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The adsorption study of SO, onto the activated carbon prepared from pistachio-nut
shell was studied theoretically and experimentally. A single-particle sorption model
known as concentration-dependent surface diffusivity micropore, surface and macro-
pore diffusion control model incorporating micropore, macropore and surface diffu-
sions, together with a nonlinear isotherm at the micropore mouth, has been derived
and solved by a finite difference method. The effects of different types of nonlinear iso-
therms and concentration dependent surface diffusivities have been thoroughly studied.
The effects of adsorbate concentration and temperature on adsorption were studied
experimentally. Good agreement was found between the model predictions and the ex-
perimental results. The value of the tortuosity factor and the extracted diffusion coeffi-
cients obtained are consistent with their corresponding values reported. © 2008 Ameri-
can Institute of Chemical Engineers AIChE J, 55: 423-433, 2009
Keywords: adsorption, sulfur dioxide, isotherm, sorption model, activated carbon, sur-

face diffusivity, finite difference method

Introduction

Important and integral to adsorption calculations and mod-
eling is the prediction or estimation of adsorbate uptake rates
by the adsorbent particle. For the transport of adsorbate from
the bulk fluid to the interior of a pellet before adsorption takes
place, the following mass transfer processes may be present:
external and internal diffusions. The internal diffusion can
have three different diffusion mechanisms, pore diffusion, sur-
face diffusion and combined pore and surface diffusion.

Numerous workers have attempted to model the sorption
process using either single diffusion resistance'™ or com-
bined pore diffusion and surface diffusion resistance.’® How-
ever, for microporous adsorbent of moderate size, resistance
to mass transport is usually significant at both macropore and
micropore regions, therefore, a bidispersed model has to be
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used to describe the adsorption dynamics.””'® In addition to
the adsorbate transport through the macropore and micropore
regions of the activated carbon, it is possible for gases that
adsorb significantly to have an additional flux in the sorbed
or “surface” phase which is in parallel to the macropore
void diffusion mechanism.'"' A discussion of the different
surface diffusion mechanisms is given in a review by Kapoor
et al.'? Gray and Do'*'* developed the models for single-
particle sorption, which comprised of micropore, macropore
and surface diffusion, together with a nonlinear isotherm at
the micropore mouth. One of these models'* also considered
the effects of particle nonisothermality and concentration de-
pendency of the surface diffusivity.

In the work of Gray and Do,'* the relationship of concen-
tration dependency of the surface diffusivity was based on
the model by Higashi et al.'”> This model had been widely
used for its simplicity. However, the effects of different con-
centration-dependent surface diffusivities on the sorption
kinetics have not been studied. The effects of different non-
linear isotherms on the overall particle sorption kinetics have
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also not been systematically studied. Therefore, in this arti-
cle, a new model incorporating micropore, macropore and
surface diffusions, together with a nonlinear isotherm at the
micropore mouth, is presented. The effects of different non-
linear isotherms and concentration-dependent surface diffu-
sivities have been thoroughly studied.

For the numerical solution, a kinetics model comprising of
micropore, macropore and surface diffusion with a nonlinear iso-
therm used by Gray and Do, 11314 was solved by the orthogo-
nal collocation technique. The method of orthogonal collocation,
although computationally efficient, leads to significant oscilla-
tions in the profiles, particularly when changes in concentration
are sharp. For example, according to Gray and Do,” 11314 ynder
certain circumstances, the numerical integration time became
large or the problem became insoluble due to the nature of iso-
therm or the model itself. Therefore, an additional degeneration
process using a special technique was needed. In this article, a
finite difference method was adopted and results showed that
the aforementioned problems associated with the orthogonal col-
location technique, could be overcome. SO, adsorption onto
commercial activated carbons had been studied by Gray and
Do,'*1 and Gray,16 and diffusivities of micropore, macropore
and surface were reported in these studies.

This article reports on the mathematical development of a
single-particle sorption model incorporating micropore, mac-
ropore and surface diffusions with a nonlinear isotherm, the
solving of the sorption model by a finite difference tech-
nique, and the comparison between the numerical results and
the experimental results on SO, adsorption onto the
pistachio-nut-shell activated carbon.

Model Description

The assumptions necessary for the formulation of the sin-
gle-particle dynamics are as follows:

1. The activated carbon sorbent particle is assumed to
have a bidispersed pore-size distribution comprising of a
microporous solid penetrated throughout by a network of
larger interconnected pores (macropores).

