adsorption capacity at the intermediate and high equilibrium, 
respectively.2

Features from Langmuir and Freundlich isotherm can be 
incorporated into a new isotherm named Redlich-Peterson isotherm. 
It contains three parameters and can be solved using trial and error 
optimization method. By using computer software such as Microsoft 
Excel, the coefficient of determination, R2 can be determined 
easily. The values of three parameters that result highest R2 value 
is considered as the solution of the Redlich-Peterson isotherm.14 
Dubinin-Radushkevich isotherm is developed based on the volume-
filling theory of micro pores and combination of Polanyi’s adsorption 
potential theory.15,16 Energy of adsorption can be derived from this 
isotherm and subsequently it can be linked with the average micro 
pore width.10 Temkin model, on the other hand, was derived from the 
assumption that the heat of adsorption is decreasing linearly rather 
than logarithmically.4,14,17

Dynamic adsorption is not suitable to be used to find the adsorption 
isotherm for H2S removal. From the result of dynamic adsorption 
reported elsewhere, it was found that higher H2S concentration did 
not necessarily result higher adsorption capacity. Therefore, the 
isotherm parameters obtained in this case cannot be explained by 
conventional adsorption isotherm theory. In fact, it was because the 
conventional experimental method used grain adsorption for the 
isotherm calculation. In order to achieve grain adsorption using the 
fixed bed adsorption test rig, the amount of adsorbent was minimized 
to an extent that H2S at outlet stream was detected within a minute 
of operation. This created a similar operation compare to grain 
adsorption, allowing the proper calculation of isotherm parameters.
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Abstract

Dynamic adsorption is not suitable to be used to find the adsorption isotherm for H2S 
removal. It was because the conventional experimental method used grain adsorption for the 
isotherm calculation. In order to achieve grain adsorption using the fixed bed adsorption test 
rig, the amount of adsorbent was minimized to create a similar operation compare to grain 
adsorption, allowing the proper calculation of isotherm parameters. Data analysis showed 
that Freundlich sorption isotherm can best described the sorption behavior. Thermodynamic 
study showed that enthalpy change (∆H) and entropy change (∆S) were calculated to be 
-6.0 kJ/mol and 25.7 J/mol.K. The sorption was pseudo-second order with activation energy 
11.7 kJ/mol and rate constant was between 2.387–4.066 X 10-6 g/mg.min for 30-70˚C. 
Breakthrough curve was fitted best by using breakthrough model developed by.1
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Adsorption kinetic relates the rate of adsorption of specific amount 
of adsorb ate onto the surface or porous structure of a unit amount 
of adsorbent. In an adsorption process, it is considered as reversible 
process as desorption could occur also, but not in the initial stage. In 
the later stage of adsorption process, desorption will become more 
significant and active because sufficient amount of adsorb ate has been 
adsorbed and create higher driving force for desorption to occur.14 
Due to the time dependent nature of adsorption process, kinetic 
study is important so that the rate of adsorption can be determined, 
subsequently plays an important role in the process design of the 
adsorption system.3

Several thermodynamic parameters can be determined from 
the adsorption thermodynamics study. These parameters provide 
information regarding the behavior of adsorption process. Among 
these, enthalpy change, Gibbs free energy and entropy are the most 
popular thermodynamic parameters studied. These parameters have 
their own physical meanings. Enthalpy change is the heat adsorbed or 
released during the reaction; Gibbs free energy can be regarded as the 
minimum isothermal work for the adsorbent to reach a certain energy 
level; and adsorption entropy provides information of the randomness 
and the packing manner of the adsorbed species.9

Enthalpy change of H2S adsorption on the activated carbon is 
generally negative (exothermic) and can be categorized as physical 
or chemical adsorption. The difference between these two types of 
adsorption is their range of enthalpy change or more specifically 
named as heat of adsorption. Heat of physical adsorption is about 8-25 
kJ/mol. This energy is released during the change of intermolecular 
force between the adsorb ate and the adsorbent. Chemical adsorption 
on the other hand, change the molecular structure of the adsorb ate 
to form new bonding with adsorbent such as ionic, covalent and 
hydrogen bond. The energy released from the new bonding generally 
ranges from 40-200 kJ/mol. In an adsorption process, it is important 
to quantify the heat of adsorption to ensure the operation is safe. If 
the heat of adsorption is accumulated in the system, excess heating 
of the work place or explosion could bring hazard. Apart from that, 
the released heat will alter the sorbent temperature and subsequently 
affect the operation because there are changes in mass transfer 
and adsorption process.18 It is interesting to note that even though 
adsorption process is normally regarded as exothermic process;18 
also reported endothermic adsorption in the low temperature region 
(20-60˚C). The adsorption heat was changed to exothermic in 
the higher temperature region (60-150˚C). They explained that in 
different temperature region, the significant process that contributes 
to the adsorption heat was different. In low temperature region, the 
adsorption heat was affected by the amount of adsorbed water on the 
surface and in high temperature region, the chemical interaction had 
higher influence over the heat of adsorption.18 

