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Adsorption of lindane from water onto GAC:
effect of carbon loading on kinetic behavior
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Abstract

Batch kinetic experiments of adsorption of lindane in dilute aqueous solution onto F-400 granular activated carbon (GAC) with different
carbon weight and initial concentration were analyzed. Concentration decay of lindane was measured by means of SPME (solid phase micro
extraction). A high level of energetic and structural heterogeneity of the F-400 activated carbon was observed by means of TG analysis. An
adsorption model including film-, macropore-, and micropore-diffusion based on the branched pore model was fitted to experimental data.
The effect of carbon loading on model parameters can be summarized as follows: (i) the effective macropore diffusivity, including pore and
surface diffusivity, and the micropore rate coefficient have little dependence on carbon loading, and (ii) the fraction of adsorptive capacity
in macropores depends strongly on carbon loading, which is attributed to the difference in adsorptive affinity in macro- and micropores.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Organic pesticides have been present in raw water sup-
plies since about 1940. They are toxic and hazardous to var-
ious target organisms, including humans. The chemical and
biological stability of many pesticides, together with their
hydrophobic behavior, has made adsorption onto activated
carbon a feasible and effective treatment for their removal.
Lindane (�-isomer of hexachlorocyclohexane) is one exam-
ple of these compounds [1]. This pesticide has a broad range
of application [2], and it is included in the environmental
protection agency’s (EPA) list of organic priority pollutants
[3]. This contaminant has been detected in surface water
sources at residual levels up to 0.15�g l−1 [4]. There is some
information in the literature concerning the adsorption of
lindane on activated carbon [1,5]. These studies show that
activated carbon can be used to reduce the concentration of
this pesticide down to the potable level, but no information
is given about the parameters needed to describe the dy-
namics of the system. Kouras et al. [4] studied the aqueous
adsorption kinetics of lindane onto powdered activated car-
bon, using an empirical model to describe the experimen-
tal results. Although this kind of models are widely used to
design adsorption systems, models with a theoretical basis
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have some advantages in this respect because a wider range
of conditions, as well as a larger number of variables, can
be considered.

The design of adsorption systems requires to obtain the so-
lute concentration decay curves for the sorbate/sorbent sys-
tem as the starting point, as well as the adsorption capacity of
the sorbent as a function of sorbate concentration (adsorption
isotherm). The description of adsorption kinetics involves
the comparison of the experimental concentration decay
curves with those predicted with a model, which can have
an empirical or theoretical basis, in order to estimate the ki-
netic parameters. Several models can be proposed depending
on the mechanism of transport assumed inside the particle,
which can be diffusion in the liquid-filled pores, diffusion in
the adsorbed phase (surface diffusion) and both mechanisms
in parallel. The literature is rich with research work on the
description of adsorption systems with theoretical models.
The pore diffusion model was used by Liapis and Rippin [6]
to describe literature data of the adsorption of alcohols on
activated carbon and by Garcia et al. [7] for the adsorption of
phenolic mixtures on a polymeric adsorbent. The model that
has probably received more attention is the homogeneous
solid diffusion model (HSDM), which is based on the as-
sumption that the concentration in the internal liquid-phase
is negligible and surface diffusion dominates. This model
has been used by Crittenden and Weber [8,9], Al-Duri and
McKay [10] and McKay [11]. Chatzopoulos et al. [12] used
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Nomenclature

c concentration in the pores (mg l−1)
C liquid-phase concentration (mg l−1)
d diameter (cm)
D diffusivity in macropores (cm2 s−1)
E characteristic energy of the D–R equation

(J mol−1)
f fraction of adsorptive capacity in the

macropore region
〈f〉 average fraction of adsorptive capacity in

the macropore region
H Henry’s law constant
kb micropore rate coefficient (s−1)
kL external mass transfer coefficient (cm s−1)
KF Freundlich constant
n adsorbed-phase concentration

(mg in macro- or micropore region/g)
nF Freundlich exponent
N impeller speed (s−1); number of

experimental points
pi empirical parameteri
q adsorbed phase concentration

(mg (g of macro- or micropore region, or
including both regions)−1)

r radial variable (cm)
R particle radius (cm); gas constant

(J mol−1 K−1)
RMS parameter defined in Eq. (19)
t time (s)
T temperature (K)
V liquid volume (l)
W mass of carbon (g)

Greek letters
α particle porosity
ρ particle density (g cm−3)
τ tortuosity

Subscripts and superscripts
b branch or micropore
e equilibrium in all the adsorbent particle
m macropore
p pore; particle
s surface; saturation
T including macro- and micropores
0 initial value
∗ effective value

this model taking into account that surface diffusivity de-
pends on concentration. Models considering both mecha-
nisms in parallel have been used by Neretnieks [13], Fritz
et al. [14], Costa et al. [15] and Calleja et al. [16]. Advanced
models take into account the structural heterogeneity of ac-
tivated carbon by assuming a bidisperse structure [17].

