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Abstract

A model that takes into account of a concentration-dependent intra-particle effective surface diffusion coefficient in the branched pore kinetic
model is presented. This model was applied to adsorption data obtained from the adsorption of phenol solution by activated carbons prepared from
oil-palm shells. Parametric sensitivity analyses were carried out to study the effects of each parameter on the kinetic process. The simulations
showed good agreement with experimental adsorption results. The introduction of a concentration-dependent effective surface diffusion coefficient
provides a scheme to distinguish the intra-particle mass transfer mechanism for specific adsorption systems using kinetic experimental data. The
concentration-dependent branched pore kinetic model is able to correlate together the adsorbent surface characteristics, the adsorbate properties

and the adsorption kinetics.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Adsorption process has been employed extensively in large
scale for chemical and environmental separation engineering.
Adsorption of proteins on solid surfaces and their interaction are
major concerns in a number of fields such as biology, medicine,
biotechnology and food processing, and play an important role
from various points of view [1,2]. For its large specific surface
area, activated carbon is a general adsorbent for the removal
of many toxic compounds in environmental [3,4] and pharma-
ceutical applications [5]. Besides conducting adsorption tests
to determine the effectiveness of any adsorbents, kinetic mod-
elling is also needful to understand the physics of the adsorption
process.

Kinetic models have successfully predicted numerous batch
reactor adsorbate concentration profiles and provided signifi-
cant insights on the way adsorbents function. In the absence
of any external heat, the uptake rate in a particle exposed to a
small change in concentration is determined by the rate of exter-
nal mass transfer and intra-particle transport. Thus, the rate of
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adsorption in porous adsorbents is generally controlled by trans-
port within the pore network. This intra-particle diffusion may
occur by several different mechanisms depending on the pore
size, the adsorbate concentration and other conditions. The inter-
nal diffusion for an activated carbon in an aqueous system can
be described as surface diffusion [6], pore diffusion [7,8] or a
combination of surface and pore diffusion [9,10] for mass trans-
fer within the adsorbent. The diffusion coefficient may therefore
be determined by matching the experimental uptake curve to the
solution of the kinetic model [11].

The branched pore kinetic model (or the multi-pore model)
[12,13] has been widely used to determine adsorption parame-
ters and kinetics in liquid phase adsorption studies by activated
carbons. The simulation results of Peel et al. [12] and Tien [13]
showed that this model could be used to simulate the adsorp-
tion kinetics in a batch system for organic solution adsorption
by activated carbons. In the model, the pore size distribution
of the activated carbon is required as input to the mass balance
equations. The pore structures consist of both rapidly and slowly
diffusing regions. The model was developed to overcome prob-
lems arising from a single rate parameter analysis and was shown
to describe the experimental data well. Recently, the applications
of the branched pore kinetic model to aqueous phase activated
carbon adsorption data have increased. Ko et al. [14] assessed
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Nomenclature

Langmuir isotherm equation constant
(Img™")
aqueous phase concentration (mg1~")

c

co initial aqueous solution concentration
(mgl~")

Ceq equilibrium aqueous phase concentration
(mgl™")

Csy aqueous phase concentration at particle surface at
time ¢ (mg1~1)

o aqueous phase concentration at time ¢
(mgl™")

Desr effective surface diffusion coefficient (cm?s~!)

Defro  effective surface diffusion coefficient at zero load-
ing ((:m2 s~h

Dp molecular diffusion coefficient in the bulk phase
(cm2 s’l)

E binding energy (kJ mol~!)

f fraction of the total adsorptive capacity utilized in
non-micropore region

FBiot modified film Biot number
(FBiot = KtcoR/ ofDeft 090)

AH; isosteric heat of adsorption (kJ mol~!)

k correlation constant in kinetic model

kt, Langmuir isotherm equation constant (1g~1)

K Freundlich  isotherm  equation  constant

-1 —1yI'F

(mgg™") (Img™")

Ky branched micropore rate coefficient )

K external aqueous phase mass transfer coefficient
(cms™1)

ng Freundlich isotherm equation constant

Npt number of points on a fitted experimental curve

PBiot modified particle Biot number
(PBiot = KyR?/fDeft,0)

q adsorption capacity (mgg~!)

q0 solid phase concentration in equilibrium with ¢
(mgg™")

qav amount adsorbed on the adsorbent (mg g~!)

qb solid phase concentration in micropore region
(mgg™")

Geq equilibrium solid phase concentration (mg g~ ')

dm solid phase concentration in non-micropore
region (mgg~!)