2. The carbon particle is composed of many minute
microparticles which contain the micropores and can be of
various shapes (e.g., slab, cylinder, or sphere). For model
simplicity, however, these are usually assumed to be spheri-
cal. These two assumptions which are bimodal pore-size dis-
tribution and spherical microparticles are commonly used by
other authors in the literature.”'%'%!4

3. The carbon particle/pellet geometry is arbitrary (e.g.,
slab, cylinder or sphere).

4. The resistances controlling the sorption dynamics are
due to macropore, micropore, and surface diffusion.

5. The macropore and micropore diffusivities are inde-
pendent of adsorbate concentration, but the surface diffusiv-
ity is coverage-dependent.

6. Adsorption on the macropore surface is negligible com-
pared to the total adsorption capacity.

7. Sorption at the pore mouth of the micropore follows an
equilibrium isotherm.

8. The system is isothermal.

Using these assumptions and with the symbols defined in
the notation, the mass balance equation for the microsphere
may be expressed as
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where ¢ is the volume average microsphere concentration,
and is given by

47 ff“ riqdrﬂ

7= 47 f(f“rﬁdr“ )
The initial condition for the adsorption cycle is
t=0, C=¢qg=0, C,=Cy (4a)
while the initial condition for the desorption cycle is
t=0, C=Cy, g=qo, Cp,=0 (4b)

The equilibrium isotherm at the pore mouth of the micro-
pore is of the Langmuir isotherm form first. The discussion
on the different isotherms will be given in greater details
later.

The HIO model by Higashi et al.'” is used to define the
coverage dependence of surface diffusivity such that

1
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The nondimensional variables and parameters are defined
following, and in the notation.
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In nondimensional form, the microsphere mass balance
equation (Eq. 1), becomes

ot X/ZI Oox, \'" ox,

The boundary conditions are

OA;,_
X, =0, aXM—O (14a)
(1+ 1A
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The nondimensional particle mass balance equation (Eq.
2), becomes
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15)
The boundary conditions are
x=0, g—;‘:a;;‘:o (15a)
x=1, g—i 1+5(1 + A|l)% = Bi(A, — Al;)  (15b)
For the adsorption cycle, the initial conditions are
=0, A=A4,=0; A =1 (16a)
For the desorption cycle, the initial conditions are
1=0, A=A,=1, A,=0 (16b)
where
1
A, =3 /0 O Audx, (17)

Based on the assumptions of the general adsorption kinetic
model, the sorption at the pore mouth of the micropore fol-
lows an equilibrium isotherm, and the isotherm should be
nonlinear to better describe the model. Normally, the iso-
therm is of the form of either Langmuir,m’17 Freundlich,g’2
Fritz-Schllinder* or Radke-Prausnitz.>'®  Although the
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adsorption equilibrium data were fitted with several well-
known isotherm models,*'® it involved the study of equilib-
rium property only. So far, there has not been a systematic
study of the effect of isotherm type on the adsorption
kinetics except for just a preliminary study.'® Therefore, in
this article, emphasis was given to this effect of isotherm
type.

Several well-known isotherms used to describe the sorp-
tion equilibrium between the adsorbed phase and the free ad-
sorbate phase at the pore mouth of the micropore are shown
in Table 1. For the isotherms given in Table 1, there are
three parameters, ¢,,, b and n, which are required in the Sips,
R-P, and Toth isotherms, while there are two parameters
required in the Langmuir or Freundlich isotherms, which are
¢, and b or K and n, respectively.

To use the kinetic model in this study, the nondimensional
Langmuir Isotherm (Eq. 14b) is substituted by the different
nondimensional isotherms, i.e., Egs. 31, 33, 34 or Eq. 36 in
Table 1, to study the effect of each isotherm type on the
adsorption kinetics.

In porous materials, surface diffusion is known to contrib-
ute to internal mass transfer. For many adsorption processes,
this type of transport is the rate-determining step. Several
studies have proven a strong dependence of surface diffusiv-
ity on the concentration in the adsorbed phase.’*® However,
in many investigations on adsorption kinetics and dynamics,
for the sake of simplicity21’13’8 or the lack of information
about its concentration dependence, surface diffusivity was
taken as a constant.

Some researchers had considered the concentration-de-
pendent surface diffusion.*'* The surface diffusivity was
taken as a function of the local adsorbate concentration and
described by the HIO model"

b
1-0

The HIO model is based on a random transport of mole-
cules from one adsorption site to another adsorption site on
the solid surface. Another model for surface diffusion in het-
erogeneous activated carbon is given by Do.”® In terms of
the concentration dependence, the Do model shows a very
strong dependence of the surface diffusivity on the adsorbed
concentration. The dependence of Dg on fractional loading
takes the following form

Dv(()) = Ds() (5)

Dy 1
e — 18
Dy (1—0)>° (15

Although Eq.18 is obtained from the actual conditions
such as a specific isotherm, it can still be used as another
equation in the kinetic model to describe the concentration-
dependent surface diffusivity for it exhibits a much stronger
dependence on the concentration than the traditional HIO
model.