Breakthrough curve carries the information about the dynamic 
behavior of the effluent concentration in time and therefore crucial 
for the adsorption column design.19 In order to predict the dynamic 
behavior of an adsorption column, mathematical models are needed. 
These models are crucial for the sizing and optimization of the 
actual industrial process developed from laboratory data. Various 
mathematical empirical models have been developed to predict the 
dynamic breakthrough curve behavior of the adsorption column.20 
Among these, several models discussed were Bohart-Adams, 
Wolborska, Thomas and Yoon-Nelson models. Bohart-Adams model 
was derived by assuming that the rate of adsorption can be related to 

the residual adsorption capacity of the adsorbent and the concentration 
of pollutant. This model was used to describe the initial part of 
the breakthrough curve.21,22 For Wolborska model, derivation was 
assumed using low concentration range of the breakthrough curves. 
The diffusion mechanism was described using general equation of 
mass transfer.23,24 On the other hand, Thomas model, was applied to a 
constant flow rate system with no axial dispersion. It also possesses 
behavior similar to Langmuir isotherm and second order reaction 
kinetics.19 Last but not least, Yoon-Nelson model was a relative simple 
model derived for a single component system only.22,24

In the breakthrough curve modeling, rigorous model that includes 
axial dispersion, external film resistance and intraparticle diffusion 
is complex mathematically and difficult to be used because some 
parameters employed are unavailable.1 Therefore, simple modeling 
approach by using approximation of linear driving force model or 
assumption of local equilibrium which avoids the difficulty in solving 
partial differential equation and considering the kinetics of adsorption, 
respectively.1

Experimental
a.	 Chemicals

The palm shell activated carbon (PSAC) used in this study was 
steam activated and purchased from Victory Element SdnBhd, 
Malaysia. Upon receiving, the PSAC was sieved to 1-2 mm and dried 
at 80˚C in an oven. In the PSAC impregnation, extra pure (98.5%) 
cerium (III) nitrate hexahydrate (Ce(NO3)3.6H2O) and analytical 
reagent grade sodium hydroxide (99% NaOH) in pellet form supplied 
by Merck SdnBhd were used. Purified nitrogen (99.99% N2) was 
used in the calcination of the impregnated activated carbon. In H2S 
adsorption test, three types of gases (99.99% CH4, 99.99% CO2 and 
1% H2S, balance CH4) in cylinders supplied by Wellgas SdnBhd, 
Malaysia were used to simulate the industrial biogas.

b.	 PSAC impregnation 

Cerium nitrate solution at 5 wt% cerium corresponding to PSAC 
amount was first added to 2.50 g PSAC in a conical flask. Then, sodium 
hydroxide at 1.0 M was added to the flask slowly. Subsequently, the 
mixture was shacked in a water bath shaker at room temperature for 
1.5 h impregnation time. After that, the impregnated activated carbon 
will be filtered and dried in an oven at 80˚C. The dried impregnated 
activated carbon was then subjected to 400˚C calcination temperature 
and three hours calcination time under the flow of N2 at 50 mL/min.