Gsat adsorbate concentration at surface saturation
(mgg™")

r radial distance from centre of particle (cm)

R radius of particle (cm)

SFact  separation factor (SFact=mqo/Vico)

t time (s)

Vi solution volume (1)

Greek letters

€ particle porosity

P adsorbent particle density (gcm ™)

the model for the adsorption of dyes onto activated carbon and
bagasse pith in batch operations. Yang and Al-Duri [15] sim-
ulated the single component adsorption of three reactive dyes
onto activated carbons in a batch stirred vessel with the model.
In comparison to the many existing models, the branched pore
model yielded more accurate results over a longer period of
adsorption. Itis reasonable to conclude that the multi-pore model
is an intra-particle diffusion model proposed on the basis of the
typical pore structures of activated carbons.

This paper presents a theoretical analysis of the adsorption
kinetics of activated carbon in aqueous phenol solution. The
adsorption of phenol onto a highly porous activated carbon pre-
pared from a biomass was used to test the validity of the branched
pore kinetic model. The concentration decays of adsorption
process were fitted using the model and parameter sensitivity
analyses were carried out to determine the influence of some
parameters on the adsorption mechanism.

2. Model description

The branched pore kinetic model (BPKM) for aqueous phase
activated carbon adsorption was proposed by Peel et al. [12].
The model depicted activated carbon adsorption as a dual mech-
anism rather than as a single mechanism process. In order to
simulate the polydispersed or continuous pore size distributions
of the activated carbon, the branched pore kinetic model divides
the carbon pellets into rapidly and slowly diffusing regions.
This division can also be reflected by the very different rates
of diffusion in the two regions. It is difficult to deduce either
the dimensions or relative proportions of the non-micropore
and micropore regions. The regions are loosely termed as non-
micropore and micropore regions. The fraction, f, is the amount
of adsorption in the non-micropore region as compared to the
total adsorptive capacity in the whole region. The initial rapid
adsorptive uptake takes place in the non-micropore region. The
remaining fraction, 1 — f, constitutes the adsorption in the micro-
pore region. The model assumes that the distribution of both
regions is radial and the diffusion between these two regions
is expressed with a linear driving force between the local non-
micropore and micropore concentrations. The assumption of the
adsorption model for such a particle consists of three resistances
in series: (1) diffusion of solute from solution, across the external
liquid boundary layer onto the adsorbent external surfaces, then
(2) diffusion into and adsorbing in the non-micropore region,
and (3) diffusion into and adsorbing in the micropore region.

In adsorption simulation studies using the BPKM [12,14,15],
the concentration-dependent surface diffusion coefficient is
assumed as a constant and the values of the diffusion coefficients
are determined by fitting the model to the experimental concen-
tration decay curve. It is observed that although the simulation
can cover a wide range of system conditions, the correlated sur-
face diffusion coefficient in the non-micropore region increases
with the initial aqueous solution concentration. Furthermore,
the diffusivity is mathematically related to the amount of sur-
face loading. So, an improvement is considered in this paper
to introduce a concentration-dependent surface diffusion coeffi-
cient to improve the simulations and enable it possible to predict
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the kinetics of the adsorption process with a single group of
experimental data.

In this paper, the modes of mass transfer of the adsorbate
molecules are outlined. The adsorbate molecules from the bulk
fluid are transported through a stagnant boundary layer sur-
rounding the adsorbent particle to the external surface of the
particle by external diffusion. The mechanisms of intra-particle
diffusion then proceed as follows. The adsorbate molecules on
the particle surface migrate into the non-micropores by sur-
face diffusion where the adsorbate molecules would be rapidly
adsorbed onto the sorption sites. On the non-micropore surface,
an adsorbed molecule may hop along the surface when it attains
sufficient activation energy and when an adjacent adsorption site
is available. This type of diffusion is referred to as surface dif-
fusion. The adsorbed molecules on the non-micropore surfaces
are mobile and migrate towards the micropores by surface diffu-
sion and slowly adsorbed onto the micropore surfaces. The size
of an adsorbate molecule is close to the size of the micropore
and therefore surface diffusion becomes restricted; this would
subsequently decrease the overall adsorption rate.