Two models, namely HIO model (Eq. 5), and Do model (Eq.
18), are used to describe the concentration-dependent surface
diffusivity. To solve the kinetic model using the Do model, the
HIO model is substituted by the Do model in Eq. 2 so that the
effects of different concentration-dependent surface diffusivity
type on the adsorption kinetics can be studied.
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Table 1. Commonly Used Isotherm Expressions

Isotherm model Expression Non-dimensional Expression
. ; bC A(l+2)
1) Langmuir — I 1b =— 7
q=dqm 1+ bC (1b) Ay 1+ 74) (14b)
A=bCy (13)
2) Langmuir-Freundlich (or Sips) bC" A1+ )
= —_— 27 =
1=dn 1 pon @D D) (31)
A =bCy (32)
3) Freundlich q= Kcl/n (28) A, = Alln (33)
4) Rudke-Prausnitz (or R-P) bC A(l + /l)
=qn——— 29 =
T e 30 A, D (34)
A= bCy (35)
5) Toth pi/nc A1 = )
q=dn———5 30) Au:(—i_i)l (36)
(1+bcn) (1+Mn) /n

i=bCl (37

Method and Procedure of
Numerical Solution

The equations in the model are nonlinear partial differential
equations, and, therefore, the solutions generally require some
numerical methods. Here, a finite-difference method was
used.”** To carry out the discretization, the implicit backward
difference and central difference schemes were applied. The
discretized equations of micropore and macropore mass balan-
ces are both tridiagonal systems, which can be easily solved by
the Gauss elimination method. Assuming that all the variables
(namely Aﬁ; and AJ’-’, where the subscripts i, j and n refer to the
spatials of micropore, macropore and time variables, respec-
tively) are known, the values of AZ,H and A}’*1 can be found
iteratively, and then the procedure is repeated until the desired
degree of convergence is achieved. The finite-difference
implicit method is given in the Appendix. To solve the equa-
tions, a program written in FORTRAN was developed. Using
the scheme of Gauss elimination with main element chosen
and finite-difference implicit method adopted, the solving pro-
cedure was stable. The numerical computation was performed
using AMD K6-2 400MHZ computer, and the average CPU
time was about 30—60 s.

Experimental System

The adsorption equilibrium capacity and the adsorption
kinetics of sulfur dioxide onto the activated carbon prepared
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from the agricultural byproduct, pistachio-nut shell, were
determined by a thermogravimetric analysis system, which is
shown in Figure 1. The preparation of the activated carbon
from pistachio-nut shell was reported elsewhere by the
authors.”® SO, gas in various concentrations (1,000 ppm,
2,000 ppm, 3,000 ppm and 4,000 ppm with nitrogen as the
carrier gas and supplied by Singapore Oxygen Air Liquide
Pte, Ltd.) was introduced into the analyzer chamber where a
platinum sample holder with about 10 mg of activated

Gias pipeline
Signal circuit
Electrical power circuit

1. Regulating valve 4. Fine adjustable valve
8. Sample holder

2. Pressure gauge

1. Gas cylinder
5. Rotameter 6. Mixing chamber 7. Microbalance

9. Heating furnace 10, Control panel 11, Computer

Figure 1. Experimental setup.
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Table 2. Physical Properties of Activated Carbon Prepared
from Pistachio-nut shell

True density 2.05 g/em®
Apparent density 1.01 g/em?®
Total porosity 0.51
Micropore porosity 0.16
Macropore porosity 0.35
Radius of particle 0.75 mm
Radius of microsphere 1325 X 107" m
Average macropore diameter 336 X 10 % m
BET(N,) surface area 1064 m2/g

carbons was suspended. At the beginning of the experiment,
the carbon samples were dried by heating up to 350°C at a
heating rate of 10°C/min, and held for 30 min before cooling
down to the temperature required for the adsorption test. All
these temperature programs were controlled by the tempera-
ture controller which was connected to a personal computer.
After regeneration of the activated carbon, the sorbate gas
mixture was introduced to the gas chamber. At a certain tem-
perature, the sample weight gain due to the amount of SO,
adsorbed was recorded until no further weight change was
observed. Tests were conducted at different temperatures
ranging from 25 to 100°C to study the temperature effect on
adsorption. The properties of the activated carbon are given
in Table 2.