The aim of this paper is to study the adsorption kinetics
of lindane onto granular activated carbon (GAC) in a batch
system. A wide concentration interval was considered both
in equilibrium and kinetic experiments, reaching the max-
imum level permitted by European legislation (0.1�g l−1).
A model assuming a bidisperse structure (macro- and mi-
cropores), each region having different adsorption isotherm,
was used to describe the system, and the effect of carbon
loading on kinetic behavior was studied by changing both
the initial concentration of sorbate and the sorbent weight.

2. Experimental

2.1. Materials and methods

Lindane (99%) was supplied by Sigma. Alachor
(2-chloro-2′,6′diethyl-N-methoxymethylacetanilide) (99.4%)
was supplied by Chem Service. Solutions were prepared
with distilled water passed through a Milli-Q water purifier
(Millipore Corporation). The sorbent was a commercial
GAC, Filtrasorb 400, supplied by Chemviron Carbon. The
sieve fraction between 0.84 and 1 mm was selected. The
activated carbon was stored at 110◦C, boiled in water dur-
ing 20 min, and cooled by adding water prior to use. The
physical properties of the carbon were determined by N2
porosimetry (Asap 2000, Micromeritics) and Hg porosime-
try (Pascal 240, Fisons), and the results are shown in Table 1.

Experimental solutions were prepared by adding weighed
amounts of lindane to water in a Pyrex flask, leaving the so-
lution under heating and stirring with reflux overnight, and
letting the solution cool down to room temperature. Solu-
tions of 10 mg l−1 prepared with this method were transpar-
ent, and no crystallization of lindane was observed in several
months.

Equilibrium experiments were performed in 0.2 l Pyrex
flasks using the bottle-point technique, including a blank.
Weighed amounts of sorbent were added to each bottle con-
taining a solution of lindane. The bottles were immediately
closed and agitated in a constant temperature bath until equi-
librium was reached. The initial concentration was the same
for all the bottles (10 mg l−1). Contact time in equilibrium

Table 1
Physical properties of F-400 activated carbon

BET surface area (m2 g−1) 1070
Skeletal density (g cm−3) 2.400

Pore volume (cm3 g−1)
Micropores(dp < 20 Å) 0.475
Mesopores(20< dp < 500 Å) 0.052
Macropores(dp > 500 Å) 0.355
Total 0.882

Particle densitya (g cm−3) 0.770
Average particle size (cm) 0.092

a Density (Hg).
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experiments was 1 month enough to reach equilibrium con-
ditions. No change of concentration was observed in the
blank experiment. The adsorbed concentration at equilib-
rium, qe, was obtained from the mass balance equation with
the equilibrium liquid concentration,Ce,

qe = V

W
(C0 − Ce) (1)

whereV is the solution volume,W the sorbent weight, and
C0 the initial liquid concentration.

Kinetic experiments were conducted in a 5 l Pyrex spher-
ical tank, provided with a four-bladed, flat stainless steel
impeller, and four baffles. A Heidolph Type RZR1 variable
speed motor was used to drive the impeller. A constant tem-
perature bath containing the tank was also used. Samples of
10 ml approx. were taken at several times and centrifuged
to prevent fine carbon particles caused by attrition from
affecting the analysis, which was observed in preliminary
experiments. Nevertheless, the samples were always trans-
parent, indicating that the level of attrition was very low.
No variation in size or shape of the initial carbon granules
was detectable after being recovered and dried. Since, the
total extracted volume was very small compared to the total
one, it was considered that the liquid volume remained con-
stant during each experiment. Both equilibrium and kinetic
experiments were done at 25◦C.

The carbon sample studied by TG was prepared by im-
mersing 31 mg of carbon into 0.5 l of a lindane solution with
an initial concentration of 10 mg l−1. After a month at room
temperature, the liquid concentration was 0.018 mg l−1. The
carbon loading was estimated with Eq. (1), resulting in
161 mg g−1. The carbon particles were separated and dried
at room temperature. A virgin carbon sample boiled in water
and dried at room temperature, and a carbon sample loaded
with alachlor from an aqueous solution of 10 mg l−1 and
dried in the same way, were subjected to same analysis for
comparison.

