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The overall adsorption rate of pyridine on a granular activated carbon (GAC) is modeled in this work. The
concentration decay curves for pyridine adsorption on GAC were obtained in a rotating basket adsor-
ber. The experimental data were interpreted using a diffusional model that considered external mass
transport, intraparticle diffusion, and adsorption on an active site; intraparticle diffusion could be due to
both pore volume and surface diffusion. Results showed that the surface diffusion represented more than
ctivated carbon
dsorption rate
yridine
urface diffusion

93.5% of total intraparticle diffusion, confirming that surface diffusion was the mechanism controlling
the overall adsorption rate. The model considering that surface diffusion was the controlling diffusion
mechanism, interpreted reasonably well the concentration decay data for pyridine adsorption at dif-
ferent experimental conditions. Results showed that the surface diffusion coefficient increased while
raising the temperature and mass of pyridine adsorbed at equilibrium, and was independent on the par-
ticle diameter. The external mass transport did not affect the overall rate of pyridine adsorption on GAC.
. Introduction

Pyridine is a colorless, volatile, flammable, and toxic organic liq-
id that gives off an unpleasant odor when present in wastewater.
yridine is widely used as a solvent in paints and an intermedi-
te in the manufacture of insecticides, herbicides, textiles, fuels,
rugs, vitamins, colorants, and adhesives. Due to its wide range
f applications, its presence in wastewater has increased over
he past years [1–3]. Pyridine and its derivatives are very toxic
or aquatic and human life [2], and their removal is of great
onsequence to prevent diseases and avoid environmental pollu-
ion.

The most common methods for removal of pyridine from
queous solution encompass biological degradation [4–6], pho-
ocatalysis [7], ozonation [8], membrane separation [9], and
dsorption [3,10–13]. Adsorption on activated carbon has been
idely applied to remove organic compounds from water

ffluents.
It has been shown that pyridine can be considerably adsorbed on

ctivated carbon from an aqueous solution. Lataye et al. [11] inves-

igated the adsorption of pyridine on rice husk ash and commercial
ranular activated carbon (GAC) and found that the percentage
emoval of pyridine was dependent on the solution pH, the maxi-
um percentage removal happened at pH 6.5 with a carbon mass
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to solution volume ratio of 30 g/L, adsorption equilibrium was
attained in 12 h and the adsorption process was endothermic.

Few works have been focused in the overall adsorption rate of
pyridine on GAC and in the mass transport mechanisms control-
ling it. Mohan et al. [3] studied the adsorption kinetics of pyridine
on activated carbons manufactured from agricultural waste and
reported that the first-order kinetic model satisfactorily fitted the
kinetic data.

The main aim of the present work was to study the overall
adsorption rate of pyridine from aqueous solution on GAC and to
develop a diffusional model to satisfactorily interpret the overall
rate of adsorption. Furthermore, the effect of impeller speed, tem-
perature, mass of adsorbent and initial concentration of pyridine
upon the overall adsorption rate was analyzed in detail.

2. Diffusional model

It is well documented that the overall rate of adsorption rate
on a porous solid includes the following three simultaneous steps:
external mass transport, intraparticle diffusion, and adsorption on
an active site; intraparticle diffusion may be due to pore volume
diffusion, surface diffusion, or a combination of both mechanisms
[14–16].
In this work, the diffusional model was derived by assuming
the following: (i) intraparticle diffusion occurs by pore volume
diffusion (Fick’s diffusion) and surface diffusion, (ii) the rate of
adsorption on an active site is instantaneous, and (iii) GAC particles
are spherical. Model equations and initial and boundary conditions

dx.doi.org/10.1016/j.cej.2010.09.002
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:rlr@uaslp.com
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Nomenclature

a Prausnitz–Radke isotherm constant (L/g)
b Prausnitz–Radke isotherm constant (mg−ˇ Lˇ)
CA concentration of pyridine in aqueous solution

(mg/L)
CA0 initial concentration of pyridine in aqueous solution

(mg/L)
CAr concentration of pyridine within the particle at dis-

tance r (mg/L)
CAr |r=Rp concentration of pyridine at the external surface of

the particle at r = Rp (mg/L)
dp average pore diameter (nm)
DAB molecular diffusion coefficient at infinite dilution

(cm2/s)
DeP effective pore volume diffusion coefficient (cm2/s)
Ds surface diffusion coefficient (cm2/s)
Ds0 frequency factor of the surface diffusion coefficient

(cm2/s)
DSq constant of Eq. (18) (cm2/s)
ES activation energy for surface diffusion (kJ/mol)
kL external mass transfer coefficient in liquid phase

