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a b s t r a c t

The adsorption and desorption behaviours of SO2 onto activated carbons, which were prepared from
pistachio-nut shells, were studied theoretically and experimentally in a fixed-bed column. A mathe-
matical model considering non-equilibrium, non-isothermal and non-adiabatic effects for a single gas
adsorbate on a fixed-bed system was derived and the model was solved by a finite-difference method.
eywords:
ctivated carbon
dsorption model
ixed-bed column
ulphur dioxide

A linear driving force (LDF) approximation is used for heat and mass transfer rates. The temperature-
dependent Langmuir equilibrium isotherm is used to represent gas–solid equilibrium isotherm. The
theoretical study was conducted to compare the present model with the isothermal and adiabatic model.
The effects of inlet concentration, flow rate and temperature were studied experimentally. These experi-
mental data showed that the breakthrough time decreased with increasing feed concentration, increasing

empe
reakthrough curve
inite-difference method

flow rate and increasing t

. Introduction

Adsorption of gases and liquids onto solid adsorbents has great
nvironmental significance since it can effectively remove pollu-
ants from both aqueous and gaseous streams. In recent years, the
xed-bed or column adsorption has been applied increasingly to
olvent recovery or air purification and large-scale separations, like
ressure swing adsorption and temperature swing adsorption. To
esign an appropriate adsorption process, detailed information of
he column dynamics are required. The dynamics behaviour of an
dsorption column system may be classified according to the nature
f the mass front and the complexity of the mathematical model
equired to describe the system. The nature of the mass transfer
ront is determined solely by the form of the equilibrium relation-
hip while the complexity of the mathematical model depends on
he concentration level, the choice of rate equation and the choice of
ow model. Ruthven [1] provided a detailed classification scheme.

There are a number of column models developed over the years
nder various simplified assumptions. Most of them deal with
single adsorbate for both isothermal [2–4] and non-isothermal

ystems [5–8]. There were also studies for multi-component

dsorption [9–11]. The fixed-bed adsorption for bulk component
ystem was also investigated by Hwang et al. [12].

However, most of experimental data in the afore-mentioned
tudies were investigated for systems consisting of adsorbate of

∗ Corresponding author. Tel.: +65 6790 5535; fax: +65 6792 4062.
E-mail address: maclua@ntu.edu.sg (A.C. Lua).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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rature and the trends were correctly predicted by the model calculations.
© 2009 Elsevier B.V. All rights reserved.

hydrocarbon or carbon dioxide/carbon monoxide and adsorbent
of commercial activated carbon or zeolite. Few studies have been
reported on SO2 adsorption onto a column packed with activated
carbons. This paper presents a general model (non-equilibrium,
non-isothermal and non-adiabatic conditions) for gaseous adsorp-
tion in a column bed of adsorbents and the solutions to the model
using a finite-difference method. The numerical solutions were
then verified with experimental results for SO2 adsorption onto
activated carbons prepared from pistachio-nut shells in a fixed col-
umn bed configuration.

2. Model outline

The model is based on an adsorption column packed with porous
spherical adsorbent particles through which an inert carrier gas
flows at a steady rate. At time zero, a steady concentration of an
adsorbable gas is introduced at the column inlet. After the break-
through is complete, the adsorbable gas is withdrawn from the
feed and the equilibrated bed is regenerated by desorption. The
following assumptions are made.

i) The concentration of the adsorbable gas component is small.
ii) The frictional pressure drop through the bed is negligible.

iii) The adsorption equilibrium isotherm is represented by a

temperature-dependent Langmuir isotherm.

iv) The mass transfer rate is represented by a linear driving force
expression.

v) The flow pattern is described by the axial dispersive flow
model.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:maclua@ntu.edu.sg
dx.doi.org/10.1016/j.cej.2009.07.031
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Nomenclature

aa ratio of the external surface area to the volume of
column wall (aa = 2Rw2/(R2

w2 − R2
w1))

as ratio of particle external surface area to volume
(as = 3/Rp)

aw1 ratio of the internal surface area to the volume of
column (aw1 = 2/Rw1)

aw2 ratio of the internal surface area to the volume of
column wall (aw2 = 2Rw1/(R2

w2 − R2
w1))

b Langmuir constant at temperature T
b0 Langmuir constant at temperature T0
c adsorbate concentration in the gas phase
c0 adsorbate concentration in the feed
cin adsorbate concentration at the inlet of column
Cg heat capacity of the gas
Cs heat capacity of the adsorbent
Cw heat capacity of the wall
Dm molecular diffusivity
DL axial mass dispersion coefficient
dp particle diameter
ha heat transfer coefficient from wall to ambient
hs film heat transfer coefficient
hw overall effective coefficient of the wall heat transfer
k effective mass transfer coefficient
Kg gas thermal conductivity
Ke0 effective thermal conductivity of a quiescent bed
KL effective axial bed thermal conductivity
Ks solid thermal conductivity (adsorbent)
L length of column
Nu Nusselt number (Nu = (hsdp)/Kg)
Pe particle Peclet number (Pe = Vdp/DL)
Peh heat transfer column Peclet number (Peh =