c.	 Adsorption test

H2S adsorption test was carried out using a packed bed reactor 
test rig as shown in Figure 1. The composition of simulated biogas 
was adjusted by controlling the flow rate of gases using Aalborg 
AFC26 mass flow controllers. CO2 and CH4 were passed through a 
humidification system at room temperature to provide moisture to the 
biogas inlet stream at about 25% relative humidity. H2S/CH4 was not 
passed through the humidification system because H2S is soluble in 
water. The path of the biogas after the humidification system to the 
reactor is insulated to avoid condensation of moisture. The diameter 
of the stainless steel tubular reactor used is half inch. The flow rate of 
the biogas was fixed at 500 mL/min with CO2, H2S and CH4 in specific 
concentration. The amount of adsorbent was 0.1g for isotherm study; 
1.0g for kinetic and thermodynamic study. The adsorbent was placed 
in the middle of the tubular reactor and supported with approximately 
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0.05g glass wool. Adsorption temperature (30-70˚C) was controlled 
using a Linberg/Blue M tube furnace. Concentration of H2S at the 
outlet stream was analyzed using an IMR 6000 gas analyzer via 
electrochemical sensor calibrated for 0-5000 ppm H2S. The workspace 
of the test rig was ventilated as a safety procedure just in case there is 
a leakage of hazardous H2S.

Figure 1 H2S adsorption test rig.

Results and discussion
a.	 Adsorption isotherm

The breakthrough curves of H2S removal using 0.1g adsorbent for 
different H2S concentration was shown in Figure 2. For all studies, 
H2S was detected at outlet stream in the first minute of operation. 
Then, the H2S concentration gradually increased until it was equal 
with the inlet concentration. The adsorption capacity at different H2S 
concentration was recorded in mg/g and the H2S concentration in ppm 
was converted to mg/L, for the ease of calculation. The calculations 
for the adsorption isotherms were tabulated in Table 1. Several 
adsorption isotherm were used to fit the experimental data using 
linear regression method. Among these, Langmuirand temkin did not 
fit well with the experimental data. On the other hand, Freundlich, 
Dubinin-Radushkevich and Redlich-Peterson were able to fit with 
experimental data to give a R2 value above 0.95.

Figure 2 Breakthrough curve at different H2S concentration using 0.1g 
adsorbent, for adsorption isotherm study.

Langmuir isotherm describes a monolayer adsorption on the 
adsorbent surface. The model can be expressed by the equation below:

eQ
1

L m e

L e

K Q C
K C

=
+

			                            Eq. (1)

Eq. (1) can be rearranged to the linearized form:

e

1 1

Q

e
e

m L m

C
C

Q K Q
= + 		                                           Eq. (2)

where KL and Qmare the Langmuir isotherm constant related to the 
binding energy and monolayer adsorption capacity, respectively.

Table 1 Adsorption isotherms calculations

S.No Ce Qe Ce/Qe lnCe lnQe (ln(1+1/Ce))2

1 4.11 116.18 0.035 1.41 4.76 0.047

2 3.43 84.42 0.041 1.23 4.44 0.066

3 2.74 43.76 0.063 1.01 3.78 0.097

4 2.06 30.38 0.068 0.72 3.41 0.157

5 1.37 8.9 0.154 0.32 2.19 0.3

The correlation of Langmuir isotherm was presented in Figure 3. 
It was clearly seen that this isotherm did not fit the experimental data 
well, with a correlation coefficient, R2 value of only 0.7631. Langmuir 
isotherm had been successfully applied in much pollutant adsorption 
process but it is more common for the adsorption of a pollutant from a 
liquid solution.25 Therefore, it is reasonable to find Langmuir isotherm 
not suitable to fit these experimental data obtained via adsorption 
from a gaseous stream. 

Figure 3 Langmuir adsorption isotherm.

Temkin isotherm was derived by assuming that the heat of 
adsorption reduces in a linear way, rather than a logarithmic way. In 
addition, it is applicable to chemical adsorption only, with uniformed 
binding energy.26 Temkin isotherm is expressed in the following 
equation:

( )eQ ln
T

T e
T

R
A C

b
= 		                                          Eq. (3)

Eq. (3) can be rearranged to the linearized form:

n
T T

e
e TT T

R R
Q lnC lnA

b b
= + 	                                          Eq. (4)

Where bT and AT are Temkin constants related to the heat of 
adsorption. 

Figure 4 denoted the Temkin isotherm in the linearized form. The 
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correlation coefficient was only 0.8993, implied that Temkin isotherm 
did not well describe the experimental data. This could mean that the 
H2S adsorption using CeO2/NaOH/PSAC adsorbent was not really a 
chemical adsorption process.

Figure 4 Temkin adsorption isotherm.