(cm/s)
m mass of adsorbent (g)
q mass of pyridine adsorbed (mg/g)
qexp experimental mass of pyridine adsorbed (mg/g)
qpred mass of pyridine adsorbed predicted with the

isotherm model (mg/g)
r radial distance (cm)
Rp radius of the particle (cm)
R universal gas constant
SV surface area per adsorbent mass unit (m2/g)
S external surface area per mass of adsorbent (cm2/g)
T temperature (K)
V volume of the solution (mL)

Greek symbols
˛ constant of Eq. (18) (g/mg)
ˇ Prausnitz–Radke isotherm constant
εp void fraction of GAC particles
�B viscosity of water (cp)
�p density of adsorbent particles (g/mL)
� tortuosity factor
�A dimensionless concentration of pyridine in the solu-

tion
�exp experimental dimensionless concentration of pyri-

dine in the solution

a

V

t

ε

(
bar.
�pred dimensionless concentration of pyridine in the solu-
tion predicted with the diffusional models

re [15,16]:

dCA

dt
= −mSkL(CA − CAr |r=Rp ) (1)

= 0, CA = CA0 (2)

p
∂CAr

∂t
+ �p

∂q

∂t
= 1

r2

∂

∂r

[
r2

(
Dep

∂CAr

∂r
+ Ds�

∂q

∂r

)]
(3)
4)CAr = 0, t = 0, 0 ≤ r ≤ Rp

∂CAr

∂t

∣∣∣∣
r=0

= 0 (5)
ering Journal 165 (2010) 133–141

Dep
∂CAr

∂r

∣∣∣∣
r=R

+ DS�p
∂q

∂r
= kL(CA − CAr |r=Rp ) (6)

If the rate of adsorption on an active site is instantaneous, there
is local equilibrium between the pyridine concentration in the solu-
tion inside the pore and the mass of pyridine adsorbed on the pore
surface. This equilibrium is normally represented by the adsorption
isotherm, which is the mathematical relationship between CAr and
q:

q = f (CAr) (7)

The model represented by Eqs. (1)–(6) is the general diffusional
model (PVSDM). The parameters kL, Ds, and Dep correspond to
external transport, surface diffusion, and pore volume diffusion
mechanisms, respectively. The general model can be simplified
considering that the sole intraparticle diffusion mechanism may
be either pore volume diffusion (PVDM) (Dep /= 0, Ds = 0) or surface
diffusion (SDM) (Dep = 0, Ds /= 0).

The coupled partial and ordinary differential equations of the
three diffusional models were solved numerically using the pro-
gram PDESOL v2, which is based on the numerical method of lines
[17].

3. Materials and methods

3.1. Adsorbent

The granular activated carbon (GAC) used in this work was man-
ufactured from a bituminous carbon by Calgon, Inc. (Pittsburgh, PA)
and is commercially available as F-400. The GAC was sieved to an
average particle diameter of 1.02 mm, washed several times with
deionized water, dried in an oven at 110 ◦C for 24 h and stored in a
plastic container.

The surface area, pore volume and average pore diameter of
GAC, determined by the N2-BET method using a Micromeritics,
model ASAP 2010, physisorption equipment, were SV = 925 m2/g,
Vp = 0.534 cm3/g, and dp = 2.2 nm, respectively. The density of the
solid, determined by the Helium displacement method using
Micromeritics, model Accupic 1330, Helium pycnometer, was
�s = 2.320 g/cm3; the particle density and void fraction were
�P = 1.036 g/cm3 and εp = 0.554, respectively.

3.2. Determination of pyridine concentration in water solution

The pyridine concentration in an aqueous solution was
determined by UV–visible spectroscopy. The absorbance of a pyri-
dine solution was measured using a Shimadzu, model UV-160,
spectrophotometer at a wavelength of 249.5 nm. The pyridine con-
centration of a sample was estimated with a calibration curve
(absorbance vs. concentration) prepared with five standard pyri-
dine solutions in a concentration range of 10–50 mg/L.

3.3. Adsorption equilibrium data

An Erlenmeyer flask of 500 mL was used as a batch adsor-
ber to obtain the experimental adsorption equilibrium data of
pyridine. A Nylon mesh bag containing a certain mass of GAC
and a given volume of a pyridine solution were placed in
the adsorber. The adsorber was partially submerged in a ther-
mostatic water bath placed over a magnetic stirrer and the
solution was stirred continuously with a Teflon coated stirring
The experimental adsorption equilibrium data of pyridine on
GAC were obtained by the following procedure. A Nylon mesh
bag containing 1 g of GAC and 480 mL of a solution with a known
initial concentration of pyridine at pH 10, were added in the
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The adsorption constants (Table 1) were evaluated by using a
non-linear estimation method with Statistica software. The values
of the isotherm constants as well as the average absolute percent-