2.2. Analytical procedures

Analyses were carried out by means of SPME (solid phase
micro extraction) and gas chromatography. A manual SPME
holder was used with a 100�m poly(dimethylsiloxane) fiber
assembly (Supelco). Samples with concentration higher than
0.1 mg l−1 were diluted by 1/100. Samples were placed in
4 ml vials, each of them containing a magnetic bar. The vials
were placed in an SPME sampling stand (Supelco), which
was lying on a heat/stir plate. The fiber was immersed into
the sample. Extraction time was 5 min at 40◦C with ag-
itation. The fiber was then immediately inserted into the
GC injector, and the analysis was performed. The desorp-
tion time was 5 min and the desorption temperature was
set at 250◦C. A Varian 3400 gas chromatograph fitted with
a 15 m× 0.25 mm i.d. 0.25�m film column packed with
SPB-5 (Supelco) and equipped with a63Ni electron capture
detector (ECD) was employed for the analysis. Nitrogen was

used as a carrier gas. Temperatures for the injector and the
detector were 250 and 200◦C, respectively. A calibration
curve of peak areas vs. concentration was used for concen-
tration determination. Each sample was analyzed at least two
times, resulting in relative standard deviations of peak areas
of about 6%. From the estimation of the proportionality con-
stant between the peak area and the mass of lindane injected
(using a lindane solution inn-hexane of 10 mg l−1), it was
estimated that the fiber/water concentration ratio obtained
with the analytical method described above was about 250.

Thermogravimetrical analysis was performed with a
Exstar TG/DTA 6200 equipment (Seiko Instruments), with
a flow of helium of 100 ml min−1 and a heating rate of
10◦C min−1.

3. Model description

A model based on the biporous structure proposed by
Peel et al. [17] was used to describe the kinetic behavior
of the system lindane–GAC. In this model, the carbon par-
ticle is partitioned into two regions: macropores, in which
an initial rapid uptake occurs; and micropores, in which
restricted diffusion takes place and the remaining capacity
to equilibrium is utilized. As micropores branch off macro-
pores, mass transfer proceeds through three different steps
coupled in series: (i) mass transfer from fluid phase to
particle surface, (ii) diffusion in the macropore region and
(iii) diffusion in the micropore region. However, a different
approach is proposed to define the fraction of macropore
region. In the model of Peel et al. [17], the fraction of
macropore region (both in weight and volume) is repre-
sented by the parameterf, and the following equations are
applicable when equilibrium is reached:

f

(
g of macropore region

g of particle

)
qe

m

(
mg of solute

g of macropore region

)

+(1 − f )
(

g of micropore region

g of particle

)

×qe
b

(
mg of solute

g of micropore region

)
= qe

T

(
mg of solute

g of particle

)
(2)

qe
m

(
mg of solute

g of macropore region

)

= qe
b

(
mg of solute

g of micropore region

)

= qe
T

(
mg of solute

g of particle

)
(3)

For this model, the parameterf is expected to be constant
since it is related to the pore volume distribution of the sor-
bent. In Eq. (3), it is implicitly assumed that the isotherms in
macro- and micropores (in the units indicated) are the same
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as the total isotherm (measured experimentally). However,
this assumption is not realistic, since the energetic distribu-
tion is different in macro- and micropores. The true equi-
librium condition is the equality of chemical potentials, not
the equality of adsorbed concentrations. It is reasonable to
propose a less favorable isotherm in macropores. In order
to consider this possibility in the model, new variables have
been defined with the units (mg in macropore region)/(g of
total particle) (nm) and mg in micropore region g−1 of total
particle (nb). Therefore, at equilibrium, the total adsorptive
capacity is expressed as the sum of two terms

qe
T(Ce) = ne

m(Ce)+ ne
b(Ce) (4)

The total isotherm, which can be obtained experimentally,
results from the sum of the isotherms in macro- and microp-
ores. Accordingly, the total adsorbed-phase concentration in
a spherical differential volume with thickness dr at any time
is divided in two fractions;nm, in equilibrium with the cor-
responding liquid concentration (cm), andnb, for which the
liquid-phase is considered negligible. The spatial coordinate
for the flux in macropores is the radial direction, whereas
the one for micropores is perpendicular to it. Therefore, the
flux in the radial direction only occurs through macropores.
The mass balance in macropores is given by

αm
∂cm

∂t
+ ρ ∂nm

∂t
= 1

r2

∂

∂r

(
r2D∗

p
∂cm

∂r

)
− ρRb (5)

whereαm is the macropore fraction (cm3 macropore/cm3

particle),D∗
p the effective macropore diffusivity (referred

to the total particle cross-sectional area) andRb the rate of
transfer from the macropore network to the micropores or
branched pores (mg/(g s)). The mass balance in micropores
is expressed as

∂nb

∂t
= Rb (6)

The isotherm in macropores can be described as a fraction
of the total experimental isotherm

ne
m = fqe

m(cm) (7)

where the parameterf now represents the fraction of adsorp-
tive capacity in macropores(f ≤ 1). It is important to note
that this parameter may depend on concentration. The ad-
sorptive affinity is normally lower in macropores, so it may
be expected that the curvature of the isotherm in this re-
gion is lower than the one of the total isotherm, leading to a
concentration-dependentf. For example, if the isotherm in
macropores is linear, and the total isotherm is favorable,f
increases with concentration(f (c) = ne

m(c)/q
e
T(c)). A con-

stant average value off was considered as a fitting parameter
of the model for each kinetic run (〈f〉), which may depend
on the concentration interval of the experiment.