(VL�gCg)/KL)
Pem mass transfer column Peclet number (Pem = VL/DL)
Pr Prandtl number (Pr = Cg�/Kg)
Q dimensionless adsorbate concentration in the solid

phase (Q = q/q0)
Q* dimensionless equilibrium adsorbate concentration

in the solid phase (Q* = q*/q0)
q adsorbate concentration in the solid phase
q0 value of q at equilibrium with c0 at T0
qm saturation constant at Langmuir isotherm
q* value of q at equilibrium with c at T
Rg gas constant
Rp radius of particle
Rw1 internal column radius
Rw2 external column radius
Re Reynolds number (Re = (�gεbVdp)/�)
Sc Schmidt number (Sc = �/(�gDm))
t time
T temperature of adsorption
Ta ambient temperature
T̄a dimensionless ambient temperature (T̄a = Ta/T0)
Tg temperature in the gas phase
T̄g dimensionless temperature in the gas phase (T̄g =

Tg/T0)
Ts temperature in the solid phase
T̄s dimensionless temperature in the solid phase (T̄s =

Ts/T0)
Tw temperature at the column wall
T̄w dimensionless temperature at the column wall

(T̄w = Tw/T0)
T0 feed temperature

V interstitial velocity
x dimensionless axial column coordinate (x = z/L)
Y dimensionless adsorbate concentration in the gas

phase (Y = c/c0)
z axial coordinate in the bed
(−�H) heat of adsorption
εb bed porosity
� dynamic viscosity of gas
�g bulk density of the gas
�p apparent density of the adsorbent

�w density of the column wall
� dimensionless time (� = Vt/L)

vi) The amount of carrier gas adsorbed is negligible.
vii) The radial velocity, temperature and concentration gradients

across the bed cross-section are negligible.
viii) The temperature within a particle is uniform.

ix) The adsorbent particles are spherical in shape.
x) The physical properties of the gas throughout the column are

based on those of the feed gas and the physical properties of
the adsorbent and the column wall remain unchanged.

The governing equations for the adsorption system are given
below. The symbols are defined in the nomenclature.

Mass balance for the gas phase is:

−DL
∂2c

∂z2
+ V

∂c

∂z
+ ∂c

∂t
+ 1 − εb

εb
�p

∂q

∂t
= 0 (1)

The energy balance for the gas phase includes the heat transfer
to the solid phase and to the column wall.

−εbKL
∂2Tg

∂z2
+ Vεb�gCg

∂Tg

∂z
+ εb�gCg

∂Tg

∂t

+ (1 − εb)ashs(Tg − Ts) + aw1hw(Tg − Tw) = 0 (2)

The energy balance for the solid phase includes the heat gener-
ated by the adsorption of the adsorbate.

�pCs
∂Ts

∂t
= ashs(Tg − Ts) + �p(−�H)

∂q

∂t
(3)

The energy balance for the column wall includes the heat trans-
fer from the gas phase and to the atmosphere.

�wCw
∂Tw

∂t
= hwaw2(Tg − Tw) + haaa(Ta − Tw) (4)

In the above equations, the heat transfer rates are expressed as
linear function of overall driving forces. Similarly, the mass transfer
rate of gas and solid phase can be represented by the linear driving
force (LDF) model:

∂q

∂t
= k(q∗ − q) (5)

The LDF model is a lumped-parameter model for particle adsorp-
tion. Hwang and Lee [2] had used the LDF model to determine
the adsorption and desorption breakthrough behaviours of carbon
monoxide and carbon dioxide on activated carbon. They concluded
that the experimental adsorption and desorption curves could be
predicted fairly well by the LDF model. Hence, the LDF model is

used for the SO2 adsorption and desorption tests in this study and
its suitability will be verified by the comparison between model
predictions and experimental results later on. In this study, a con-
stant LDF mass transfer coefficient is used and such an assumption
is generally accepted as fairly accurate.
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The equilibrium adsorption capacity q*, in turn, is given by the
quilibrium adsorption isotherm. In this study, the temperature-
ependent Langmuir isotherm was used to represent the gas–solid
quilibrium isotherm.