In the present model, an effective intra-particle surface dif-
fusion mechanism is assumed to describe the intra-particle
diffusion in the non-micropore region. In terms of an activation
process, the effective surface diffusion coefficient of the intra-
particle diffusion depends on the energy barrier for the diffusion
of the adsorbate in the particle. The effective surface diffusion
coefficient can be correlated with the solid phase concentration
in a power expression [14]. In this paper, an exponential expres-
sion is adopted which correlates the concentration dependence
of effective surface diffusion coefficient to the surface cover-
age of adsorbate molecules through the heat of the adsorption
process [16]. The effective surface diffusion coefficient can be
expressed as

Det = Dett.0 €xp {k (q) } 1)
{sat

where Degr is the effective surface diffusion coefficient (cmz/s),
Dest o the effective surface diffusion coefficient at zero surface
coverage (cm?/s), k the dimensionless constant, ¢ the solid phase
concentration (mg/g), and g, is the solid phase concentration
at surface saturation (mg/g).

The orthogonal collocation method (OCM) was used to solve
the partial differential equations in this concentration-dependent
branched pore kinetic model (CDBPKM). With the OCM, the
implicit scheme is not required for solving the complex non-
linear PDEs. An optimizing method was used in fitting the
adsorption rates in a batch system under a variety of operating
conditions to determine various diffusion and physical parame-
ters in the CDBPKM. The parameters are the external diffusion
coefficient, Ky; the pre-exponential factor of the effective sur-
face diffusion coefficient at the zero surface coverage, Deff0;
the fraction of non-micropore, f; the branched micropore rate
coefficient, Ky; and the parameter, &, as defined in Eq. (1). The
modelling studies were based on the adsorption of aqueous phe-
nol solution onto activated carbons prepared from oil-palm shells
in finite-batch systems.

3. Mathematical development

The governing equations of the proposed concentration-
dependent branched pore kinetic model for predicting the
adsorption process are given as follows.

The macroscopic mass conservation equation of the adsor-
bate in the aqueous phase is

46 da

T T "

@)

where m is the mass of the adsorbent, V; the solution volume
and C; is the aqueous phase concentration at time 7. The amount
adsorbed in the solid phase, gay, is

m+ (1 — dv
qavzfv[fq (v F)go] 3

where fis the part of the total adsorptive capacity utilized in the
non-micropore, g, and gy the solid phase concentrations in the
non-micropore and micropore regions, respectively, and Vis the
volume of the adsorbent.

The non-micropore mass balance equation is

9gm gy fDett0 0 [ 5 qm 9Gm

dm b _ 07 k J4m

I T D5 = e k) | o
4)

where Dt is the effective surface diffusion coefficient at zero
loading, r the radial distance from the centre of the adsorbent
particle and g, is the adsorbate concentration in the non-
micropore region at surface saturation.

The micropore mass balance equation is

0
(- f)% = Kn(qm — qb) )

where Kj, is the branched micropore rate coefficient.
The coupling between the aqueous and solid phases achieved
by equating the fluxes at the solid—aqueous interface is

0
KH(Cy — Coz) = fDefr0 exp {k ( Im ) } p(q‘“) ©)
Gmsat o )._r

where K is the external aqueous phase mass transfer coefficient,
C;, the aqueous phase concentration at the particle surface at
time ¢, and p is the solid density of the adsorbent.