Freundlich isotherm was the earliest proposed adsorption isotherm 
in 1906. It is an empirical model to predict multilayer adsorption on 
heterogeneous surface. However, it does not reduce to Henry’s Law at 
low concentrations, thus receiving criticism for lacking of fundamental 
thermodynamic basis. The Freundlich isotherm is expressed by the 
equation below:

eQ F
F e

ba C= 			                                          Eq. (5)

Eq. (5) can be rearranged to the linearized form:

n ln ln  e e
F F

Q a b C= + 	                                                         Eq. (6)

Where aF and bF are Freundlich constant in which bF is a measure 
of the surface heterogeneity. 

Figure 5 shows the linear regression of Freundlich model and 
it was found to be well fit with experimental data with a R2 value 
of 0.9843. bF value represented by the slope of the straight line was 
2.2966 indicated a cooperative adsorption. Freundlich isotherm could 
be used for both physical and chemical adsorption also. This provided 
an insight that the H2S removal reaction was consisted both physical 
and chemical adsorption, in a cooperative way. In fact, oxidation of 
H2S into elemental sulfur could take part in the reactions, too.

Figure 5 Freundlich adsorption isotherm.

Dubinin-Radushkevich isotherm was extensively used for the 
adsorption using micro porous materials such as activated carbon.27 

It was derived based on the Polanyi potential theory of physical 
adsorption.28 Similar with Freundlich isotherm, it received criticism 
for not being reduced to Henry’s Law at low concentration. The 
Dubinin-Radushkevich isotherm is expressed in the equation below:

2n lne
DR DR

Q Q k ε= − 	                                                        Eq. (7)

Where QDR is the maximum adsorption capacity; kDR is a constant 
related to the mean free energy of adsorption;	 ε is the Polanyi 
potential which can be calculated from the equation below:

( )å ln 1 1/ eRT C= + 		                                           Eq. (8)

Combining Eqs. (7) and (8) would result Eq. (9)

2
2 2 1ln ln 1e

DR DR e
Q Q R T k

C
  = − +  

  
		         Eq. (9)

where the constants could be obtained from the plot of lnQevs
2

1ln 1ln
eC

  +  
  

 shown in Figure 6.

Figure 6 Dubinin Radushkevich adsorption isotherm.

In addition, mean free energy of adsorption, E can be calculated 
from the kDR value using equation below:

( ) 0.5E 2 DRk −
= 		                                         Eq. (10)

The Dubinin-Radushkevichisotherm was considered to be well fit 
with the experimental data with a R2 value of 0.9642, while Freundlich 
isotherm was found to best fit with the experimental data. From the 
slope, kDR was calculated to be 1.5191 x 10-6. From Eq. (10), the mean 
free energy of adsorption was calculated to be 573.7 J/mol.

Redlich-Peterson isotherm was derived by combining Langmuir 
and Freundlich isotherms in order to solve the argument of 
Freundlich isotherm that could not be reduced to Henry’s Law at low 
concentration. The isotherm is expressed in the equation below:

eQ
1

eRP
bRPeRP

K C

a C
=

+
				         Eq. (11)

Eq. (11) can be linearized as below:
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ln 1 ln lne
RP RP RPe

CK b Ce a
Q

 
− = + 

 
	                       Eq. (12)

Where KRP, aRP and bRP are Redlich-Peterson isotherm constants. 

Eq. (12) contains three parameters so it is not possible to be solved 
using a linear regression method. However, a pseudo-linear form of 
the isotherm can be obtained by trial and error method to obtain KRP 
value with highest R2 value. Figure 7 showed the optimum KRP value 
obtained via this method. Subsequently, the linear regression was 
performed and shown in Figure 8. The isotherm had a satisfactory fit 
with the experimental data because the R2 value is 0.9633. From the 
slope and intercept, aRP and bRP were calculated as 0.1592 and -16.669, 
respectively.

Figure 7 KRP value for Redlich Peterson isotherm is 49, as determined from 
optimum R2 value.

For comparison purpose, Table 2 shows the adsorption isotherm 
parameters obtained from other studies under different types of 

adsorbents and operating conditions. The isotherm parameter was 
not exactly identical, probably due to different type of adsorbents and 
operating conditions used. 

Figure 8 Redlich Peterson adsorption isotherm.

b.	 Adsorption kinetics

In the kinetic study, H2S adsorption was performed at different 
temperatures and the breakthrough curves of the reaction were 
shown in Figure 9. Pseudo-first order (Eq. 13) and pseudo-second 
order kinetic equation (Eq. 15) can be used to describe the kinetic 
of H2S adsorption. The breakthrough curve data was replotted using 
linearized pseudo-first order (Eq. 14) and pseudo-second order (Eq. 
16) kinetic equation in order to investigate the kinetic parameters. 