Results and Discussion
(a) Theoretical analysis

Sorbent Equilibrium Capacity. The experimentally deter-
mined equilibrium adsorption capacity of sulfur dioxide onto
the activated carbon at 25°C for different SO, concentrations
and the different types of isotherms are shown in Figure 2.
The values of the constants for each isotherm are listed in
Table 3 (The isotherm expressions are given in Table 1). For
the two-parameter isotherms (Freundlich and Langmuir), the
isotherms were determined using the least squares regression
method while for the three-parameter isotherms (Sips, Toth
and R-P), the least-squares method was combined with the
simplex method, the latter being used for searching the expo-
nent n. As could be seen from Figure 2 and Table 3, each
isotherm relationship fits the data quite well and has a similar
average error, apart from the slightly higher deviation for the
Freundlich isotherm.

Effect of isotherm type on kinetic model

Before the model simulations were used to fit the experi-
mental data, the validity of using each isotherm in the com-
puter model was examined. As shown in Figure 2, the exper-
imentally determined equilibrium adsorption capacity data
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% 1200 /’//
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©° m  Experimental
é --------- Langmuir isotherm
> 9004 o
£ -~ Bips isotherm
g < R-P isotherm
T 600 ---——--Toth isotherm
5 Freundlich isotherm
2
5 3004
(%]
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<
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40 60 80 100 120 140 160 180
SO, concentration (mole/msgas)x103

Figure 2. Sulfur dioxide adsorption isotherms on acti-
vated carbon at 25°C.

agreed reasonably well with each of the five different types
of isotherms. However, it was not known whether all the iso-
therm equations would produce similar numerical adsorption
or desorption dynamic simulations. The suitability of the five
isotherm types was determined by carrying out numerical ki-
netic simulations using a concentration-dependent surface
diffusivity micropore, surface and macropore diffusion
(CDSDMSMD) control model. These kinetic adsorption and
desorption simulations using the five isotherms are shown in
Figure 3a and b, respectively.

Figure 3 shows that the adsorption and desorption kinetic
curves using each of the five different isotherms agree very
well with each other, apart from some very slight differences
which are probably due to the five isotherms having different
gradients for the same adsorbate concentration. Hence, in the
numerical simulations, the five different isotherms can be
used in the sorption kinetic calculation. However, there are
restrictions imposed on the Freundlich isotherm, which cannot
be used when the HIO or Do model is used in the simulations.

The results in Figure 3a and b show that the different
types of nonlinear isotherms used in the kinetic model have
little effect on the overall particle uptake kinetics. Hence, the
Langmuir equation was chosen for the kinetic model in this
study because of its flexibility in the use of the kinetics
parameters and the least computing time required.

After fixing the isotherm type (Langmuir isotherm), the
experimental determined equilibrium capacities of sulfur
dioxide onto the activated carbons at different temperatures
were again fitted to the Langmuir isotherm as shown in
Figure 4.

Figure 4 shows that the Langmuir isotherm matches the
experimental data very well over a range of concentrations

Table 3. Values of Isotherm Constants at 25°C

Isotherm ¢m (mole/kgC) b (m3gas/mole) n K (m3gas/kgC) Ave. error (%)

Langmuir 1.806 22.68 0.62

Sips 1.779 25.92 1.035 0.57

Fruendlich 2.935 2.667 2.01

R-P 1.766 22.37 1.018 0.58

Toth 1.774 25.64 1.052 0.57
AIChE Journal February 2009 Vol. 55, No. 2 Published on behalf of the AIChE DOI 10.1002/aic 427
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Figure 3. Effects of isotherm type on (a) adsorption
kinetics, and (b) desorption kinetics.

Model parameters: y = 0.41, 6 = 0.68, Bi,, = 97, 0, =
0.01, 0, = 0.99, § = 2.

and temperatures. The extracted values of b, while keeping
qm (Eq. 1b) constant, were obtained as shown in Table 4.
The heat of adsorption, —AH, was determined by fitting the
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50°C
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Figure 4. SO, adsorption isotherms on activated car-
bon at different temperatures.
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Table 4. Values of Langmuir Isotherm Constants at
Various Temperatures

Temp.("C) b (m’gas/mole) ¢m (mole/kgC)
25 22.68 1.805
50 14.72 1.805
80 8.068 1.805
100 6.52 1.805

Langmuir isotherm equilibrium constant (b) to the van’t Hoff
equation

—AH

b= b() exp (W) (19)

Using Eq. 19, the heat of adsorption of SO,, —AH, was
calculated to be 15.8 kJ/mole. This value was similar to that
estimated by Wakao and Kaguei,27 which was 15 kJ/mole.
This value was also of the same order of magnitude but
smaller than that (—AH) value of 22.6 kJ/mole (for Norit RB
commercial activated carbon) obtained by Gray and Do."?
The reason could be due to the different physical and chemi-
cal properties of the various adsorbents.