Table 1
Constants of Prausnitz–Radke adsorption isotherm at pH 10.
R. Ocampo-Perez et al. / Chemical E

atch adsorber. The initial pyridine concentration was varied
rom 20 to 800 mg/L. The pyridine solution remained in contact
ith the GAC particles until equilibrium was reached; prelimi-
ary experiments revealed that three days were enough to attain
quilibrium. The solution pH was measured periodically and kept
onstant by adding 0.01 and 0.1 M solutions of HCl and NaOH,
s appropriate. After reaching equilibrium, the pyridine concen-
ration in the solution was determined spectrophotometrically
nd the mass of pyridine adsorbed at equilibrium was calculated
y a mass balance of pyridine. In previous runs without GAC,

t was demonstrated that pyridine did not adsorb on the Nylon
ag.

.4. Method for obtaining the rate of adsorption data

A rotating basket batch adsorber was used to obtain the exper-
mental concentration decay curves for the pyridine adsorption on
AC. This adsorber was composed of a 1 L three-neck reaction flask
nd an impeller with its blades replaced with stainless steel bas-
ets. A pyridine solution was poured in the adsorber and the GAC
articles were placed in the stainless steel mesh baskets, which
ere attached to a shaft connected to a variable speed motor. The

dsorber was partially immersed in a constant temperature water
ath controlled by a recirculator.

A pH 10 solution was prepared by mixing proper volumes of
.01N HCl and NaOH solutions and a given volume (800–980 mL)
f this solution was placed in the adsorber. A GAC mass (1–5 g) was
dded to the baskets, which were fastened to the impeller shaft, and
hen immersed in the pH 10 solution. The shaft was connected to
he variable speed motor and the solution was mixed continuously
y turning on the motor to a fixed rotating speed (100, 150 and
00 rpm), according to the experiment. The solution pH was mea-
ured periodically and kept constant by adding 0.01 and 0.1 N NaOH
olutions, as required. The solution and GAC were left in contact
ntil the temperature and pH remained constant. Subsequently, the
tirrer was turned off and an aliquot of a solution of known con-
entration of pyridine at pH 10 was expeditiously poured into the
dsorber solution to obtain the desired initial concentration. After
he addition the total volume of the solution was 1 L. Right away,
he impeller motor and the timer were turned on. The solution pH
as monitored with a pH-meter and adjusted as indicated earlier.

he total volume of NaOH solution added was always less than 2 mL
nd this volume represented 0.1% of the total volume. The solution
as periodically sampled (5 mL) and analyzed to determine the
yridine concentration. Sampling times were 0, 1, 3, 5, 10, 15, 20,
5, 30, 40, 50, 60, 90, 120, 150, and 180 min. The total volume of
he adsorber solution (1 L) was kept constant by adding 5 mL of a

ake-up solution immediately after sampling. The concentration
f the make-up solution was the average of the initial concentra-
ion and the final concentration at equilibrium. The purpose of this
ddition was to replace the mass of pyridine withdrawn in the solu-
ion sample. Errors due to sampling and adding make-up solution
ere calculated by performing a mass balance and were always less

han 2% in all experiments.
The experimental data, concentration of pyridine in solution

ersus time, were expressed in dimensionless form according to
he following relationship:

CA

A =

CA0
(8)

The dimensionless concentration, �A, was plotted against time
o obtain the dimensionless concentration decay curve.
Concentration of pyridine at equilibrium (mg/L)

Fig. 1. Adsorption isotherms of pyridine on GAC at 15, 25, and 35 ◦C and pH 10. The
lines represent the Prausnitz–Radke isotherm.

4. Results and discussion

4.1. Adsorption isotherm of pyridine on GAC

The effect of pH upon the adsorption of pyridine on activated
carbon was investigated by evaluating the adsorption capacity of
the GAC at an initial concentration of pyridine of 100 mg/L, T = 25 ◦C
and the pH values ranging from 4 to 12. The pyridine adsorp-
tion capacity of the GAC was 16.5, 28.3, 30.3, 31.0, 32.2, 28.8 and
27.7 mg/g at the pH values of 4, 6, 8, 9, 10, 11 and 12, respectively.
The maximum capacity of GAC for adsorbing pyridine took place at
pH 10; however, the variation of the adsorption capacity was slight
in the pH range 8–11. Similar results have been reported in previ-
ous works [3]. From the above, the adsorption kinetics was studied
at pH 10.