Table 2 Isotherm parameters of other studies

Adsorbent Operating condition Isotherm parameters Reference

Organic packing material consisting 
pig manure and saw dust

40-330 ppm H2S, 23˚C, residence time 8 s, flow rate 4 L/
min, column size: 0.05m i.d. and 0.29m long.

Freundlich 
KF=9.61  
n=1.55

18

Chemical activated palm shell 
activated carbon

2000 ppm H2S, 25˚C, flow rate 90mL/min, column size: 10.0 
mm i.d. and 20 cm long.

Freundlich  
KF=1.19 x 103  
n=0.84

1

Na2CO3 impregnated coal based 
activated carbon

100-1000 ppm H2S, 30˚C, 1.5 g adsorbent, flow rate 120 
mL/min, column size: 8mm in i.d., 200mm in length.

Langmuir  
qm=9.4 mg/g  
KL=0.018 m3/mg

19

Cerium oxide impregnated palm 
shell activated carbon

1000-5000 ppm H2S, 30˚C, flow rate 500 mL/min, 0.1 g 
adsorbent.

Freundlich,  
aF=2.2966  
bF=1.5604  
Dubinin-Radushevich  
KDR=1.5191x10-6

This study

( )
1

t
e tt

dQ
k Q Q

d
= − 				         Eq. (13)

Eq. (13) can be rearranged in linearized form as below:

( )
1

n lne t e
Q Q k t Q− = − + 			       Eq. (14)

Where Qt and k1 are the adsorption capacity at time t and pseudo-
first order rate constant, respectively

2

2
( )t

e tt

dQ
k Q Q

d
= − 				         Eq. (15)

Eq. (15) can be rearranged in linearized form as below:

2
2

1
t ee

t t
Q Qk Q

= + 				         Eq. (16)

Where k2 is the pseudo-second order rate constant.
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Figure 9 Breakthrough curves of adsorption performed at different 
temperatures.

Pseudo-first order kinetic equation was found not to fit with the 
experimental data because the R2 values were low, and therefore not 

reported. The parameters for pseudo-second order kinetic equation 
were calculated and tabulated in Table 3.

Subsequently, pseudo-second order rate constant, K2 was used in 
the Arrhenius plot as shown in Figure 10. Arrhenius equation can be 
expressed in Eq. (17). The calculated activation energy for the H2S 
adsorption process was 11.7 kJ/mol.

/

2

E RTaek A
−

= 			                          Eq. (17)

Eq. 17 can be rearranged in linearized form as below:

2

1in lnaE
k A

RT T
 = − + 
 

		                          Eq. (18)

Where Ea and A are the activation energy and pre-exponential 
factor, respectively.	

Table 3 Calculation for pseudo-second order kinetic equation

S. no Temperature ˚C Slope Intercept R2 Qe K2

1 30 0.001023 0.438334 0.9282 977.526 2.39E-06

2 40 0.001112 0.453582 0.9514 899.1408 2.73E-06

3 50 0.00133 0.444889 0.9643 751.8114 3.98E-06

4 60 0.001276 0.447762 0.9619 783.6333 3.64E-06

5 70 0.001351 0.448577 0.9663 740.428 4.07E-06

Figure 10 Arrhenius plot from pseudo-second order kinetic constant.

c.	 Adsorption thermodynamic

For the thermodynamic study, Van’t Hoff’s equation as expressed 
in Eq. (19) can be used to determine the enthalpy change (∆H) and 
entropy change (∆S).

ln e

e

Q H S
C RT R

∆ ∆
= − + 			                           Eq. (19)

Eq. (19) was plotted using the experimental data and high 
correlation coefficient of 0.9990 was obtained. From the slope and 
intercept, enthalpy change (∆H) and entropy change (∆S) were 
calculatedto be -6.0 kJ/mol and 25.7 J/mol.K, respectively. Negative 
enthalpy change value indicated the reaction was exothermic and the 
adsorption capacity would reduce with the increasing temperature. 
Positive entropy change on the other hand, denoted a more ordered 
orientation of H2S molecules as adsorb ate than free molecules in the 
bulk stream.