Effect of concentration-dependent surface diffusivity on
the kinetics model

The effect of the concentration-dependent surface diffusiv-
ity on the overall uptake was studied by comparing the
results for the concentration-dependent surface diffusivity
micropore, surface and macropore diffusion (CDSDMSMD)
control model, and the constant surface diffusivity micropore,
surface and macropore diffusion (CSDMSMD) control
model. The two models were used and compared for the
adsorption of sulfur dioxide onto the activated carbon. The
results are shown in Figure 5. It can be seen that the effect
of using the concentration-dependent surface diffusivity (HIO
or Do model) is to increase the overall uptake. Due to con-
centration dependence, the surface diffusivity value and the
resulting flux at the particle surface in the CDSDMSMD

1.14
Do CDSDMSMD model
1.0
0.9

0.8+

0 7_' HIO CDSDMSMD model

0.6+

054 CSDMSMD model

Fractional uptake

0.4

0.34

0.2 T T T T T T T g T T T

Figure 5. Effect of surface diffusivity type on adsorp-
tion kinetics.

Model parameters: y = 5, 0 = 2, Bi,, = 97, ; = 0.089,
g, = 0911,5 =2, 2 =25.
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model are higher than those used in the CSDMSMD model.
Therefore, the overall uptake given by the CDSDMSMD
model is higher than that for the CSDMSMD model at any
given time. At the same time, there is a stronger concentra-
tion-dependence in the Do model than in the HIO model, so
the overall uptake given by the Do CDSDMSMD model is
higher than that for the HIO CDSDMSMD model at any
given time.

Particle concentration profiles

Model simulations can be used to gain an insight into the
processes occurring inside the carbon sorbent particle,
namely by observing the changes in concentration profiles
within the macropore and micropore of the adsorbent. Fig-
ures 6a—c show the model simulation concentration profiles.
The macropore concentration profile in Figure 6a shows a
significant steep gradient, especially in small uptakes. The
concentration at the surface (x = 1) is not equal to the bulk
concentration (i.e., A# 1) due to the existence of some exter-
nal mass transfer resistance (i.e., the mass transfer Biot num-
ber is not large enough). Figure 6b and c¢ show the corre-
sponding micropore profiles at uptakes of 0.25 and 0.70,
respectively. With increasing uptake, the micropore concen-
tration gradient decreases due to the diffusion of the adsorb-
ate into the center of the micropore particle.

(b) Comparison between experimental results and model
simulations

Determination of D/Ri, D, and D,. The experimental
adsorption kinetic data for the activated carbon prepared
from the pistachio-nut shell were fitted using the concentra-
tion-dependent surface diffusivity micropore, surface, macro-
pore diffusion (CDSDMSMD) control model to determine
the parameters D/Ri,D,, and D;. The model was initially fit-
ted to two groups of data for adsorption of SO, on a 0.75
mm spherical particle. One was the adsorption data for the
concentration range of 1,000 to 4,000 ppm at 25°C, and the
other was the adsorption data for temperature range 25 to
100°C at 1,000 ppm. The mass transfer Biot number (Bi,,)
used in the model was calculated from the Ranz-
Marshall correlation for single particles®’

Figure 6. (a) Macropore concentration profile (the number
on each curve refers to the particle uptake).
Model parameters: y = 2, 6 = 3, Bi,, = 97, 64 =
0.01,065,=0.99, 1 = 2, S = 2, HIO model, (b) micro-
pore concentration profile at uptake 0.25 (each
curve refers to the macropore grid point on
which each micropore profile is calculated,
ranging from 1 near the center to 10 near the sur-
face of the particle). Model parameters: y = 2, §
=3,Bi, =97,61 =0.01,6,=099,1=2,S = 2,
HIO model, and (c) micropore concentration
profile at uptake 0.70 (each curve refers to the
macropore grid point on which where each
micropore profile is calculated, ranging from 1
near the center to 10 near the surface of the par-
ticle). Model parameters: y = 2, § = 3, Bi,,, = 97,
61 =0.01,62=0.99, 1 =2, S = 2, HIO model.
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. D,
Bi,, =
2D,en

(2 n 1.lSc1/3ReO'6) (20)

During the fitting procedures, three diffusivities were used
as the fitting parameters. However, there is a certain relation-
ship between the macropore diffusivity D,, and the variation
in temperature. Since the macropore diffusion consists of
Knudsen and molecular diffusion which are both linked to
temperature (details are given in the next section, see Egs.
22-24), therefore, the correlation of D, oc T” is reasonable.
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Table 5. SO, Macropore, Surface and Micropore
Diffusivities from Model Fitting to 0.75 mm Spherical
Particle Adsorption Data at Various Temperatures
and SO, Concentrations

Temperature (°C) D, (m%/s) D/R“2 (sfl) Dy (m?/s)
25 3.815 X 1077 8175 X 107° 1.288 x 10!
50 409 X 1077 936 X 1077 1.488 x 107!
80 4413 X 1077 1.128 X 10°* 1.939 x 10~ '
100 4618 X 1077 126 X 107*  2.085 x 10!