Fig. 1 depicts the experimental adsorption equilibrium data at
pH 10 and temperatures of 15, 25 and 35 ◦C. No significant differ-
ences in the data were observed at temperatures of 15 and 25 ◦C;
however, the adsorption capacity of GAC was slightly decreased
when the temperature was raised from 25 ◦C to 35 ◦C. In contrast,
Mohan et al. [3] reported that the capacity of an activated carbon
for adsorbing pyridine increased with temperature. This result may
be explained recalling that Mohan et al. [3] prepared their acti-
vated carbons from coconut shell and coconut fibers whereas a
bituminous GAC was used in the present study.

At temperatures of 15, 25 and 35 ◦C, the experimental adsorp-
tion equilibrium data of pyridine on GAC were interpreted with
the Prausnitz–Radke adsorption isotherm model. This model can
be represented by the following equation:

q = aC
(9)
T (◦C) a (L/g) b (mg−� Lˇ) ˇ %D

15 3.03 0.05 0.89 3.35
25 57.88 2.95 0.72 0.43
35 10.18 0.44 0.75 2.16
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Table 2
Experimental conditions for pyridine concentration decay curves during adsorption on GAC at pH 10 and R = 0.51 mm.

Exp. No. RPM T (◦C) CA0 (mg/L) m (g) CAe (mg/L) qe (mg/g) kL × 103 (cm/s) Ds × 107 (cm2/s)

1 100 25 501.0 2.003 301.0 100.2 3.42 2.43
2 150 25 499.0 2.011 300.0 99.6 13.8 1.93
3 200 25 500.0 2.007 300.0 99.9 14.7 2.00
4 200 25 102.0 1.997 19.0 41.5 20.4 0.55
5 200 25 201.0 2.001 68.7 66.3 8.7 1.54
6 200 25 300.0 2.003 138.0 80.8 8.4 1.85
7 200 25 1011.0 2.012 753.0 129.4 10.4 3.77
8 200 25 499.0 1.000 392.0 108.2 14.3 2.70
9 200 25 499.0 2.994 226.0 91.3 11.1 2.02

10 200 25 499.0 4.011 166.0 83.4 9.28 2.08
11 200 25 499.0 5.001 117.0 76.6 9.18 1.77
12 200 15 499.4 2.002 294.0 102.8 13.7 1.62
13 200 15 300.0 2.011 122.0 88.8 7.7 1.16
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15 200 35 499.4 2.009
16 200 35 304.2 2.002
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ge deviations are given in Table 1. The percentage deviations were
alculated with the following equation:

D = 1
N

N∑
i=1

∣∣∣∣qexp − qpred

qexp

∣∣∣∣ × 100% (10)

The Prausnitz–Radke isotherm and the adsorption equilibrium
ata are graphed in Fig. 1. The percentage deviations were less than
.4% indicating that the Prausnitz–Radke fitted reasonably well the
dsorption equilibrium data.

The effect of the particle diameter on the adsorption capacity
as also investigated by obtaining the adsorption equilibrium data

t the particle diameters of 1.02 and 0.7 mm. The results are shown
n Fig. 1, and it can be noted that the adsorption capacity was inde-
endent on the particle diameter. This result was expected since the
urface area of GAC was not influenced by the particle diameter.

.2. Experimental concentration decay curves of pyridine

During the rate of adsorption experiments, it was observed that
he solution pH decreased slightly and continuously. If the solution
H was not kept constant, the adsorption equilibrium would be
arying with time. This is the reason all the adsorption rate exper-
ments were carried out at a constant pH 10 and the solution pH

as adjusted by adding 0.01 and 0.1N NaOH solutions. The oper-
ting conditions for all the concentration decay curves are given in
able 2.

.3. Calculation of mass transport parameters

An experimental value of the molecular diffusivity of pyridine
n an aqueous solution at infinite dilution was reported to be
AB = 0.58 × 10−5 cm2/s at 15 ◦C [18] and DAB was estimated at the

emperatures of 25 and 35 ◦C by using the following relationship
etween DAB and temperature [18]:

AB ∝ T

�B
(11)

The molecular diffusivities were 0.77 × 10−5 and
.98 × 10−5 cm2/s at the temperatures of 25 and 35 ◦C, respectively.

The external mass transfer coefficient was assessed by the pro-
edure proposed by Furusawa and Smith [19], based on the fact

hat when t → 0 then CAr → 0 and CA → CA0. Substituting these con-
itions in Eq. (1), the following equation can be derived:

d(CA/CA0)
dt

]
t=0

= −mSkL

V
(12)
16.5 41.7 21.4 0.46
07.0 96.7 4.92 3.14
49.5 77.4 7.5 2.94
19.3 40.3 18.3 0.69

The term in the right of Eq. (12) is the slope of the concentration
decay at t = 0 and was estimated by using the first two data points
of the concentration decay curve, at t = 0 and t = 1 min. The values
of kL estimated with Eq. (12) are given in Table 2 and ranged from
3.42 × 10−3 to 21.4 × 10−3 cm/s. These values are within the range
of kL values reported by other authors for rotating basket adsorbers
[14,20].