The following equation can be proposed forRb, assuming
a linear driving force between macro- and micropores

Rb = k′b((1 − 〈f 〉)qT(cm)− nb) (8)

which is based on the fact that the adsorbed concentration
at the micropore mouth is in equilibrium withcm(nb =
(1−〈f 〉)qT), so that the proposed linear driving force is valid
to quantify the deviation from equilibrium in micropores for
a givencm. The parameterk′b represents a micropore rate
coefficient. There exists a simple relationship between this
parameter and the micropore rate coefficient (kb, Eq. (9))
proposed by Peel et al. [17]

(1 − f )∂qb

∂t
= kb(qT(cm)− qb) (9)

Rewriting Eq. (8)

Rb = ∂nb

∂t
= k′b(1 − 〈f 〉)

(
qT(cm)− nb

1 − 〈f 〉
)

(10)

Introducing a change of variable(qb = nb/(1 − 〈f 〉)),

(1 − 〈f 〉)∂qb

∂t
= k′b(1 − 〈f 〉)(qT(cm)− qb) (11)

So it is deduced thatkb = k′b(1 − 〈f 〉). For the sake of
comparison with literature results,kb was considered as the
fitting parameter representing the micropore rate coefficient.
On this basis, the macropore mass balance can be written as
follows:

∂cm

∂t
=

(1/r2)(∂/∂r)(r2D∗
p(∂cm/∂r))

−ρkb(qT(cm)− (nb/(1 − 〈f 〉)))
αm + ρ〈f 〉(dqT/dcm)

(12)

The micropore mass balance is

∂nb

∂t
= kb

(
qT(cm)− nb

1 − 〈f 〉
)

(13)

The differential external mass balance is given by

V
dC

dt
= −3W

ρR

(
D∗

p
∂cm

∂r

)
r=R

(14)

C being the solute concentration in the tank,V the volume
of the liquid-phase,W the mass of sorbent andR the particle
radius.

The initial and boundary conditions are

t = 0, C = C0, t = 0, 0< r < R,

cm = 0, nm = 0, t > 0, r = 0,
∂cm

∂r
= 0,

∂nm

∂r
= 0 (15)

C0 being the initial value of solute concentration. Coupling
between the liquid and solid phases is achieved by equating
the fluxes at the solid–liquid interface:

kL(C − cr=R) =
(
D∗

p
∂cm

∂r

)
r=R

(16)

wherekL is the external mass-transfer coefficient.
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The effective macropore diffusivity is

D∗
p = αm

Dm

τ
+ ρDs

dnm

dcm
(17)

whereDm is the free molecular diffusivity of the sorbate
in the solvent,τ the tortuosity,Ds the surface diffusiv-
ity, and dnm/dcm the slope of the adsorption isotherm in
macropores. In this work, it was assumed that the effec-
tive pore diffusivity was constant, which is equivalent to
assume that the productDs(dnm/dcm) is constant. The free
molecular diffusivity of lindane was estimated from a lit-
erature correlation, resulting in 5.65 × 10−6 cm2 s−1 [18].
The value ofαm was set to 0.31 according to the pore
volume distribution (including macro- and mesoporosity,
Table 1). The tortuosity was set to 4, an intermediate value
within the typical range of this parameter (2–6 [19]). The
assumption of constant effective pore diffusion in the ad-
sorption onto activated carbon, in systems where surface
diffusion is the controlling step, has been validated in the
literature by several authors [14,16,20]. It is valid for sys-
tems with linear isotherm or with energetic heterogeneity
where the decrease of the slope of the adsorption isotherm
compensates for the increase of surface diffusivity when the
concentration inside the sorbent increases, which usually
applies in the adsorption of organic solutes onto activated
carbon. Nevertheless, many adsorption studies in the lit-
erature are based on the application of a kinetic model
with constant surface diffusivity rather than constant pore
diffusivity, probably because this model is more intuitive
when surface diffusion dominates the internal transport.
Neretnieks [13] showed that there exists an approximate
relationship between the effective pore diffusivity and the
effective surface diffusivity (assumed to be constant) in
a batch system, which has been adapted to the biporous
model

D∗
p = αm

Dm

τ
+ ρ〈Ds〉nm(C0)

C0

= αm
Dm

τ
+ ρ〈Ds〉f (q0)q0

C0
(18)

where 〈Ds〉 is the effective surface diffusivity, andq0 the
total adsorbed concentration in equilibrium withC0. The pa-
rameter〈Ds〉 represents an average value of macropore sur-
face diffusivity for a kinetic run in a batch system, which
depends on the equilibrium adsorbed concentration in each
run [21]. An expression similar to Eq. (18) has been pro-
posed elsewhere to relate the effective pore and surface dif-
fusivities in a GAC column [22].