Using the data obtained in the experimental conditions, it
was found that oo = 0.85. The values of D/Rfl, D, and D;
extracted from the curve fitting were found and the average
values as given in Table 5 were used.

In chemical engineering, the Arrhenius expression is used
to explain the temperature effect on the reaction rate. This

expression is given as
K, = Koo /T @1

Thus, the values of D/R?> and D, extracted at each temper-
ature were fitted to the Arrhenius expression to give the acti-
vation energy for micropore diffusivity £, = 5.363 kJ/mole,
and for surface diffusivity £, = 6.245 kJ/mole. These two
values were of the expected order of magnitude, and quite
close to the results obtained by other researchers.'>"3

The experimental results with the fitted simulation curves
using the extracted diffusivities in Table 5 are shown in Fig-
ures 7 and 8. In Figure 7, the simulation results using the
HIO and Do models are quite close to each other and indis-
tinguishable over most of the time scale when the adsorbate
bulk concentrations used are low, such as 1,000 ppm and
2,000 ppm. However, when the adsorption kinetic tests were
carried out at higher concentrations, such as 3,000 and
4,000 ppm, differences had surfaced between the HIO model
and Do model results. In Figure 7, it can be seen that for
low concentrations (1,000 and 2,000 ppm), the curves from
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Figure 7. Comparison between model fitting curves
and SO, experimental adsorption data:
Effect of concentration at fixed temperature
of 25°C.
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Figure 8. Comparison between model fitting curves

and SO, experimental adsorption data:

Effect of temperature at fixed concentration
of 1,000 ppm.

both the Do and HIO models collapse together and superim-
pose with each other. These curves match the experimental
data well, while for higher concentrations of 3,000 and
4,000 ppm, the Do model shows better agreement with the ex-
perimental results than the HIO model although small devia-
tions still exist. Figure 8 shows the effect of temperature on
the fractional uptake for a concentration of 1000 ppm. The
HIO model simulation curves agree with the experimental
data fairly closely over a wide range of temperatures.

Figure 7 shows that the uptake curves become slower
when the gas concentration decreases. This is because as the
SO, concentration decreases, the ratio ¢o/Co increases (due
to the favorable nature of the isotherm), hence, y also
increased (Eq. 9). Therefore, the resultant increase in macro-
pore resistance renders the adsorption uptake slower.
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Figure 9. Comparison between model prediction of

adsorption kinetics curves and experimental

data with different temperatures at concen-
tration of 2,000 ppm.
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Figure 10. Comparison between model prediction of
adsorption kinetics curves and experimen-
tal data with different temperatures at
concentration of 3,000 ppm.

To further test the validity of the CDSDMSMD model, the
model together with the extracted diffusivities was used to
predict the fractional uptake curves at other temperatures and
concentration conditions which were different from those
used for the initial fitting to determine the diffusivity param-
eters. These experimental data together with the model simu-
lations are shown in Figures 9 and 10.

Figures 9 and 10 show the adsorption kinetic curves for
SO, adsorption for 2,000 and 3,000 ppm, respectively, at var-
ious temperatures. It can be seen that the model agrees well
with the experimental data, apart from the slight deviation
for the higher-temperature data at 100°C.

Figures 8, 9 and 10 show that when the adsorption temper-
ature increases, the uptake rate also increases. This is physi-
cally expected because increased temperature results in
increased diffusivities for the micropore, macropore and sur-
face diffusions. Thus, faster uptake curves are obtained.

In adsorption modeling, it is possible that many models
can often provide good agreement with the transient uptake
data. However, the validity of a proposed model is best
established either by comparison of the fitted parameters
with independent estimates, or by determining if the variation
of the fitted parameters with experimental conditions is con-
sistent with the physical assumptions in which the model is
based. So, in this case, the extracted value of the macropore
diffusivity D, from the model developed in this study was
used to calculate the tortuosity factor 7, and then this 7 value
was used to verify the validity of the model by comparing
with experimental or other known values.