4.4. Pore volume diffusion model (PVDM)

The relationship between the effective diffusion coefficient, Dep,
in a porous material and the molecular diffusivity, DAB, can be
described by various models. The simplest and commonly used
model is based on the tortuosity factor, �. In this model Dep can
be estimated from the following equation [21–23]:

Dep = DABεp

�
(13)

Leyva-Ramos and Geankoplis [14] studied the intraparticle dif-
fusion of several organic compounds in the same GAC used in this
work. These authors found that � varied between 3 and 4.6, and
recommended using � = 3.5 for this activated carbon.

The experimental concentration decay curves were interpreted
with the PVDM model and the mass transport parameters required
for solving this model were Dep and kL. The Dep was evaluated
with Eq. (13) using � = 3.5 and DAB = 7.7 × 10−6 cm2/s, and the esti-
mated value was Dep = 1.22 × 10−6 cm2/s at 25 ◦C. As indicated
earlier, the kL was evaluated using Eq. (12). In Fig. 2 is depicted
the experimental concentration decay data for Exp. No. 3 and the
concentration decay curve predicted with the PVDM model using
Dep = 1.22 × 10−6 cm2/s and � = 3.5. As it can be seen in this figure,
the PVDM model did not interpret the data and clearly overesti-
mated the concentration decay curve. The time to reach equilibrium
predicted by PVDM was 2400 min, but the experimental value was
120 min (Fig. 2). Thus, the experimental overall adsorption rate was
20 times higher than the overall rate of adsorption predicted by the
PVDM model. This implied that the PVDM model can be fitted to
the experimental data by increasing Dep.

The effect of the size of the pyridine molecule
(0.70 nm × 0.64 nm × 0.30 nm) relative to the average pore diame-
ter would reduce Dep. This effect is commonly known as restricted

diffusion and was not taken into consideration for estimating Dep

[24].
To find the value of Dep that best fitted the experimental data,

the numerical solution of the PVDM model was matched with the
concentration decay data. The optimal value of Dep was evaluated
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tion of pyridine adsorbed on the GAC varied up to 100 mg/g or
103.6 mg/mL. This last value was calculated using the density of
the particle, �P = 1.036 g/cm3. In other words, the concentration in
the adsorbed phase was 100 times greater than that in the solution.
Time (min)

ig. 2. Concentration decay curve for pyridine adsorption on GAC. The lines repre-
ent the PVDM model prediction. Exp. No. 3.

y minimizing the following objective function:

inimum =
N∑
1

(�exp − �pred)2 (14)

The optimal value of Dep was 4.08 × 10−5 cm2/s. The curve pre-
icted with the PVDM model and this Dep value is depicted in
ig. 2, which shows that the PVDM model fitted the experimental
ata reasonably well. However, the optimal Dep value was approx-

mately 5 times greater than the molecular diffusion coefficient of
yridine in water. This means that the pyridine molecules diffused
uch faster within the GAC pore volume than in the aqueous solu-

ion outside the pores. Obviously, this result is impossible because
ep must always be lower than the molecular diffusion coefficient.

t can be inferred that the intraparticle diffusion of pyridine in the
AC was not solely due to the pore volume diffusion, but another
echanism would have to be considered.

.5. Pore volume and surface diffusion model (PVSDM)

The PVSMD model considered that intraparticle diffusion was
ue to both pore volume and surface diffusion mechanisms. In
rder to solve the PVSDM model, kL was calculated from Eq. (12)
nd Dep was evaluated with Eq. (13) assuming that � = 3.5. Hence,
he surface diffusion coefficient, Ds, was the only unknown param-
ter and was evaluated by fitting the numerical solution of the
VSDM model to the concentration decay data. Again, the optimal
alue of Ds was obtained by minimizing Eq. (14). Fig. 3 depicts the
xperimental concentration decay data for Exp. No. 3, and the con-
entration decay curve predicted with the PVSDM model using the
ptimal value of Ds = 1.93 × 10−7 cm2/s, showing that this model
tted the experimental data very satisfactorily.

It is very important to mention that it is a common practice
o neglect pore volume diffusion when surface diffusion is tak-
ng place. However, this assumption had not been substantiated
n many works reported in the literature of adsorption kinetics in
he liquid phase. In order to evaluate the relative contribution of
ach diffusion mechanism to the overall intraparticle diffusion of

yridine, the mass transport due to pore volume diffusion, NAP, and
urface diffusion, NAS, were estimated by the following equations:

AP = −Dep
∂CAr

∂r
(15)
Time (min)

Fig. 3. Concentration decay curve for pyridine adsorption on GAC. The line repre-
sents the PVSDM model prediction. Exp. No. 3.