4. Numerical methods

The best parameter values for all the fitting procedures
performed in this work were calculated as those that min-
imize the root mean square (RMS) of the normalized

residuals, defined in Eq. (19)

RMS =
[

1

N

i=N∑
i=1

(
yexp,i − ycal,i

yexp,i

)2
]12

× 100 (19)

whereN is the number of experimental points andy the de-
pendent variable. This objective function was used because
the range ofyexp (concentration) was of several orders of
magnitude, all the values ofyexp having the same impor-
tance in Eq. (19). Afortran subroutine available in the
literature based on the Nelder and Mead optimization proce-
dure was employed for this purpose [23]. A first estimation
of the adjustable parameters was made by comparing the
calculated curves with the experimental results visually, in
order to start the minimization procedure. The 95% con-
fidence limits of the parameter values were estimated on
linear hypothesis [24].

The method of orthogonal collocation [25] was used
to discretize the set of PDEs resulting from the model in
the radial coordinate. Afortran subroutine based on the
Runge–Kutta–Fehlberg method [26] was employed to inte-
grate the ordinary differential equations resulting from each
model analyzed. The concentration at the particle surface
for a given time is calculated introducing the external con-
centration and the concentration at the internal collocation
points in Eq. (16), since the gradient at the particle surface is
a linear combination of the concentrations at the collocation
points, including the concentration at the macropore mouth.
This method includes an adaptive step size procedure. Six
collocation points proved to be sufficient to observe no
change in the calculated evolution of solute concentration.

For the two-resistance model considering the depen-
dence on concentration of surface diffusivity explicitly, the
PDECOL package was used [27], which is based on the
method of orthogonal collocation in finite elements. The ra-
dial coordinate was subdivided in 50 subintervals, with two
collocation points in each subinterval, which was enough
to observe no change in the calculated evolution of solute
concentration. For this model, the mass balance in the pore
was written as follows:

∂c

∂t
= (1/r2)(∂/∂r)(r2D∗

p(∂c/∂r))

α + ρ(dqT/dc)

= F∇2c + (dF/dc)(∂c/∂r)2
α + ρ(dqT/dc)

(20)

whereF = (Dmα/τ)+ρDs(c)(dq/dc), this variable replac-
ing the effective pore diffusivity in the boundary condition
at the particle surface (Eq. (16)).

5. Results and discussion

5.1. Adsorption equilibrium

Fig. 1 presents equilibrium data for lindane in aque-
ous solution onto F-400 activated carbon at 25◦C. The
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Fig. 1. Equilibrium isotherm for aqueous lindane adsorption on F-400
GAC at 25◦C.

experimental points were fitted to several well-known equa-
tions for adsorption isotherms. Results are presented in
Table 2. The Langmuir isotherm gave the poorest fit, de-
viating considerably at high liquid concentrations, which
can be attributed to the energetic heterogeneity of the ac-
tivated carbon surface. The Freundlich isotherm yielded a
better fit, but this equation cannot account for the slight
curvature showed by the experimental isotherm on double
logarithmic scale in the interval of concentrations studied.
The best fit among the two-parameters isotherms was given
by the Dubinin–Radushkevich equation, which also yielded
optimum values of the parameters with an acceptable level
of significance. In order to improve the fitting quality, a
three parameter isotherm, the Radke–Prausnitz equation
was tested. The improvement of the fit provided by this
equation does not compensate for the loss of significance
of the new parameters. Therefore, it was discarded and the
Dubinin–Radushkevich equation was selected for further
use. The value of the parameterE (17 kJ mol−1) in this
equation represents an average value of the energy released

Table 2
Parameter and RMS values of the isotherm equations tested

Isotherm model Parameters values RMS (%)

Langmuir: qe = qsbCe

1 + bCe
qs = 181± 45 mg g−1a, b = 1705± 1065 l mg−1 23.3

Dubinin–Radushkevichb: qs = 487± 72 mg g−1, E = 17.7 ± 0.8 kJ mol−1 9.6

qe = qs exp

[
−
(

RT

E
ln

(
cs

Ce

))2
]

9.6

Freundlich:qe = KFC
nF
e KF = 741± 193 mg g−1(l mg−1)nF , nF = 0.311± 0.04 14.1

Radke–Prausnitz:qe =
(

1

ACe
+ 1

BCde

)−1

A = (6.98± 4.3)× 105 mg g−1 l mg−1,

B = 550± 156 mg g−1 (l mg−1)d , d = 0.230± 0.06
9.4

a 95% confidence limits.
b cs: solubility of lindane in water at 25◦C (10 mg l−1) [2].