Determination of tortuosity factor

Diffusion in the gas phase results from collisions. Colli-
sions among the gas molecules dominate the process for dif-
fusion in a large pore and thus this diffusion is the same as
bulk diffusion, referred to as molecular diffusion. When the
pore diameter becomes smaller, collisions between the mole-
cules and the pore wall become increasingly important. In a
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very small pore, collisions with the pore wall dominate, and
the diffusion process assumes an entirely different mecha-
nism, known as Knudsen diffusion. The relative importance
of the two different mechanisms for diffusion is determined
by the ratio of the pore diameter to the mean free path of the
gas molecules. Normally, molecular diffusion prevails when
the pore diameter is greater than 10 times the mean free
path; Knudsen diffusion may be assumed when the mean
free path is greater than 10 times the pore diameter.

In the Knudsen diffusion regime, the diffusivity is given
by Kauzmann®®

T\ /2
Dy = 97.0F <M> (22)

The molecular diffusivity for a binary gas mixture at low-
pressure is inversely proportional to the pressure, increases
with increasing temperature and is almost independent of the
composition for a given gas-pair. The following equation for
the estimation of D,, at low pressure has been developed
from a combination of kinetic theory and corresponding
states arguments®’

b
PDn, < T >
=a (23)
(Peapen) " (TeaTe) P (-4 312 \WTeaTe

Both the molecular and Knudsen diffusions may be opera-
tive simultaneously. For the self-diffusion or equimolar coun-
ter transfer, the gas-phase diffusivity can be written as

Lt + L (24)
D, D, Dy

The aforementioned equation (Eq. 22) gives the diffusivity
in a single cylindrical pore. The pores in the highly porous
material, such as activated carbon, however, are intercon-
nected void spaces. So in order to account for the tortuous
path of the molecule rather than along the radial direction and
the porosity of the adsorbent for the fact that diffusion occurs
only in the pore space, the effective diffusivity is used

D. =D, (25)
T

Tortuosity is essentially a geometric factor which is inde-
pendent of either temperature or the nature of the diffusion
species. Experimental tortuosity factors generally fall within
the range of 2-6.*

Based on the adsorption results for the activated carbon
from pistachio-nut shell at 25°C and other experimental con-
ditions, the following values were obtained: ¢ = 0.51, D,, =
1.26:10"°m?/s, D, = 5.31-10 °m?%/s and D, = the extracted
D, (=3.815-10" 'm?/s). Therefore, a tortuosity © of 5 was
obtained. This value agreed with the values given by Costa
et al.>! on activated carbons, for t ranging from 4 to 6.

A simple equation adequate only for an approximate esti-
mation of 7 is given by Mackie and Meares® such that

(2-e)
&

(26)

For a porosity of 0.51, Eq. 26 gives a t value of 4.35, which
is of the same order of magnitude as the value of 5 determined
in this study. Hence, the value of 7 obtained verifies the valid-
ity of the CDSDMSMD model used in this study.
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Conclusions

The adsorption study of SO, onto activated carbon prepared
from pistachio-nut shell was studied theoretically and experi-
mentally. CDSDMSMD model of adsorption kinetics incorpo-
rating micropore, macropore and surface diffusion, together
with a nonlinear isotherm at the micropore mouth has been
derived and solved by finite difference method. The effects of
different types of nonlinear isotherms and concentration de-
pendent surface diffusivities have been thoroughly studied.
The simulation results show that different types of nonlinear
isotherms used in the kinetic model have little effect on the
overall particle uptake kinetics. The different surface diffusiv-
ity models such as constant surface diffusivity, HIO model sur-
face diffusivity, and Do model surface diffusivity will have
some effects on the adsorption kinetics, especially when the
bulk concentration is high. The effects of concentration and
temperature were studied experimentally. Good agreement was
found between the model predictions and the experimental
results. The value of the tortuosity factor and the extracted dif-
fusion coefficients are consistent with published values in the
literature, confirming the validity of the theoretical model.