NAS = −Ds�p
∂q

∂r
(16)

The relative contribution of surface diffusion to the overall intra-
particle diffusion was estimated using the following equation:

NAS

NAS + NAP
= Ds�p ∂q/∂r

Ds�p ∂q/∂r + Dep ∂CAr/∂r
(17)

The relative contribution of surface diffusion with respect to
time at different dimensionless radial positions �(r/R) is plotted in
Fig. 4. The results revealed that the contribution of surface diffusion
always represented over 93.5% of the overall intraparticle diffusion,
regardless of the radial position and time. Hence, the intraparticle
diffusion of pyridine during adsorption on GAC was predominantly
due to surface diffusion.

The importance of surface diffusion can be partly attributed to
the difference in the concentration gradients in the solution and
on the surface of the GAC. The concentration of pyridine in the
solution ranged up to 1000 mg/L or 1 mg/mL, and the concentra-
Fig. 4. Contribution of surface diffusion to the intraparticle diffusion at different
radial positions. Exp. No. 3.
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behavior as that depicted in Fig. 7. Besides, the SDM model satis-
factorily interpreted the experimental data and Ds increased rising
qe (Table 2).
ents the SDM model prediction. Exp. No. 3.

.6. Surface diffusion model (SDM)

According to the SDM model, the intraparticle diffusion is exclu-
ively due to surface diffusion and pore volume diffusion can be
eglected (NAS � NAP). The mass transfer parameters of the SDM
odel are kL and Ds, and as described in Section 4.3, kL was esti-
ated with Eq. (12). The value of Ds was assessed by matching

he numerical solution of the SDM model with the experimen-
al concentration decay data. The best value of Ds was obtained
y minimizing the objective function described by Eq. (14). Fig. 5
hows the concentration decay curve predicted with the SDM
odel and the optimal value of Ds = 2.00 × 10−7 cm2/s. As shown,

he SDM model fitted the experimental data reasonably well.
t is worth mentioning that the value of Ds in the SDM model
Ds = 2.00 × 10−7 cm2/s) is 3.5% higher than the Ds of the PVSDM

odel (Ds = 1.93 × 10−7 cm2/s), confirming that the contribution
f surface diffusion was much greater than that of pore volume
iffusion.

Therefore, it was considered that the adsorption rate of pyridine
n GAC can be satisfactorily interpreted with the SDM model. From
he above the SDM was used in the latter sections of this work.

Few studies have been carried out about surface diffusion in
AC. Traegner and Suidan [25] applied a diffusional model to the
xperimental data of p-Nitrophenol adsorption kinetics on acti-
ated carbon F-400, and obtained a value of Ds = 1.92 × 10−8 cm2/s,
hich is an order of magnitude lower than that found in the present

tudy. Ganguly and Goswami [26] fitted a diffusional model to
he experimental concentration decay data for acetic acid adsorp-
ion on a GAC and demonstrated that Ds for acetic acid ranged
rom 6 × 10−7 to 8.5 × 10−7 cm2/s. McKay and Duri [27] studied the
dsorption rate of two basic dyes (Basic Red 22 and Basic Yellow 21)
n the activated carbon F-400 and reported Ds = 1.3 × 10−11 cm2/s
nd Ds = 8.5 × 10−11 cm2/s, respectively. The adsorption rate of
ethylene blue on activated carbon prepared from palm ker-

el shell was satisfactorily interpreted using a film-concentration
ependent surface diffusion model and the values of Ds at zero sur-
ace coverage ranged from 1.03 × 10−10 to 7.03 × 10−10 cm2/s [16].
n a study about the adsorption rate of pentachlorophenol (PCP)
n a bituminous GAC, Leyva-Ramos et al. [20] demonstrated that
he intraparticle diffusion of PCP was mainly controlled by surface

iffusion, which was dependent on the mass of PCP adsorbed at
quilibrium.
Time (min)

Fig. 6. Effect of the rotating speed on the concentration decay curves for pyridine
adsorption on GAC. The lines represent the SDM model predictions. Exp. Nos. 1–3.