∗ = qm
b(Tg)c

1 + b(Tg)c
(6)

= b0 exp

(
−�H

RgT

)
(7)

The associated initial conditions are as follows. For 0 < z < L:

(0, z) = 0, cin = c0, q(0, z) = 0, Tg(0, z) = Ts(0, z)

= Tw(0, z) = T0 (adsorption) (8)

(0, z) = c0, cin = 0, q(0, z) = q0, Tg(0, z) = Ts(0, z) = Tw(0, z)

= T0 (desorption) (9)

nd the boundary conditions at z = 0 and z = L for t > 0 are:

L
∂c

∂z

∣∣∣∣
z=0

= V(c − cin) (10)

∂c

∂z

∣∣∣∣
z=L

= 0 (11)

L
∂Tg

∂z

∣∣∣∣
z=0

= V�gCg(Tg − T0) (12)

∂Tg

∂z

∣∣∣∣
z=L

= 0 (13)

The following non-dimensional variables and parameters
7,8,12] are defined below.

= c

c0
; Q = q

q0
; Q ∗ = q∗

q0
(14)

g = Tg

T0
; Ts = Ts

T0
; Tw = Tw

T0
; Ta = Ta

T0
(15)

= z

L
; � = Vt

L
(16)

em = VL

DL
(17)

eh = VL�gCg

KL
(18)

= 1 − εb

εb
�p

q0

c0
(19)

= kL

V
(20)

= −�H

RgT0
(21)

= q0

qm
(22)

1 = L(1 − εb)ashs

εbV�gCg
(23)

2 = aw1hwL

εbV�gCg
(24)
3 = ashsL

V�pCs
(25)

4 = (−�H)q0

CsT0
(26)
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	5 = aw2hwL

V�wCw
(27)

	6 = aahaL

V�wCw
(28)

In non-dimensional form, the mass balance equation Eq. (1)
becomes:

∂2Y

∂x2

1
Pem

= ∂Y

∂x
+ ∂Y

∂�
+ ˚

∂Q

∂�
(29)

The energy balance equations (2), (3) and (4) for gas phase, solid
phase and column wall will transform into dimensionless forms as
given in Eqs. (30), (31) and (32), respectively.

∂2Tg

∂x2

1
Peh

= ∂Tg

∂x
+ ∂Tg

∂�
+ 	1(Tg − Ts) + 	2(Tg − Tw) (30)

∂Ts

∂�
= 	3(Tg − Ts) + 	4

∂Q

∂�
(31)

∂Tw

∂�
= 	5(Tg − Tw) + 	6(Ta − Tw) (32)

The mass transfer rate equation Eq. (5) becomes:

∂Q

∂�
= ˛

{
exp[ı((1/Tg) − 1)]Y

1 − �{1 − exp[ı((1/Tg) − 1)}Y}
− Q

}
(33)

The simultaneous solutions to Eqs. (29)–(33) with initial and
boundary conditions will yield the adsorption and desorption
breakthrough curves and the temperature profiles.

3. Methods and procedures for numerical solutions

The dynamic equations for the non-equilibrium, non-isothermal
and non-adiabatic process with single component adsorbate con-
sist of five partial differential equations (PDEs) for the mass and
energy balances within the column. All these equations are non-
linear PDEs and coupled with one another. Therefore, numerical
methods are required to solve these equations. In this study, a finite-
different method was used [13,14]. To carry out the discretization,
the implicit backward difference (for convection items, i.e. ∂Y/∂x,
∂Tg/∂x, etc.) and the central difference (for dispersion items, i.e.
∂2Y/∂x2, ∂2Tg/∂x2) were applied. The discretized equations for mass
and energy balances are all tridiagonal systems which can be eas-
ily solved by the Gauss elimination method. Assuming that all the
variables (namely, Q n

i
, Yn

i
, Tg

n
i , Ts

n
i , Tw

n
i , where the subscripts i and

n refer to the spatial and time variables respectively) are known,

the values of Q n+1
i

, Yn+1
i

, Tg
n+1
i , Ts

n+1
i , Tw

n+1
i can be found itera-

tively and then the procedure is repeated until the desired degree
of convergence is achieved. The finite-different implicit method is
given in Appendix A. To solve the above equations, a program writ-
ten in FORTRAN was developed. The Gaussian elimination scheme
based on the main element chosen and a finite-difference implicit
method were adopted. The final solution was stable. The numerical
computation was performed using the AMD K6-2 400 MHZ com-
puter and the average CPU time was about 60–600 s depending on
the particular case.