The local equilibrium at the interface between the aqueous
and adsorbent solid phases is expressed in terms of the Langmuir
isotherm as follows:

_ kLCeq
1 +apceq

deq (7

where ceq and geq are the concentrations in the aqueous and solid
phases, respectively, at equilibrium, and k1, and ar, are constants
that correspond to monolayer coverage. The Langmuir isotherm
equation is used instead of the Freundlich isotherm equation
(eq = Kcéé"F where K and ng are constants) and this will be

discussed later on in the paper.
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The initial and boundary conditions are as follows:

Qm(r» O) = 07 qb(rv O) == 01 Cl(t - O) = €0,

9qm
an(R.0 = g0, ZE0.0=0 ®)
r

The governing equations are non-dimensionlized using the
following:

C Cs
c=-=t C =% o=2
0 €0 q0
r Dett, 0t
= —_, 6= ’ 9
=% R2 ©))
A further independent variable, u, is introduced such that
u=n’ (10)

Substituting the dimensionless variables in Egs. (9) and (10)
into the differential-algebraic equation (DAE) system, i.e., Egs.
4), (2), (5) and (6), respectively yield the following:

3Q7m+71—f%:4u3 {exp{k( Om )H 90m
a0 f 20 ou Omsat ou
Om PO | 90m
+exp{k<Qmsat>} [4u o +6 » ] )
GO _ 3Q7m B %
i SFact (f L o0 dv+1-f) L 9 dv) (12)
30 . f _
w0 = PBlotl = f(Qm Ob) (13)

00m _ (FBiot _ Om _
( ou >u=l B ( 2 ) exp{ g (Qmsat) } (C CS)
(14)

where the dimensionless parameters are given by the following:

KicoR
FBiot = ——1 0% (15)
PfDett,090
_ KyR?
PBiot = (16)
IDeft,0
SFact = 10 (17)
£Co
The Langmuir isotherm in Eq. (7) can be written as
Cskr.co
Omlym1 = ————— (18)

qo + coqoar.Cs

The initial and boundary conditions are now given by the
following:

Om(n,0) =0, Qv(n,0) =0, CO)=1,
Om(l, 1) = Qs(r) 19)

The method of orthogonal collocation was used to solve this
DAE system. The method of orthogonal collocations on fixed

elements was first introduced by Villadsen and Michelsen [17]
and it was then applied to the adsorption processes in vari-
ous studies [18-20]. This scheme requires that the normalized
space coordinate r in the interval [0,1] be divided into N spa-
tial domains with N interior collocation points plus the point at
the boundary. After the discretization of the space coordinate in
the N spatial domains, the approximation of the unknowns can
be expressed by the polynomial functions. Substituting the dis-
cretized items into the equations, i.e., Egs. (11)—(14), these items
were calculated by integrating a system of ODEs and algebraic
equations.

An optimizing subroutine based on the Levenberg—
Marquardt non-linear regression was employed to search for
the best combination of mass transfer coefficients. Data from
the literature were used as the initial values for some of the
dimensionless parameters.

4. Experimental
4.1. Material and analytical method

The activated carbons used in the adsorption tests were pre-
pared from oil-palm shells. First, the raw shells were crushed
and sieved to a size range of 2-2.8 mm. The shells were then
carbonized under vacuum in a vertical stainless steel reactor at
a heating rate of 10 K/min and heated to a final temperature of
673.15 K. The resulting chars were then transferred to another
reactor and heated at the same rate as above to a final tempera-
ture of 1173.15 Kunder anitrogen flow. At this final temperature,
nitrogen flow was cut off and steam was introduced to activate
the chars for 1 h. The activated carbons were characterized by
a scanning electron microscope and an accelerated surface area
and porosimetry system (ASAP 2010, Micromeritics) using N»
adsorption at 77 K.

The phenol adsorbate used in the adsorption tests was
obtained from Merck & Co., Inc., Germany. The adsorption
capacity of the activated carbons was determined from the phe-
nol solution concentration; this concentration was measured by
a gas chromatograph-mass spectrometer (6890 N, GC-5973N
MSD system, Agilent) using a HP-5MS column.