4.7. Effect of mass external transport upon overall adsorption rate

In a rotating basket adsorber, the external mass transport
depends on the impeller speed, particle size, and adsorber geom-
etry. Fig. 6 depicts the concentration decay curves of pyridine at
rotating speeds of 100, 150 and 200 rpm (Exp. Nos. 1–3). It can be
noted that the concentration decay curves at 150 and 200 rpm are
below the decay curve at 100 rpm, and the decay curve at 200 rpm
is overlapping the decay curve at 150 rpm. Furthermore, the time
required to reach equilibrium was 90, 90 and 120 min for rotat-
ing speeds of 200, 150 and 100 rpm, respectively. In other words,
the overall adsorption rate increased 1.33 times (120/90) when the
rotating speed was increased from 100 to 150 rpm, but did not vary
augmenting the speed from 150 to 200 rpm. Moreover, kL increased
4-fold (from 3.42 × 10−3 to 13.8 × 10−3 cm/s) and 1.07-fold (from
13.8 × 10−3 to 14.7 × 10−3 cm/s) when the rotating speed increased
from 100 to 150 rpm and from 150 to 200 rpm, respectively. Hence,
the external mass transport did not affect the overall adsorption
rate at rotating speeds faster than 150 rpm. Thereupon, the rest of
experiments were carried out at a rotating speed of 200 rpm.

4.8. Effect of the mass of pyridine adsorbed on the surface
diffusion coefficient

The effect of the mass of pyridine adsorbed at equilibrium, qe,
on Ds was studied by varying the initial concentration of pyri-
dine and keeping constant the mass of GAC or by changing the
mass of GAC and maintaining constant the initial concentration
of pyridine. For a GAC mass of 2, Fig. 7 depicts the concentration
decay curves at the initial concentrations of 100, 200, 300, 500, and
1000 mg/L (Exp. Nos. 3–7) and the corresponding qe values of 41.5,
66.3, 80.8, 99.9, and 129.4 mg/g, respectively. This figure shows
that the SDM model interpreted the experimental data reasonably
well and that Ds increases with qe. At an initial pyridine concen-
tration of 500 mg/L, the concentration decay curves were obtained
for the GAC quantities of 1, 2, 3, 4, and 5 g (Exp. Nos. 3, 8–11) and
the corresponding qe values were 108.15, 99.92, 91.33, 83.43, and
76.55 mg/g, respectively. The concentration decay curves for Exp.
Nos. 3, 8–11 were not presented because they showed the same
Do [21], Leyva-Ramos et al. [20] and Suzuki [23] have reported
that surface diffusion was the most important intraparticle diffu-
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Table 3
Values of the frequency factor and activation energy for surface diffusion.

Exp. No. T (K) qe (mg/g) q̄e (mg/g) Ds × 107 (cm2/s) Ds0 (cm2/s) Es (kJ/mol)

12 288 102.8 99.8 1.62 0.012 27.62
3 298 99.9 2.00

15 308 96.7 3.14

13 288 88.8 82.3 1.16 0.011 27.08
6 298 80.8 1.85

16 308 77.4 2.94
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14 288 41.7 41.2
4 298 41.5

17 308 40.3

ion mechanism in adsorbents with a large surface area (activated
arbons) and that Ds increased with the mass of solute adsorbed.

The values of Ds in Table 2 clearly showed that Ds increased
ith qe. A possible explanation for this trend was that the pyridine
olecules were initially adsorbed on sites, which required higher

dsorption energy and very few of the adsorbed molecules have
nough energy to be desorbed from a site and diffuse to another
dsorption site. Once the sites with higher adsorption energy were
ccupied, afterwards the pyridine molecules were adsorbed on
ites with lower adsorption energy so more pyridine molecules can
e desorbed and move from one site to another, inferring that Ds

as increasing with surface loading.
The relationship between Ds and qe was interpreted with the

ollowing equation [28,29]:

s = DSq exp(−˛qe) (18)

This equation can be linearly expressed by rearranging it as fol-
ows:

n Ds = ln DSq − ˛qe (19)

The values of DSq and ˛ were estimated by a least-squares
ethod and the best values were DSq = 3.44 × 10−8 cm2/s and

= −0.0194 g/mg. The effect of qe on Ds is shown in Fig. 8 and illus-

rates the linear relationship between ln Ds and qe. Except for one
ata point, Eq. (19) satisfactorily fitted the experimental data.

ig. 7. Effect of the mass of pyridine adsorbed at equilibrium in the concentration
ecay curves for pyridine adsorption on GAC. The lines represent the SDM model
redictions. Exp. Nos. 3–7.
0.46 0.033 33.17
0.55
0.69

4.9. Effect of temperature on the surface diffusion coefficient of
pyridine

Various studies have reported that the dependence of Ds on
temperature can be interpreted with the following equation [30]:

Ds = Ds0 exp
(−ES

RT

)
(20)

The effect of temperature on Ds was investigated by obtaining
concentration decay data at temperatures of 15, 25, and 35 ◦C and at
the initial concentrations of 500, 300, and 100 mg/L (Exp. Nos. 3, 4,
6, 12–17). The mass of GAC in all these experiments was almost kept
constant at 2 g. At a given initial concentration, it was observed that
qe varied slightly with temperature because the adsorption equilib-
rium was tenuously influenced by temperature. For example, at an
initial concentration of 500 mg/L, the values of qe were 102.8, 99.9
and 96.7 mg/g for the temperatures of 15, 25, and 35 ◦C, respectively
(Exp. Nos. 12, 3 and 15). The qe values for these experiments were
averaged since Ds was found to be dependent upon qe. The values
of the average mass of pyridine adsorbed, q̄e, are given in Table 3 for
the initial concentrations of 500, 300 and 100 mg/L, respectively.