Notation

A = dimensionless macropore concentration
A, = dimensionless bulk-gas concentration
A,, = dimensionless microsphere concentration
A « = dimensionless average microsphere concentration
b, n, K = constants in isotherms
by = the nature of a frequency factor
Bi,, = mass transfer Biot number
C = the adsorbate concentration in the macropore
C, = the initial adsorbate concentration in the macropore
C), = the adsorbate concentration in the bulk-gas phase
D = the micropore diffusivity
Da = molecular diffusivity of adsorbate in bulk air
D, = effective diffusivity
D, = gas-phase diffusivity
D, = the Knudsen diffusivity
D,,, = molecular diffusivity between A and B
D,, = the macropore diffusivity
D = the surface diffusivity
D;o = Dy at zero coverage
d = diameter of adsorbent particle
E = activation energy
K, = the external film mass transfer coefficient
K, = reaction rate
K,y = constant
M = molecular weight
M, and Mg = molecular weights for gases A and B, respectively
p = total pressure
Pea, Dep = critical pressures for gases A and B, respectively
q = the adsorbate concentration in the microsphere
g = the volume average microsphere concentration
go = the initial adsorbate concentration in the micropore
q» = maximum sorbed phase concentration in the Langmuir iso-
therm
R = the particle radius, or gas constant, 8.314 J/mole/K
Re = Reynolds number, vd/v
R,, = the microsphere radius
r = the particle radial coordinate
r,, = the microsphere radial coordinate
7 = the average pore radius of the adsorbent
s = the particle shape factors, s = 0,1,2 for slab, cylinder and
sphere, respectively
Sc = Schmidt number, v/Da
T = temperature of adsorption
t = real-time coordinate
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T.a,T.p = critical temperatures for gases A and B, respectively

v = fluid velocity in the thermogravimetric analyzer chamber
x = dimensionless particle radial coordinate

X, = dimensionless microsphere radial coordinate
y =ratio of macropore to micropore diffusional resistances

— AH = the heat of adsorption

0 =ratio of surface to macropore diffusional fluxes
& = porosity of the adsorbent

&m = macropore porosity
0 = surface coverage
/A =measure of the isotherm nonlinearity
v = kinematic viscosity of air

o1 = dimensionless macropore capacity

0, = dimensionless microsphere capacity
T = dimensionless time, or tortuosity
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Appendix

The equations in the single-particle sorption model can be
solved using the finite-difference implicit method. The time
and spatial derivatives are approximated as follows

8A;t A!l I A#l n
= - Al
( ot >i7n+l At (A
% o A/‘HLV; B Al‘,—l,n (A2)
)., 2Ax,
aZA# _ A#Hm B 2Al‘m + A#z—l.n (A3)
oxs | Ax;

where the subscripts i and n refer to the spatial of micropore
and time variables, respectively (the derivatives of A are sim-
ilar to those of A,). Assuming that a micropore is divided
into N intervals with N+1 grid points (with i = 1 at x, = 0,
and i = N+1 at x, = 1), and substituting Eqs. Al, A2, and
A3 into Eqs. 14, 14a,b, and 16a, the following discretised
equations for microsphere can be obtained

\ 2 ) 2
A Xy,-zAx_'_ P R ITRY _ Antl Xy
Hi At Ax Ax Fir Ax
PXu_ i Xt Ax .
+1 - 1/ i
FA LT AL T 2SN (A
At =Atl =1 (A5)
(1 Jrﬂ.)A’»H—l
n+l _ N T i
WS AA_;’“) (for Langmuir isotherm)
i=N+1; j=1,N+1 (A6)

AL =Al=0 i=LN+1; j=LLN+1 (A7)

where
; 1 3
My = (l n I)AX“ Xy = 1_5 Axﬂ Xy = 1_5 AX#
(A3)

Jj refers to the spatial of macropore variables.
Similiarly, the following discretized equations for the mac-

ropore can be obtained.
2 2 2
n+1 a1 X ;41/2 X/ 12 n+1 xul/z n+l j Y12
Aj < & T e )= AR (ae ) AL e

< T+l " Xl o, il o
+0A,x, (14 7A7) + 5L A] — 024, "x;  (for HIO model)
2<j<N  (A9)
At =artl A=A =1 (A10)

n+1 . n+1
AT (1 + BinAx) — A

= BinAvA, = 3(A7 A ) (14 747) j=N+1 (AlD)

where
An+1 _An
antl Tl K .
b = J=LN+1 (A12)
An+1
AH\j
1+I/2 (AZ,J:II _Aﬁj]) _xl 1/2 (A"+| _AZ/J:I)
= A
j=LN+1 (Al3)

. o1 .3
x = (i —1)Ax xi+1/2:<l_§>Ax Xi—1/2=<l—§>Ax

(Al4)

A=3, x%A,udy,, and this integration can be carried out
numerically using Simpson’s rule, one of the compound
quadrature formulae.

The discretized equations of micropore and macropore are
both tridiagonal systems which can be easily solved by
Gauss elimination method. Assuming that all the variables
(namely A} and A} i = 1, N + 1; j = LN + 1) are known,
the values of A;’*{ and AJ”+l can be found using Eqs. A4—
Al14 iteratively, and then the procedure is repeated until the
desired degree of convergence is achieved.

To solve the aforementioned equations, a program written

in FORTRAN was developed. The convergence criteria
nt+l_ n u+17 n
i Ml <073 | <1072,

were:

.“t
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