4.2. Adsorption equilibrium experiments

Phenol solution of different concentrations was prepared in
the conical flasks. Each flask, containing 50 ml of the phenol
solution, was immersed in a water bath at a pre-set temperature.
After the adsorbate solution had stabilized, an accurate weighed
amount of the activated carbon was added into the flask. The
vibratory action of the bath was kept at 150 rpm until the solution
had attained equilibrium. Two control flasks were set up. One
flask, containing the phenol solution only, was to check for phe-
nol volatilization and/or adsorption on the flask wall during the
equilibration period. The other flask, containing deionized water
and activated carbon, was to check the existence of organic con-
tamination in the adsorbent and/or in the deionized water. After
the phenol solution in the test flask had reached equilibrium,
1 ml of the supernatant was removed for analysis.
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4.3. Kinetic experiments

The equilibrium adsorption isotherms and adsorption kinetics
were determined by a batch method. The concentration of the
phenol solution used was 180 mg/l and 50 ml of this solution
in a conical flask was used for each kinetic test. With a known
weight of activated carbon adsorbent added to the flask, it was
then placed in a water bath at a pre-set temperature and agitated at
aspeed of 150 rpm. Samples of 1 ml were removed from the flask
at regular time intervals and its concentration was measured. A
plot of the adsorbate concentration versus time would depict the
concentration decay characteristics of the phenol solution.

5. Results and discussion
5.1. Activated carbon characteristics

Fig. 1 shows the microstructure of the oil-palm-shell activated
carbon used in the adsorption equilibrium and kinetic tests. The
pores are generally homogeneous and distributed uniformly over
the carbon surface. Fig. 2 shows the pore distribution of the
activated carbon; it consists of a microporous and mesoporous

Fig. 1. Scanning electron micrograph of the activated carbon (5120x).
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Fig. 2. Pore size distribution of the activated carbon.

Table 1

Physical characteristics of the activated carbon prepared from oil-palm shell
BET surface area (m? g_l) 1182.76

Pore volume (cm? g~ 1) 0.69

Non-micropore surface area (m? g~!) 354.33

Non-micropore volume (cm? g!) 0.38

Average pore size (nm) 2.33

pore structure which is suitable for aqueous phase adsorption.
Table 1 shows the physical characteristics of the activated carbon
used in the adsorption studies.

5.2. Equilibrium adsorption isotherms

The equilibrium adsorption isotherm in Fig. 3 shows the
adsorption capacity of phenol onto the activated carbon for var-
ious initial phenol concentrations. Using the experimental data,
the adsorption isotherms based on the Langmuir and the empiri-
cal Freundlich equations were obtained based on the non-linear
data fitting scheme in the least squares method. Comparisons
of the Langmuir and Freundlich isotherms with the experimen-
tal data are given in Fig. 3 as well. The Langmuir isotherms fit
the experimental data very well. Further, to quantify the validity
of the two isotherms equations, the normalized and the non-
normalized RMS (root mean square) residuals were computed.
The non-normalized RMS residual weighs the actual error at all
the points and is therefore more sensitive to errors at high equi-
librium solution concentrations. The normalized RMS is based
on the relative error and therefore weights all points equally. The
formulae of the normalized RMS and the non-normalized RMS
residuals are as follows:

Npt

1 Gei,exp — Yei,calc 2

Pt Gei,exp

normalized RMS = 100 x
(20)

Np[
non-normalized RMS = N—Z(Qei,exp — Gei.cale) 21
Pty

. 350 4
=0 Langmuir
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=
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Fig. 3. Phenol adsorption isotherm at 30 °C: experimental vs. theoretical.
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Table 2
Langmuir and Freundlich isotherm parameters and residual errors

Langmuir isotherm parameters

ke g™ 5.22
ar, (Img™1) 0.014
NRMS (%) 9.10
NNRMS 10.08

Freundlich isotherm parameters

K (mgg~ ") Amg= T 31.41
ng 0.41
NRMS (%) 16.36
NNRMS 18.44

where Ny is the number of experimental points, and gej exp and
eicalc are the experimental and calculated adsorption capaci-
ties, respectively. Table 2 lists the Langmuir and the Freundlich
isotherm parameters and the residual errors. The results from
the normalized and non-normalized RMS analyses again con-
firmed that the experimental data have better agreement with
the Langmuir isotherm equation than the Freundlich isotherm
equation.