Fig. 9 shows the experimental concentration decay data at the
temperatures of 15, 25, and 35 ◦C and the initial concentrations of
500 and 300 mg/L, and the concentration decay curves predicted
with the SDM model. The SDM model satisfactorily interpreted the
experimental data at different temperatures. The values of Ds given
in Table 3 show that Ds was augmented 1.9, 2.5 and 1.5 times at q̄e
of 99.8, 82.3 and 41.2 mg/g, respectively, when the temperature
was increased 20 ◦C. The effect of temperature on Ds is illustrated
in Fig. 10. This behavior was attributed to the fact that the adsorbed
pyridine molecules had greater internal energy when the tem-
perature was increased. Hence, increasing the temperature, the
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ig. 9. Effect of temperature and mass of pyridine adsorbed at equilibrium on the
oncentration decay curves for adsorption of pyridine on GAC. The lines represent
he SDM model predictions. Exp. Nos. 3, 6, 12, 13, 15, and 16.

dsorbed molecules of pyridine required less energy to be desorbed
rom a site and then diffused to another site.

At a constant q̄e, Eq. (20) was fitted to the experimental values
f Ds at different temperatures (see Table 3). The constants Ds0 and
s were estimated by using a non-linear estimation method. The
alues of these constants are given in Table 3 and Eq. (20) is plotted
n Fig. 10. As seen in this figure, the dependence of Ds on tempera-
ure can be well represented by an Arrhenius-typed equation, and
he values of Es and Ds0 are within the range of values reported in
he literature [31]

.10. Effect of particle diameter on the surface diffusion
oefficient

This effect was investigated by obtaining the adsorption rate
ata under the same experimental conditions but changing the par-
icle diameter. The particle diameters tested in this work were 0.70

nd 1.02 mm. It was noticed that the time to reach equilibrium was
ecreased from 120 to around 70 min while reducing the diame-
er of the particles from 1.02 to 0.70 mm, respectively. Hence, the
verall adsorption rate increased 1.7 times when the diameter of
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Fig. 10. Effect of temperature on Ds . The lines represent Eq. (20).
ering Journal 165 (2010) 133–141

the particle was diminished 1.5 times. This behavior was due to the
overall adsorption rate of pyridine was controlled by intraparticle
diffusion. If the particle diameter were smaller, then the pyridine
molecule would diffuse a shorter distance from the external sur-
face to the active sites inside the pores, resulting in a faster overall
adsorption rate.

In this case the concentration decay data and the concentra-
tion decay curves predicted with the SDM model were not graphed
because they exhibited the same trend as those presented in
Figs. 3, 5 and 7. The SDM model satisfactorily predicted the con-
centration decay, and the Ds varied very slightly with the particle
diameter, but Ds can be essentially considered independent on the
particle diameter. In surface diffusion the molecules move along the
surface of the pores hence Ds cannot be dependent on the particle
size.

5. Conclusions

In a rotating basket adsorber, the external mass transport did
not affect the overall adsorption rate of pyridine on GAC for rotating
speeds above 150 rpm.

The PVDM model considering that pore volume diffusion was
the controlling mechanism and surface diffusion was negligible,
was reasonably well fitted to the experimental concentration decay
data. However, Dep values were much greater than the molecu-
lar diffusion coefficient of pyridine in water. Hence, the Dep values
assessed with the PVDM model were incorrect.

The PVSDM model assuming that pore volume and surface dif-
fusion were both important in intraparticle diffusion, satisfactorily
fitted the experimental data. In this model, Dep was calculated by
using the tortuosity factor equation (� = 3.5), and Ds was obtained
by fitting the PVSDM model to the experimental data. The contri-
bution of surface diffusion to intraparticle diffusion was calculated,
showing that surface diffusion represented more than 93.5% of
intraparticle diffusion. This finding confirmed that surface diffu-
sion is the controlling mechanism of the overall rate of adsorption
and pore volume diffusion can be neglected.

The SDM model considered that intraparticle diffusion was
solely due to surface diffusion. The SDM modeled reasonably well
the concentration decay data for pyridine adsorption on GAC at dif-
ferent experimental conditions. Furthermore, it was found that Ds

was augmented by increasing qe and T, and independent on particle
diameter.
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