4. Parameter estimation

In order to simulate the column dynamics and compare the
simulations with the experimental response curves, the numerical

values for the dimensionless parameters are required. The physical
and thermodynamic properties of the gas phase were assumed to be
those of the feed gas at the inlet temperature. Therefore, the densi-
ties, specific heat capacities and thermal conductivities for the gas,
the solid phase and the column wall were obtained from available
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Table 1
Parameters used in bed column simulations.

Parameter Unit Values

Column length (L) cm 20
Internal column radius (Rw1) mm 5
External column radius (Rw2) mm 6
Column porosity 0.62
Density of column wall (�w) kg/m3 7800
Heat capacity of column wall (Cw) J/(kg K) 462
Particle radius (Rp) mm 0.75
Particle porosity 0.51
Apparent density of particle (�p) kg/m3 1.01
Heat capacity of particle (Cs) J/(kg K) 900
Thermal conductivity of particle (Ks) W/(m K) 0.58
Heat capacity of gas (Cg) J/(kg K) 1020
Density of gas (�g) kg/m3 1.25
Thermal conductivity of gas (Kg) W/(m K) 0.026
V −6
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Table 2
Physical properties of activated carbon prepared from pistachio-nut shell.

True density 2.05 g/cm3

Apparent density 1.01 g/cm3

Total porosity 0.51
Micropore porosity 0.16
Macropore porosity 0.35
Radius of particle 0.75 mm

by a thermo-gravimetric analyzer. Adsorption isotherms at dif-
ferent temperatures are shown in Fig. 2. It can be seen that the
Langmuir isotherms match the experimental data well over a range
of concentrations and temperatures. The extracted values of b using
Eq. (6) with qm constant, were obtained as shown in Table 3. The

Table 3
Values of Langmuir isotherm constant at various temperatures.
iscosity of gas (�) kg/(m s) 17.86 × 10
eat of adsorption (−�H) kJ/mol 15.8
angmuir isotherm constant (b) at 25 ◦C m3 gas/mol 22.68
angmuir isotherm saturation constant (qm) mol/kg C 1.805

hysical properties. Bed porosity, bed length, bed diameter, particle
iameter, fluid velocity, feed concentration and temperature were
irectly measurable operating quantities. Table 1 shows the com-
lete set of physical, thermodynamic and process parameters used

or the column study.
The axial mass dispersion coefficient (DL) was estimated from

he correlation of Hsu and Haynes [15].

1
Pe

= 0.328
ReSc

+ 3.33

1 + 0.59(ReSc)−1
(34)

The effective axial bed thermal conductivity (KL) was estimated
ccording to Wakao and Kaguei [16].

KL

Kg
= Ke0

Kg
+ 0.5PrRe (35)

Ke0

Kg
=

(
Ks

Kg

)n

with n = 0.280 − 0.757 log10εb

− 0.057 log10

(
Ks

Kg

)
(36)

The film heat transfer coefficient hs was also estimated from
akao and Kaguei [16].

u = 2 + 1.1Pr1/3Re0.6 (37)

The heat transfer coefficient from wall phase to ambient, ha, was
elected as 2.1 W/(m2 K) for stainless steel column [12,17]. The mass
ransfer coefficient (k) and the overall wall heat transfer coefficient
hw) were the two remaining unknowns which were determined by

atching the experimental breakthrough curves for varying con-
entrations and temperatures with the simulation results.

. Experimental system

.1. Fixed-bed experiment

A column for the adsorption of SO2 onto the activated carbons
as used for the experimental studies. Sulphur dioxide with dif-

erent concentrations was selected as the adsorbate whilst the
ctivated carbon adsorbent was prepared from the pistachio-nut

hell. The preparation of the activated carbon from pistachio-nut
hell was reported elsewhere by the authors [18]. The physical prop-
rties of the activated carbon are shown in Table 2. Nitrogen was
sed as the carrier gas and helium was used as the purge gas during
esorption.
Radius of microsphere 1.325 × 10−9 m
Average macropore diameter 3.36 × 10−8 m
BET(N2) surface area 1064 m2/g

The schematic diagram of the experimental set-up for the col-
umn tests is shown in Fig. 1. It consisted of three parts: gas cylinder
and pipe, adsorption column, and data collection and analysis. The
200 mm long and 10 mm internal diameter adsorption column was
fabricated from stainless steel material. Heating elements with vari-
able power output were wrapped around the column to vary the
temperature during adsorption and desorption. Fine meshes were
installed at both ends of the adsorption column to ensure uniform
gas distribution and prevent the carry-over of the adsorbent parti-
cles.