Fig. 2. TG and DTG curves of F-400 GAC loaded with lindane and
alachlor, compared to the curves corresponding to the fresh adsorbent.

during the adsorption process. Considering that the upper
limit for physical adsorption is about 80 kJ mol−1 [3], it is
deduced that the adsorption of lindane onto activated carbon
has a physical nature. According to this, the thermal de-
sorption of this compound should be relatively easy. In order
to study this point, samples of clean carbon boiled in water
and carbon loaded with lindane were subjected to thermo-
gravimetric analysis. Results are shown in Fig. 2. From
the DTG curve, it was estimated that lindane desorption
starts at 100◦C and finishes at 440◦C. Two steps are distin-
guished in this process, the first from 100 to 230◦C, where
the weight percentage changes from 98.23 to 92.55%, and
the second from 230 to 440◦C, where the variation is from
98.23 to 85.34%. Thus, the carbon loading estimated from
the TG analysis is(0.9823− 0.8534)/0.8534× 1000 =
151 mg g−1, which is similar to that estimated from the
mass balance (161 mg g−1). This result agrees with the hy-
pothesis of physical adsorption, since it indicates that little
residue remains after desorption. If irreversible adsorption
occurs, the thermal treatment generally leads to a significant
amount of residue on the carbon [28].

The two steps in the desorption process indicate that there
is a change of mechanism in the desorption process, which
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could be attributed to the beginning of lindane decompo-
sition at 200◦C. However, this hypothesis was discarded
on the grounds of the well-defined boiling point of lindane
(323.4◦C [29]). Furthermore, the formation of gaseous com-
ponents due to decomposition should lead to an increase in
weight loss rate with respect to the initial one due to vapor-
ization [28], which does not occur in this case.

This result can derive from the existence of two zones
with different adsorption energy for lindane. The first peak
in the DTG curve can be attributed to the lindane adsorbed
in macropores and the second one to that adsorbed in
micropores. The fraction of lindane desorbed in the first
step (about 44%) is similar to the fraction of macro- and
mesopores deduced from the pore size distribution (46.1%,
Table 1), which is in good agreement with this hypothe-
sis. Nevertheless, this similarity must be considered only
qualitatively, since not all the pores are accessible to lin-
dane, and the adsorption mechanism in large pores differs
significantly from the volumetric filling occurring in micro-
pores. In order to confirm this hypothesis, the same analysis
was performed with a carbon sample loaded with alachlor,
other chlorinated pesticide (boiling point, 355◦C, supplied
by Chem Service), the results being shown in Fig. 2. It is
observed that the desorption of this compound follows the
same pattern, the desorption occurring at higher tempera-
tures because of its higher boiling point. This result agrees
with the hypothesis that the two steps in the desorption pro-
cess stem from the structural heterogeneity of the adsorbent.

5.2. Adsorption kinetics

A set of kinetic experiments were performed changing
the weight of sorbent and the initial liquid concentration.
Table 3 shows the conditions of each experiment; concen-
tration decay curves are shown in Fig. 4 (varying carbon
weight) and Fig. 5 (varying initial concentration). A change
in the slope of the kinetic curve before reaching the equi-
librium concentration was observed in all the experiments,
which indicates that there is a change in the controlling step
of the adsorption process. In preliminary tests, it was ob-
served that two-resistance models were not able to repro-
duce the experimental data, including a model where the

Table 3
Data of aqueous lindane-activated carbon kinetic runs

Run numbera W (g) C0 (mg l−1)

1 1 10
2 1 10
3 1 0.83
4 1 3.33
5 0.3 10
6 0.5 10
7 4 10
8 8 10

a All the experiments have been done at 25◦C, N = 400 rpm and
with a liquid volume of 3 l.

Fig. 3. Comparison of theoretical and experimental curves for the
two-resistance model with concentration-dependent surface diffusivity for
runs 7 and 8 (Table 3).

dependence of surface diffusivity on concentration was con-
sidered explicitly. The equation proposed by Seidel and Carl
[30] was used to describe this dependence, taking into ac-
count the equilibrium relationshipq(c)

Ds = Ds0

(
c

cs

)a
(21)

whereDs0 is the surface diffusivity at saturation anda the
ratio between the activation energy of surface diffusion and
the adsorption energy. The poorest fitting results, which are
shown in Fig. 3, were obtained with runs 7 and 8, leading
to the following values of the adjustable parameters; run 7,
kL = 5.4 × 10−3 cm s−1, Ds0 = 1.6 × 10−9 cm2 s−1, a =
0.80, RMS= 38%; run 8,kL = 5.5 × 10−3 cm s−1, Ds0 =
6.8 × 10−9 cm2 s−1, a = 0.65, RMS= 59%.