Gibbs free energy change for the adsorption process was calculated 
using Eq. (20) below:

G H T S∆ = ∆ − ∆ 			                          Eq. (20)

The calculated Gibbs free energies for the adsorption temperature 
range (30-70˚C) were between -1.77 and -2.80 kJ/mol. The negative 
Gibbs free energy value indicated that the adsorption reaction is a 
spontaneous reaction. From the values of these Gibbs free energy, 
enthalpy change and entropy change, it can be concluded that the 
sorption process was driven by both enthalpy and entropy.6 Process 
driven by enthalpy denotes that the system achieves a more stable 
state by releasing heat energy. On the other hand, entropy driven 
process denotes the system proceeds in the way that more randomness 
or chaos occur in the arrangement of molecules. The indication for 
selection is the comparison between the absolute values of Δ Hand 
TΔS.

d.	 Breakthrough curve models 

Relationship between breakthrough time and bed height was 
modified from the Bed Depth Service Time (BDST) model to result 
following equation:

1
ln 1b

b a b

o
oo

q ct Z
c F K c c

 
= − −  

 
			        Eq. (21)

Whereas tb is the breakthrough time, qb is the breakthrough sorption 
capacity, co is the initial H2S concentration, F is the volumetric flow 
rate, Z is the bed height, Ka is the rate constant in BDST model, cb is 
the H2S concentration at breakthrough.

Eq. (21) can be represented in the simpler form,
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b
t mZ C= − 					          Eq. (22)

Whereas m describes the time required for the sorption zone to 
travel a unit length through the sorbent, and C is the intercept of the 
curve on axis-y which can be used to calculate the rate constant, Ka.

Figure 11 shows the BDST model for the H2S removal process. The 
high R2 value shows a good linear relationship between breakthrough 
time and bed depth. This denotes a good chance for the extrapolation 
of bed height to obtain column service time in the scale up operation. 
The slope represents the sorption zone travels at the speed of 4395.7 
min/m across the column and the rate constant Ka is calculated to be 
0.0231 L/mg.min.

Figure 11 Van’t Hoff plot.

In the design of a column sorption process, the breakthrough curve 
prediction is necessary. Mathematical models can be used to describe 
these packed bed sorption processes. However, most of developed 
models often require additional experimentation and non-linear curve 
fitting in order to determine preliminary parameters such as isotherm 
and mass transfer parameters. In addition, complex analytical 
solutions for differential equations in the models are not available. 
This resulted difficulties and inconvenience therefore impractical 
to serve the original purpose.20 Thus, empirical models have been 
developed in order to describe the dynamic behavior of the sorption 
column in relatively easier ways such as Bohard-Adams (BA), 
Wolborska, Thomas, Yoon-Nelson (YN) and Belter. The Belter model 
modified by Chu was also discussed in this study.1 The mathematical 
models are shown in equations below:

Bohart-Adams: ln o
BA BA BAo

c Z
k c t k q

c v
= − 		       Eq. (23)

Wolborska: ln oa

o

a

w

c c Z
t

c q v
β β

= − 		       Eq. (24)

Thomas: ln 1 Th oo Th Thk q m k cc V
F Fc

 
− = − 

 
		       Eq. (25)

Yoon-Nelson: ( )nl
o

YN

c k t
c c

τ
 

= −  − 
		      Eq. (26)

Belter: 
1

1 erf
2 2o

c t
c

τ
στ

 − = +     
			        Eq. (27)

Chu1: 
( ) ( )exp /1

1 erf
2 2o

t tc
c

τ σ τ
στ

  −
 = +     

		       Eq. (28)

Chu2: 

( ) ( )exp /1
1 erf

2 2o

t tc
c

τ σ τ
στ

  − −
 = +     

		       Eq. (29)

where as co is initial H2S concentration, c is H2S concentration at 
time t, kBA, kTh and kYN are rate constants, qBA, qw and qTh are sorption 
capacities, Z is height of the sorbent bed, v is linear velocity, βa is 
kinetic coefficient of external mass transfer, F is the volumetric flow 
rate, m is amount of sorbent, V is the treated biogas volume, τ is time 
when c/co =0.5, σ is standard deviation of the slope of the breakthrough 
curve, and erf(t) is the error function of t. 