Three K-type thermocouples installed at the mid-length and
the two ends of the packed column were connected to a tem-
perature data acquisition system (34970A, HP) so that continuous
monitoring of the column temperature could be achieved. The gas
flow rate was controlled by a flow meter which was pre-calibrated
using the soap bubble technique. The concentration history at the
exit of the column was continuously detected by a SO2 gas anal-
yser (MLT1, Fisher-Rosemount) equipped with a non-dispersive
infrared-photometer and connected to a data recording system
(LTVTE008, TrendView). The temperature and concentration data
acquisition and recording system were both linked to a personal
computer with corresponding software to process the data.

Column test was operated in the up-flow mode. Prior to the
experiment, the activated carbon was subjected to or regenerated at
350 ◦C under vacuum for the whole night. At an adjusted flow rate,
helium gas was used to purge the column for a sufficiently long time
to allow the gas analyser baseline to stabilize and the column tem-
perature to become uniform. The helium gas was then replaced by
the feed gas (SO2 with nitrogen as a carrier gas) through the three-
way valve. This could be considered as a step change. The effluent
concentration was continuously monitored by the gas analyser and
recorded on the TrendView recorder to obtain the breakthrough
curve. The adsorption breakthrough was completed if the bed was
thoroughly saturated with the feed. The feed gas was then cut off
and the desorption curve was obtained using a helium purge at a
higher temperature of 353 K.

5.2. Equilibrium measurement

The equilibrium adsorption capacity of sulphur dioxide by the
activated carbon prepared from pistachio-nut shell was determined
Temp. (◦C) b (m3 gas/mol)

25 22.68
50 14.72
80 8.068

100 6.52
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Fig. 1. Schematic diagram of the exper
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of the concentration wave. If the adsorption is strong, the concen-
ig. 2. SO2 adsorption isotherms for the activated carbons at different temperatures.

eat of adsorption, −�H, was determined by fitting the Langmuir
sotherm equilibrium constant b to the van’t Hoff equation:

= b0 exp

(
−�H

RgT

)
(38)

The heat of adsorption of SO2, −�H, was determined to be
5.8 kJ/mol. This value is close to that estimated by Wakao and
aguei [16], which is 15 kJ/mol. This value is also of the same order of
agnitude as the (−�H) value of 22.6 kJ/mol (for Norit RB commer-

ial activated carbon) obtained by Gray and Do [19]. The difference
ay be due to the different physical and chemical properties of the

arious adsorbents.

. Results and discussion

.1. Theoretical study

In the numerical simulations, a temperature of 25 ◦C, a concen-
ration of 1000 ppm and a flow rate of 345 cm3/min were used as

he reference conditions to carry out the runs. Using the data from
able 1 and the correlations for the axial mass dispersion coeffi-
ient DL (Eq. (34)), the axial bed thermal conductivity KL (Eq. (35))
nd the film heat transfer coefficient hs (Eq. (37)), the following
imental set-up for column tests.

reference values were used for the simulation runs:

DL = 5.6 × 10−4 m2/s, KL = 0.15 W/(m K), hs = 92 W/(m2 K), ha

= 2.1 W/(m2 K)

The mass transfer coefficient k and the overall wall heat transfer
coefficient hw were fitted and selected as 0.08 s−1 and 42 W/(m2 K)
respectively for the purpose of simulations. These values are com-
parable to those from other studies [10,12,20].

6.1.1. Column concentration and temperature profiles
The numerical simulations can be used to gain some insight into

the processes occurring inside the adsorption column by observ-
ing the variations in the concentration and temperature profiles
within the column. Fig. 3(a) and (b) show the model simulations of
concentration and temperature profiles respectively using the ref-
erence conditions. The concentration and temperature fronts move
progressively towards the outlet of the column with time. For the
concentration profiles, Fig. 3(a), a constant pattern quickly forms,
which shows that the shape of the mass transfer zone remains the
same. Furthermore, all the concentration profiles show steep falls
across the mass transfer zones. These two phenomena are due to
the favourable nature of the isotherm. As the adsorption progresses
up the column, the temperature peak propagates through the col-
umn due to the moving of the location where the adsorption takes
place. During the initial stage (for example, � less than 4200), the
adsorption has just started. Therefore, both the mass and heat trans-
fers are in the developing stages with a lower temperature peak
observed. When the column is nearly depleted (for example, � more
than 25,200), there is almost no further adsorption resulting in a
breakthrough of the column and a very low temperature rise.