The data from each of the experiments were regressed
using the bidisperse model described before, the adjustable
parameters beingkL,D∗

p, 〈f〉 andkb. A comparison between
the calculated and experimental concentration decay curves
is shown in Figs. 4 and 5. Best values of adjustable param-
eters are shown in Table 4. The equilibrium concentration
in the adsorbed phase,qe, for each experiment is included.
This variable has been selected as a measure of the carbon
loading corresponding to each set of parameters [21]. The
results in Figs. 4 and 5 show that the model agree well with
the experimental data in the whole range of the adsorption
period for all the kinetic runs, verifying the adequacy of the
model to the system studied.

5.3. Significance of the external mass transfer coefficient

The calculation of the external mass transfer coefficient
by non-linear regression can result in unrealistic values for
this parameter, which has been previously observed by some
authors [31,32]. From a qualitative point of view, the results
in Table 4 show thatkL changes little and randomly, which
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Fig. 4. Effect of the weight of adsorbent on the rate of lindane adsorption
on F-400 activated carbon.

Fig. 5. Effect of the initial concentration on the rate of lindane adsorption
on F-400 activated carbon.

is a first indication that the estimated values have physical
meaning. The significance of these values has been tested
by comparing them to those obtained with several hydrody-
namic correlations from literature. Three of these relations

Table 4
Fitting results of the biporous model

Run qe (mg g−1) kL (10−3 cm s−1) D∗
p (10−4 cm2 s−1)1 〈 f 〉 kb (10−8 s−1) RMS (%)

5 100 7.4 ± 0.7 1.75± 0.3 0.31± 0.05 5.8 ± 4.0 8.0
6 60 5.5 ± 0.8 4.50± 0.4 0.28± 0.04 4.4 ± 3.0 14.0
1, 2 30 5.7 ± 0.8 2.50± 0.4 0.18± 0.02 4.3 ± 0.5 14.0
4 10 5.7 ± 0.9 4.80± 1.7 0.064± 0.02 4.6 ± 1.0 5.0
7 7.5 6.5 ± 0.5 2.50± 0.5 0.034± 0.004 2.4 ± 0.3 12.5
8 3.75 7.0 ± 1.0 3.25± 0.5 0.021± 0.001 7.2 ± 0.7 18.6
3 2.5 6.6 ± 1.0 3.1 ± 0.6 0.014± 0.001 1.5 ± 0.3 8.4

Table 5
Values of the external transfer coefficient estimated with literature corre-
lations

Reference p1 p2 p3 kL (10−3 cm s−1)

[31] 1.30 0.170 0.25 4.13 (−35%)a

[33] 0.64 0.197 0.33 5.03 (−21%)
[19] 0.74 0.175 0.33 4.61 (−27%)

a Error with respect to the average value in Table 4.

have been considered in this study. All of them have the form

Sh= 2 + p1

(
εd4

p

r3

)p2

Scp3 (22)

where the parameters have the following meaning:Sh, Sher-
wood number (kLdp/Df ); Sc, Schmidt number (ν/Df ); ε,
power input per unit fluid mass,(NpoN

3T 5/V ); ν, kine-
matic viscosity of water (10−2 cm2 s−1); dp, particle diame-
ter (Table 1);Df , free lindane–water diffusivity (estimated)
(5.65× 10−6 cm2 s−1) [18]; Npo, power number, 6 [19];N,
impeller speed (6.66 s−1); T, impeller diameter (5 cm);V,
liquid volume (3× 10−3 m3). The values of the parameters
p1, p2 andp3 for the correlations used in this work and the
values ofkL estimated are shown in Table 5. The predicted
and experimental values are of the same order of magnitude,
so the values ofkL can be considered as significant. The
deviation between predicted and estimated values can be as-
cribed to several reasons: (i) there is an error of 20–30% in
the estimation of free liquid diffusivity of the solute with
literature correlations [20] and (ii) surface roughness of acti-
vated carbon may affect the external mass transfer coefficient
[10].

5.4. Effect of the carbon loading on the internal
transport parameters

From the results in Table 4, it is observed that the ef-
fect of carbon loading onD∗

p has little significance, this pa-

rameter being of the order of 2× 10−4 cm2 s−1. This value
is much higher than the effective macropore diffusivity for
all the experiments considering diffusion in the liquid-phase
only (first term in Eq. (17)). Therefore, the surface diffu-
sion mechanism is dominant for the system lindane-activated
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carbon. The average value of the effective macropore diffu-
sivity is similar to those of other solutes adsorbed on acti-
vated carbon, for which surface diffusion is also dominant;
Calleja et al. [16] obtained values ofD∗

p ranging from 0.5

to 5 × 10−4 cm2 s−1 for p-nitrophenol, and Van Lier [20]
obtained values ranging from 0.2 to 4× 10−4 cm2 s−1 for
nitrobenzene. Eq. (18) was used for estimating the effective
surface diffusivity of lindane on activated carbon forC0 =
10 mg l−1, resulting in 2×10−8 cm2 s−1, which is of the or-
der of the surface diffusivities of other aqueous organic com-
pounds in activated carbon (o-chlorophenol, dichlorophenol,
benzoic acid [21]).