Linear dependences of Bohart-Adams and Wolborska models are 
the same and therefore same plot can be used for the calculation of 
model parameters. In addition, Yoon-Nelson and Thomas models 
also share some similarities with each other that could result same 
correlation coefficient, R2 value because V, volume of treated biogas 
is actually corresponding to the elapsed time, t. Thus, both Bohart-
Adams and Wolborska; Yoon-Nelson and Thomas models are placed 
together in the plot, respectively. Belter model and Chu modifications 
have different calculation method for R2 values. They contain two 
model parameters, σ and τ that were empirical estimated in order to 
obtain the best fit of experimental data. 

The experimental data was compared with the model and R2 value 
was calculated based on the equation below:

2 1 res

tot

SS
R

SS
= − 			                         Eq. (30)

2

1
iires

i

n
SS x x

=

 
 = −∑  
 



		                                        Eq. (31)

2

1

n

iitot
i

SS x x
−

=

 
 = −∑  
 

		                                         Eq. (32)

Whereas SSres is residual sum of squares, SStot is total sum of 
squares, n is the number of experimental data, xi is experimental data, 

iX is calculated data, iX is mean of experimental data. 

Figure 12 showed all the R2 values of all models for conducted 
experiments. From the distribution of R2 values, it was noticeable 
that model Chu2 has the highest R2 value among all the models. 
Additionally, Belter model also gave substantially high R2 value to 
indicate a good fit of the experimental data. Surprisingly, no Bohart-
Adams, Wolborska, Yoon-Nelson and Thomas models were found 
able to fit the experimental well. In fact,19 also reported R2 value 
lower than 0.80 when they used linearized Thomas model to fit their 
experimental data. When non-linear regression method was used, 
higher R2 in the range of 0.80-0.90 were obtained but still cannot be 
considered as well fitting with the experimental data. 

The Belter model and those modified by Chu1 do not include 
diffusional coefficients in their model. Instead, error function (erf) is 
used to describe the breakthrough curve. These equations are only 
valid for the case that the system is favorable sorption type, which 
evidenced by the S shape breakthrough curve. For unfavorable sorption 
type, addition of diffusional coefficients to the models is necessary. 
Belter model is capable to predict the symmetric breakthrough curve. 
However, the H2S removal breakthrough curve was found to be 
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asymmetric and therefore the R2 values for Belter model show slightly 
less than 1.0. On the other hand, Belter model was modified by Chu 
[1] in order to fit the experimental data regardless the breakthrough 
curve is symmetry or asymmetry. Therefore in this study, Chu2 model 
has shown excellent fit with experimental data.

Figure 12 BDST model.

Belter model contains two adjustable parameters.1Modified the 
Belter model by adding an exponential term and did not introduce any 
new adjustable parameters. After modifications, the model became a 
fast and accurate way to describe the breakthrough curve, comparing 
to conventional mass balance based model which require complex 
mathematical calculation. Chu model only requires breakthrough data 
calibration in order to find the suitable value for the two adjustable 
parameters. Significant improvement was shown in this study as 
comparing R2 values for Belter and Chu2 models as shown in Figure 
13, Figure 14 shows the linear relationship between to and 1/v (v is 
superficial velocity). The linearity indicated that the to value could be 
estimated to predict the breakthrough curve of H2S removal process 
using other superficial velocity. However, one should note that the 
major drawback of this model is the correlation was calibrated using 
the available experimental data only, in which details of the process 
characteristics were not known. In addition, the values of to and σ 
could vary with different process parameters. Therefore, extrapolation 
could be inadequate and inaccurate unless effects of major process 
parameters on the values of to and σ are investigated.

Figure 13 R2 value for various breakthrough models.

Figure 14 Linear relationship between t0 and 1/v.

Conclusion
Dynamic adsorption was successfully applied in the calculation 

for adsorption isotherm, kinetics, thermodynamics and breakthrough 
curve modeling. Data analysis showed that Freundlich sorption 
isotherm can best described the sorption behavior. The isotherm 
parameter was not identical with other studies because different type 
of adsorbents and operating conditions were used. Thermodynamic 
study showed that enthalpy change (∆H) and entropy change (∆S) 
were calculated to be -6.0 kJ/mol and 25.7 J/mol.K. The sorption 
was pseudo-second order with activation energy 11.7 kJ/mol and 
rate constant was between 2.387-4.066 X 10-6 g/mg.min for 30-70˚C. 
Breakthrough curve was fitted best by using breakthrough model 
developed by.1
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