Another observation is that for the same time interval, the ther-
mal wave travels a longer distance than the concentration wave. For
example, when � = 4200, the concentration front has just reached to
x = 0.3, but the thermal front has reached to x = 0.9. This is because
for most gas systems (applicable to the present reference condi-
tions), the ratio of (q0/c0)/(Cs/Cg) is more than 1 which results in
the thermal wave running ahead of the mass transfer wave. This
ratio is a measure of the velocity of the thermal wave to the velocity
tration wave will travel slower as compared to the thermal wave,
making this ratio greater than 1.

Since the ratio of (q0/c0)/(Cs/Cg) is very much greater than 1,
a pure thermal wave is formed. The natural velocity of the con-
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ig. 3. Simulations of (a) column concentration, and (b) temperature profiles at
ifferent times (˚ = 25,000).

entration wave lags behind that of the thermal wave so that the
hange of temperature has no much effect on the concentration
urves. Of course, another reason is that if the temperature change
Fig. 3(b)) were examined, it is too small to have an effect on the
oncentration profile. In order to show the effect of temperature on
he concentration curve, a combined thermal-concentration wave
hould form instead of a pure thermal wave. For subsequent sim-
lations, (q0/c0)/(Cs/Cg) was then drastically decreased (reflected

n the simulations where ˚ was changed from 25,000 to 50). Simu-
ations were carried out to show the different cases of bed profiles

hich are presented next.

.1.2. Comparison of isothermal, non-isothermal–adiabatic and
on-isothermal–non-adiabatic column profiles

Fig. 4(a), (b) and (c) show the bed profiles for (i) isothermal,
ii) non-isothermal and non-adiabatic, and (iii) non-isothermal and
diabatic cases, respectively, using the parameters for the refer-
nce conditions (i.e. temperature of 25 ◦C, 1000 ppm concentration
nd 345 cm3/min flow rate) except that ˚ is reduced from 25,000
o 50 to manifest the effect of temperature on the bed profiles.
ig. 4(b) is simulated from the present model which is based on the
on-isothermal and non-adiabatic conditions. In these figures, the
imensionless equilibrium amount of adsorbate, Q*, is calculated

rom the isotherm equation for the corresponding concentration

nd temperature.

The concentration profiles of the present model (non-isothermal
nd non-adiabatic conditions) in Fig. 4(b) are similar to those of
he isothermal case in Fig. 4(a) although the isothermal case pro-
uces slightly steeper concentration profiles (notably the Q* curve)
Fig. 4. Bed profiles of various dependent variables at � = 24 for (a) isothermal case,
(b) non-isothermal and non-adiabatic case, and (c) non-isothermal and adiabatic
case (˚ = 50).

than the non-isothermal and non-adiabatic case. However, the
intense interaction between the temperature and the concentra-
tion within the column causes the generation of relatively broader
concentration profiles of gas and solid for the non-isothermal and
adiabatic case (Fig. 4(c)) and well-defined plateaus in the tempera-
ture curves for the non-isothermal cases (Fig. 4(b) and (c)). For the

non-isothermal cases, the concentration profiles are broader than
those of the isothermal case of Fig. 4(a) due to the heat of adsorp-
tion in the former. In addition, the maximum temperature rise in
the non-adiabatic model is much lower than in the adiabatic model
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Table 4
Adsorption column operating conditions.

Run No. Type Y0 (ppm) F* (cm3/min) Temperature (K) Adsorbate Purge gas k (s−1)

AD1 Adsorption 1000 345 298 SO2 - 0.08
AD2 Adsorption 3000 345 298 SO2 - 0.10
AD3 Adsorption 4000 345 298 SO2 - 0.11
AD4 Adsorption 4000 274 298 SO2 - 0.11
AD5 Adsorption 4000 410 298 SO2 - 0.11
AD6** Adsorption 1000 345 353 SO2 - 0.15
A 353 - He 0.15
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also reported by Silva and Rodrigues [20]. However, the higher flow
rate resulted in earlier breakthrough of the adsorbate. It is physi-
cally expected as more flow rate will convey more adsorbate into
the bed per unit time.
D7** Desorption 345

* F (flow rate) was measured at 1 atm and 298 K.
** AD6 and AD7 were cyclic and sequential steps of adsorption and desorption run

ue to the heat transfer effect through the column wall in the for-
er. For the non-isothermal cases, the comparison between the gas

nd solid phase concentration profiles shows that the solid phase
oncentration profiles (especially Q*) have plateau zones, indicat-
ng that Q* and Q are more significantly affected by temperature
ffects than the gas phase concentration which was also reported
y Hwang et al. [12]. The formation of this plateau zone for the solid
hase concentration (especially Q*) is because the equilibrium con-
entration Q* is dependent not only on the gas concentration but
lso on the temperature. Thus, the effect of decreasing tempera-
ure will counteract the effect of decreasing gas concentration in
he downstream part of the mass transfer zone, giving rise to the
lateau zone for solid phase concentration. As a result of the finite
ass transfer resistance and the finite film heat transfer resistance

k and hs reflected in the model), Q* and Ts are always greater than
and Tg respectively.