5.3. Parametric estimation by the CDBPKM

The present model can be utilized to study the influence of
individual parameter on the overall adsorption process. The var-
ious parameters in the model can be determined by fitting them
to the experimental results. For the batch kinetic adsorption
tests, identical operating conditions prevailed except for the dif-
ferent initial phenol concentrations used. Using the Langmuir
isotherm equation, the experimental data were regressed using
the CDBPKM in a non-linear least-square scheme and values
of the fitted parameters are given in Table 3. The agreement
between the experimental data and the present model is excel-
lent as shown in Fig. 4, verifying the validity of the model. The
average correlation coefficient of 0.98 as given in Table 3 further
indicates the good agreement between the model and the exper-
imental results. Comparing the mass transfer coefficients of K,
Defro and Ky, it is clear that the rate controlling steps are the dif-
fusion rates within the pore structures of the adsorbent particle.
The relative importance of each of the five parameters (i.e., K,
Dett 0, Kb, f and k) can be assessed by the sensitivity analyses.
For each parameter, the average value was obtained from the
values given in Table 3 and used in the analyses. Varying one
parameter at a time, the effect of each parameter on the adsorp-
tion kinetics using the present model can be demonstrated. For
each particular parameter under study, three values were used:
the average value, half and twice this average value. The remain-

Table 3
Various calculated parameters using the CDBPKM

Initial phenol
concentration
54.6 ppm
* 102 ppm
1.00 o 1442 ppm
3 4+ 2395 ppm
o & 350.6 ppm
~ 0954
g Present model
g oA A -3
< 090
Q
D
8
° 0854
2
=
=]
= 0.80
i=1
&
g
(5] =
£ 0.75
=]
3
z  0.70
T T T T T 1
0 10 20 30 40 50 60
Time (h)

Fig. 4. Batch kinetic adsorption tests for different phenol concentrations.

ing four parameters were held constant, based on their average
value. The effects of the physical properties of the parameters on
the aqueous phase concentration decay curve will be analyzed
later. First, a discussion of the parameters follows next.

5.3.1. The external (film) mass transfer coefficient Ky

The external mass transfer coefficient Kt is a function of the
thickness of the boundary layer surrounding the adsorbent and
the hydrodynamic flow field. For the adsorption tests in this
present study, K¢ should be fairly constant because of the con-
stant agitation speed used in the water bath and the relatively
narrow range of adsorbent sizes used. The small variation in the
Ky values presented in Table 3 was probably due to the slight
changes in the adsorbent mass used in the tests. The Ky value was
evaluated from the initial bulk concentration data when the intra-
particle diffusion resistance was negligible and subsequently
adjusted during the optimization process.

5.3.2. The effective surface diffusion coefficient Defo

The effective surface diffusion coefficient Dt o in the adsor-
bent particle depends on the diffusion coefficient in the bulk
phase and the detailed pore structure. The effective surface
diffusion coefficient in the particle can be considered to be pro-
portional to the diffusion coefficient in the bulk phase. So, the
initial estimated effective surface diffusion coefficient can be
obtained by the following expression:

Dett.0 = &> D (22)

co (mg =Y Mass of adsorbent (mg) N (rpm) Ki (cms™h) Dett o (cm?s™h) Ky 571 f k Correlation coefficient
350.6 13.08 150 1.38E—1 3.96E—7 242E-7 0.36 0.23 0.98
239.5 14.93 150 1.34E—1 3.54E-7 2.13E-7 0.36 0.23 0.98
144.2 14.09 150 1.29E—1 3.02E-7 2.50E—7 0.36 0.32 0.98
102 15.02 150 1.38E—1 3.46E—7 1.89E—7 0.36 0.25 0.99
54.6 15.06 150 1.41E—1 2.63E—7 1.11E-7 0.37 0.37 0.98
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where ¢ is the porosity of the adsorbent particle and Dy, is the
molecular diffusion of the adsorbate. Molecular diffusion coef-
ficients of organic molecules of low molecular weights in water
are in the range of 107 to 1.5 x 1073 cm?s~! and it can be
smaller with increasing molecular weight.

5.3.3. The parameter k

The parameter k is a quantitative measure of the binding
energy to the differential heat of adsorption. It is proportional
to ¢ where ¢ = E/(—AH;) [16]; E is the binding energy of the
surface diffusion process and AHj is the enthalpy change on
adsorption or commonly referred to as the isosteric heat of
adsorption. An increasing value of k indicates that an adsorbate
molecule will be more readily adsorbed onto the pore surface
by the surface diffusion process.