Similarly, the effect of carbon loading onkb is not very
strong. This result agrees with that observed by other au-
thors [17,34]. Although the estimation of this parameter is
difficult, since long adsorption periods are needed for this
parameter to be adequately measured, the linear approach
for the micropore transport seems to be adequate for de-
scribing the adsorptive behavior of this system in the ad-
sorption period considered. The order of this parameter for
lindane in F-400 activated carbon (10−8 s−1) is quite lower
than the one of phenol in the same adsorbent (10−6 s−1

[17]), which can be attributed to the higher size of lin-
dane (290 vs. 90 g mol−1), resulting in a lower diffusivity in
micropores.

The dependence of〈 f 〉 on carbon loading is plotted in
Fig. 6. It is observed that this dependence is significant for
this parameter,〈 f 〉 being quite low at low carbon loadings
and tending to an upper limit whenqe increases. This varia-
tion must be taken into account to describe the experimental
results accurately at low carbon loadings, since the model
is very sensitive to the parameter〈 f 〉. This result can be as-
cribed to the difference in adsorptive affinities in the macro-
and micropore regions. At low carbon loadings, the isotherm
in micropores is more favorable than the one in macropores,
so that the fraction of adsorptive capacity in micropores is
increasingly higher asqe decreases. The effect ofqe on 〈 f 〉

Fig. 6. Effect of the carbon loading on the parameter〈 f 〉.

can be described with an empirical equation of the form

〈f 〉 = p4

(
1 − 1

1 + exp((qT − p5)/p6)

)
(23)

Eq. (23) was fitted to the estimated values of〈 f 〉 in Table 4,
resulting in the following optimum values of the adjustable
parameters:p4 = 0.304, p5 = 26.8, p6 = 10.1 mg g−1,
RMS = 35%. Although, Eq. (23) has a empirical nature, it is
adequate to consider the theoretical limits of the parameter
〈 f 〉. At very low carbon loadings,〈 f 〉 must tend to a constant
value, related to the Henry’s law constants in macro- and
micropores. Ifnm = Hmc andnb = Hbc are the Henry’s
law isotherms in macro- and micropores respectively,〈 f 〉
must tend toHm/(Hm + Hb). It is worthwhile mention-
ing that the assumption of different Henry’s law constants
in macro- and micropores has already been proposed else-
where [35]. Therefore, the low value of this parameter ob-
served for lindane at low carbon loadings can be ascribed to
a much higher Henry’s law constant in micropores. At high
carbon loadings,〈 f 〉 must also tend to a finite value, given
by the saturation capacities in macro- and micropores. As-
suming that the whole pore volume of the particle is filled
with solute at saturation,〈 f 〉 must tend to the ratio between
macroporosity and total porosity (0.46, Table 1). The upper
limit of 〈 f 〉 estimated from the kinetic experiments is 0.31,
which is lower than this value. This difference may indicate
that the macropores are not completely filled in the concen-
tration range studied.

6. Conclusions

Kinetic and equilibrium data were obtained for the ad-
sorption of aqueous lindane onto GAC for long time periods
in a batch system. The best fit to equilibrium data among
several well-known two-parameters isotherms was given by
the Dubinin–Radushkevich equation. By means of TG anal-
ysis, a high level of energetic and structural heterogeneity of
the sorbent was observed. These results agree with the ener-
getic heterogeneity inferred from the adsorption equilibrium
data.

An adsorption model including film-, macropore-, and
micropore-diffusion based on the branched pore theory de-
scribed the kinetic data satisfactorily. The significance of
external mass transfer coefficient was confirmed by compar-
ison of the estimated value by non-linear regression with the
one obtained from several literature correlations.

Surface diffusion is the dominant mechanism in the in-
ternal transport. The effective macropore diffusivity and the
micropore rate coefficient show little dependence on carbon
loading. The linear approach for the micropore transport ap-
pears quite adequate for describing the adsorptive behavior
of this system in the adsorption period considered. The av-
erage fraction of adsorptive capacity in macropores depends
on carbon loading, which is attributed to the difference in
adsorptive affinity in macro- and micropores. This effect
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can be described with an empirical expression taking into
account the physical limits of this parameter.
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