.2. Comparison of experimental data with simulation results

Measuring the temperatures along the column using thermo-
ouples (Fig. 1), the temperature field was observed to be constant
or the different experimental conditions used in this study. There-
ore, it suffices to use the isothermal model for comparison with the
xperimental data instead of the more elaborate non-isothermal
nd non-adiabatic model. Seven adsorption and desorption runs of
O2 sorption on the activated carbons prepared from pistachio-nut
hells were conducted in order to study the influences of flow rate,
dsorbate concentration and adsorption temperature on the per-
ormance of the adsorption column. The experimental results were
sed to compare with the simulation results to test the validation
f the model established. Details of the operation conditions for the
dsorption column system are given in Table 4.

A typical adsorption–desorption cycle for SO2 sorption is shown
n Fig. 5. The results showed that the isothermal model provided

reasonably good match for both the adsorption and desorption
urves especially for adsorption. The calculated mass transfer coef-
cient (k) which fits the adsorption and desorption curves well for
ach run is given in Table 4. For the desorption curve, there is a
mall divergence from the model at the tail-end part. This could
e that the same set of parameters used for the adsorption sim-
lations were also used for the desorption case in which some
f the experimental conditions were different. Fig. 5 also shows
hat the breakthrough time (380 min) is longer than the deple-
ion time (about 60 min = 530–470 min). The desorption curve is
ignificantly broader, having a longer tail than the adsorption break-
hrough curve. This difference is due to the nature of the equilibrium
sotherm. Since the adsorption isotherm is favourable as shown in
ig. 2, then the isotherm is unfavourable for desorption, hence in

ig. 5, the adsorption will result in a steeper breakthrough curve
nd a broader depletion curve for the desorption process.

The effect of gas flow rate on the breakthrough curve for the
ame gas temperature and concentration is shown in Fig. 6. The
greement between the model and the three breakthrough curves
Fig. 5. Experimental curves for column tests for SO2 adsorption and desorption. Run
AD6—adsorption, Run AD7—desorption .

is good. The very small increase of axial mass dispersion coeffi-
cient due to increasing flow rate or gas velocity (when the flow rate
was increased from 274 to 410 cm3/min, DL only increased from
4.39 × 10−4 to 6.7 × 10−4 m2/s) did not significantly affect the shape
of the breakthrough curves for the conditions studied, which was
Fig. 6. Effects of flow rate on experimental breakthrough curves and simulation
results. Run AD4: flow rate = 274 cm3/min, Run AD3: flow rate = 345 cm3/min, Run
AD5: flow rate = 410 cm3/min.
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ig. 7. Effects of feed concentration on experimental breakthrough curves and
imulation results. Run AD1: concentration = 1000 ppm, Run AD2: concentra-
ion = 3000 ppm, Run AD3: concentration = 4000 ppm.

Fig. 7 shows the effect of feed concentration on the break-
hrough curve for the same gas temperature and flow rate. For a
avourable isotherm as in this case, the ratio of adsorbed phase
o fluid phase concentration decreased with increasing fluid con-
entration or in other words, the higher feed concentration would
esult in a relative smaller degree of sorption capacity such that an
arlier breakthrough of adsorption and a relatively steeper break-
hrough curve would result. On the other hand, increasing feed
oncentration increased the effective mass transfer coefficient k
hich could be seen from Table 4. This is expected as the effec-

ive mass transfer coefficient is contributed by micropore diffusion,
acropore diffusion, surface diffusion as well as the external film

iffusion. Increasing feed concentration increases the surface dif-
usion so that the mass transfer coefficient would increase, giving
ise to steeper breakthrough curve. This trend is correctly reflected
n the experimental data in Fig. 7 and furthermore, the simulation

esults agree well with the experimental data.