5.3.4. The micropore rate coefficient K

The micropore rate coefficient Ky, is highly dependent on
the pore radius within the micropore structure of the adsorbent.
Decreasing pore radius in the micropore increases the energy
barrier in the surface migration process, thereby greatly reducing
its rate of diffusion. Also, the rate of micropore diffusion is a
strong function of the solute diameter/pore diameter ratio. The
initial value of K}, was assumed to be of the same magnitude of
the effective surface diffusion coefficient, Defr o.

5.3.5. Fraction of total adsorptive capacity in
non-micropores f

The fraction of total adsorption in non-micropore f depends
on the properties of both the adsorbate and the adsorbent, even
though it may seem to be a structural property. The fraction of the
non-micropore surface area to the total pore surface area of the
activated carbon is 0.3 as given in Table 1, which is smaller than
the estimated value of f by the model. The difference suggests
that some of the smaller micropores may not be accessible to the
larger molecular size of phenol as compared to the molecular
size of N, used in obtaining the adsorption isotherms for the
determination of the pore surface area of the activated carbon.
The initial value of f used was based on the fraction of non-
micropore surface area to the BET surface area of the activated
carbon.

5.4. Parameter sensitivity analysis

Parameter sensitivity analysis can provide an indication of
the relative importance of each parameter defined in the present
model. The five kinetic parameters for the phenol adsorp-
tion process have been used in the simulations to obtain the
aqueous phase concentration decay curves. Fig. 5 shows that
the aqueous phase concentration is a function of the exter-
nal aqueous film mass transfer coefficient Ky and the duration
of adsorption, if the other parameters are fixed. It shows that
a lower Ky inevitably will result in a longer time to achieve
a final equilibrium aqueous phase concentration. For values
of Ky=0.68 x 1071, 1.36 x 107! and 2.72 x 10~ ecms™!, the
times required to attain equilibrium concentration are about
5.5, 3.5 and 2 h, respectively. This shows that doubling K does
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Fig. 5. Sensitivity analysis: Ky parameter (Degro=3.32 % 1077 em?s~!,
Ky =2.01x 1077571, f=0.36, k=0.28).

not halve the equilibrium time. Fig. 6 shows that varying non-
micropore surface diffusion coefficient, Der o, has limited effect
on the initial uptake period and thereafter there is small variabil-
ity in the three concentration decay curves. This is expected
because the adsorption in the non-micropore takes place first
and once these sites are filled, the effect of Desro diminishes.
Fig. 7 shows the effect of the micropore rate coefficient K on
the aqueous bulk concentration decay curves. Varying Ky, values
only impact the later part of the uptake period as the micropores
will be the last to be filled. Increasing K} increases adsorption
and therefore results in decreasing aqueous equilibrium con-
centration. The effect of the fraction of non-micropore, f, in
Fig. 8 has the greatest impact on the aqueous bulk concentra-
tion amongst the five kinetic parameters, thus demonstrating
that aqueous adsorption takes place substantially in the non-
micropores. Increasing freduces the aqueous bulk concentration
as more non-micropores are available for adsorption. Varying k
values have marginal effects on the aqueous bulk concentra-
tion decay curves as shown in Fig. 9. Increasing k increases the
binding energy of the surface diffusion process and therefore
increases sorption during the early uptake stage before the final
equilibrium concentration sets in.
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6. Conclusion
A mathematical model incorporating a concentration-

dependent effective surface diffusion coefficient has been
developed and applied to the aqueous phase adsorption of phe-

nol onto activated carbon adsorbents with polydispersed pore
structures. The validity of this model was tested by correlating
the theoretical concentration decay curve with the experimental
data and good agreement was obtained. Arising from this study,
the pertinent points relating to this model are as follows:

1. The Langmuir equilibrium isotherm is more accurate than
the Freundlich isotherm equations to describe the adsorption
of aqueous phenol onto oil-palm-shell activated carbons.

2. The concentration-dependent branched pore kinetic model
has been shown to be applicable and accurate for a wide
range of experimental conditions prevailing in the adsorption
system tested. The fraction of non-micropore structure has a
fundamental and important effect on the adsorption process.

3. The validity of the model proves that the effective surface
diffusion coefficient is a concentration-dependent parameter.
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