The effect of temperature on the breakthrough curve for the
ame gas flow rate and concentration is shown in Fig. 8. Increas-
ng temperature greatly decreases the adsorption capacity due to

ig. 8. Effects of temperature on experimental breakthrough curves and simulation
esults. Run AD1: temperature = 298K, Run AD6: temperature = 353K.
g Journal 155 (2009) 175–183

the nature of the adsorption process (exothermic) so that an earlier
breakthrough curve would occur. Although at a higher tempera-
ture, the isotherm becomes less favourable which would result in a
broader breakthrough curve, the increasing effective mass transfer
coefficient k (see Table 4) due to increasing micropore and macro-
pore diffusion with temperature would make the breakthrough
curve more abrupt. Thus, the overall effect was that the temper-
ature had little influence on the shape of the breakthrough curve
for the conditions studied here. Fig. 8 also shows that the model
simulations agree well with the experimental results.

From the simulations and experimental results presented, it
can be concluded that the mathematical model proposed in the
present study provides a good representation of the experimentally
observed behaviour of breakthrough curve for SO2 adsorp-
tion/desorption on activated carbons prepared from pistachio-nut
shells. Thus, the model does indeed represent the essential features
of the real system.

7. Conclusions

A mathematical model (non-equilibrium, non-isothermal and
non-adiabatic) for single component adsorption on a fixed-bed sys-
tem was developed and solved by a finite-difference method. The
concentration and temperature of bed profiles were investigated
from the model calculations and compared with isothermal, non-
isothermal and non-adiabatic, and non-isothermal and adiabatic
model simulations. Concentration profiles for the isothermal and
the non-isothermal and non-adiabatic models were similar. The
breakthrough curves of SO2 onto activated carbons prepared from
pistachio-nut shells were measured experimentally. The effects of
inlet concentration, flow rate and temperature were also stud-
ied experimentally. Experimental data clearly show that the shape
of the breakthrough and desorption curves are practically influ-
enced by the adsorption equilibrium isotherm. Due to insignificant
temperature variations along the small diameter column as experi-
mentally determined, the experimental breakthrough curves were
compared with those simulated from the isothermal model. Good
agreement was found between the model predictions and the
experimental results.

Appendix A.

The dynamic equations for the non-equilibrium, non-isothermal
and non-adiabatic model for a single component adsorbate in a col-
umn of adsorbents can be solved using the finite-difference implicit
method. To carry out the discretisation, the implicit backward dif-
ference (for convection items, i.e. ∂Y/∂x, ∂Tg/∂x, etc.) and central
difference (for dispersion items, i.e. ∂2Y/∂x2, ∂2Tg/∂x2) are applied
as follows:(

∂Y

∂�

)
i,n+1

= Yi,n+1 − Yi,n

��
(A1)

(
∂Y

∂x

)
i,n

= Yi+1,n − Yi−1,n

2 �x
(A2)

(
∂2Y

∂x2

)
i,n

= Yi+1,n − 2Yi,n + Yi−1,n

�x2
(A3)

where the subscripts i and n refer to the spatial and time variables,

respectively (the derivatives of Tg, Ts, Tw, Q are similar to those of
Y).

Assuming the column is divided into N intervals with N + 1 grid
points (with i = 1 at x = 0 and i = N + 1 at x = 1), substituting Eqs. (A1),
(A2) and (A3) into Eqs. (29), (30), (31), (32) and (33), the following
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iscretised equations for mass and energy balances are obtained:
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i = Tg
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s
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− Q n
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(A11)

w
n+1
i = 1

1 + ��	5 + ��	6

[
��	5Tg

n+1
i + ��	6Ta + Tw

n
i

]
(A12)

Ta can be either 1 or not 1, depending on the inlet adsorbate tem-
erature. If column test were carried out at ambient temperature,

hen Ta = 1, otherwise, Ta /= 1)

1
i = Q 1

i = 0, Tg
1
i = Ts

1
i = Tw

1
i = 1 (for adsorption) i = 1, N + 1

(A13)
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Y1
i = Q 1

i = Tg
1
i = Ts

1
i = Tw

1
i = 1 (for desorption) i = 1, N + 1

(A14)

The discretised equations for mass and energy balances
are all tridiagonal systems, which can be easily solved by
the Gaussian elimination method. Assuming that all the vari-
ables (namely, Q n

i
, Yn

i
, Tg

n
i , Ts

n
i , Tw

n
i i = 1, N + 1) are known, the

values of Q n+1
i

, Yn+1
i

, Tg
n+1
i , Ts

n+1
i , Tw

n+1
i can be obtained from

Eqs.(A4)–(A14) iteratively and then the procedure is repeated until
the desired degree of convergence is achieved.

To solve the above equations, a program written in FORTRAN was
developed. The convergence criterion is: |An+1

i
− An

i
/An

i
| ≤ 10−3 (A

can be Y, Q, Tg, Ts or Tw).
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