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a b s t r a c t

The application of several monosolute equilibrium models has previously shown that Bromacil adsorption
on SA-UF (Norit) powdered activated carbon (PAC) is probably effective on two types of sites. High reac-
tivity sites were found to be 10–20 less present in a carbon surface than lower reactivity sites, according to
the qm values calculated by isotherm models. The aims of this work were trying, primarily, to identify the
kinetic-determinant stage of the sorption of Bromacil at a wide range of initial pesticide concentrations
(∼5 to ∼500 �g L−1 at pH 7.8), and secondly, to specify the rate constants and other useful design param-
eters for the application in water treatment. It was therefore not possible to specify a priori whether the
diffusion or surface reaction is the key step. It shows that many of the tested models which describe the
stage of distribution or the surface reaction are correctly applied. However, the diffusivity values (D and
owdered activated carbon
romacil

D0) were found to be constant only constants for some specific experimental concentrations. The HSDM
model of surface diffusion in pores was also applied but the values of the diffusion coefficient of sur-
face (Ds) were widely scattered and reduce significantly with the initial concentration or the equilibrium
concentration in Bromacil. The model of surface reaction of pseudo-second order fitted particularly well
and led to constant values which are independent of the equilibrium concentration, except for the low
concentrations where the constants become significantly more important. This last observation confirms

ased
perfectly the hypothesis b

. Introduction

Sorption at the interface liquid/solid, with a localized reaction in
he pores (of adsorbents, ion exchangers, catalysts, etc.), is generally
escribed by three major steps [1] in perfectly mixed system:

the diffusion through the film surrounding the solid adsorbent
particles, called also “external diffusion”;
the diffusion in the pores of the adsorbent or “intra-particle dif-
fusion”;
the reaction of adsorption (and desorption) itself or “surface reac-
tion”.
One (or more) of these steps can be kinetically decisive. The sur-
ace reaction is usually a quick step; some authors [2,3] consider
hat only the intra-particle diffusion govern the sorption kinet-
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on two types of sites as concluded by the equilibrium data (part 1).
© 2009 Elsevier B.V. All rights reserved.

ics. Desorption, when it occurs significantly (KL low, nFreundlich > 1),
presents the same steps in reverse order.

Several equations are used for external diffusion [4,5]. This step
is not often decisive, especially when the experimental system is
well agitated.

According to the initial work of Weber and Morris [6], the kinetic
expression of intra-particle diffusion is often presented by a linear
variation of the concentration of adsorbate with the square root
of the contact time, whose slope is equivalent to the rate constant
[7–12]. Other models of intra-particle diffusion have been devel-
oped and used. Their development was based on the ancient works
of Boyd et al. [13] and Vermeulen [14] or more recent works of Math-
ews and Weber [15] for the theory of “Homogeneous Solid Phase
Diffusion Model”. These approaches can determine several types of
diffusivity coefficients.

Regarding the step of “surface reaction”, the classic expressions
of pseudo-first-order (so-called “Largergren”) [16] and pseudo-
second-order kinetic models are often tested [9,17–22]. When the

desorption step is also taken into account, a kinetic expression
so-called “Langmuir” [22] or “Adams–Bohart–Thomas” [8] is some-
times used.

Some other general expressions can be found in the lit-
erature, such as “Bangham” [9,23] or “Statistic Rate Theory”
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mailto:Bernard.legube@univ-poitiers.fr
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Nomenclature

a/V or Ss specific area of the solid / liquid interface
A0, A1, A2, . . . parameters that describe the mathematical

solution (from HSDM model)
Ce Bromacil concentration at equilibrium (mg L−1,

�g L−1)
C0 initial Bromacil concentration (mg L−1, �g L−1)
Ct solute concentration at each time t in the aqueous

phase (mg L−1)
C* C* = (Ct − Ce)/(C0 − Ce) (from HSDM model)
D diffusivity (from Vermeulen) (m2 s−1)
Ds surface-diffusion coefficient (from HSDM model)

(m2 s−1)
D0 diffusivity (from Rudzinski and Plazinski) (m2 s−1)
DOC dissolved organic carbon (mg L−1)
Ft reaction advancement
kads rate constant of adsorption (L mg−1 min−1)
kdes rate constant of desorption (min−1)
kf transfert external coefficient (from Furusawa and

Smith) (m min−1)
KL Langmuir- or Tóth-isotherm constant
kV diffusion constant of intra-particular (from Ver-

meulen) (min−1)
kW diffusion constant of intra-particular (from Weber

et Morris) (m L−1 min−0.5)
k1app rate constant of pseudo-first order (min−1)
k2app rate constant of pseudo-second order

(L mg−1 min−1)
m PAC mass (g)
ms = m/V PAC concentration (g L−1)
n Tóth-isotherm constant
PAC powdered activated carbon
qe PAC-surface-complex concentration at equilibrium

(mg g−1)
qm Langmuir-maximum adsorption capacity (mg g−1)
qt PAC-surface-complexe concentration at time t

(mg g−1)
Ra radius of adsorbent (supposed spherical) (m)
Ss specific area of adsorbent (or a/V) (m−1)
V solution volume (L)

[
d

c
r
e
a

i
a
c
t
p
c
m
s
b

a

concentrations (C0) ranging from 5 to 400 �g L−1. For each exper-
Greek letter
� surface coverage (qe/qm)

23–27] which describes the rate of the reaction adsorption/
esorption.

Most of the studies on the adsorption kinetics of a chemical
ompound in aqueous solution are generally conducted for narrow
anges of initial chemical compound and adsorbent concentrations,
ven sometimes on the basis of a single initial concentration and/or
dsorbent.

In our study the application of several monosolute equilibrium
sotherm models generally revealed [28] that the adsorption of an
dsorbate (Bromacil) probably occurs on two types of activated
arbon site (PAC Norit SA-UF). At very low adsorbate concentra-
ion (<10 �g L−1 in our case), these are high reactivity free sites (or
ores) which react (KL ∼ 103 L mg−1). When the initial adsorbate
oncentration is higher, a large proportion of this concentration

−1
ostly adsorbs on lower reactivity free sites (KL ∼ 10 L mg ). This
econd part of the study was carried out to confirm this hypothesis
y applying kinetic models to assess our experimental results.

Our present work was carried out to investigate the apparent
dsorption rate of Bromacil on a commercial powdered activated
ous Materials 170 (2009) 754–762 755

carbon (PAC Norit SA-UF) with very different initial Bromacil con-
centrations (∼5 to ∼400 �g L−1) and PAC concentrations ranging
from 0.1 to 5 mg L−1.

The results were interpreted in order to try to establish the
key sorption step (or steps), and also to determine the values of
the rate constants and other kinetic parameters by assessing their
dependence on the equilibrium or initial concentration. Ten kinetic
models were tested from more than 20 experiments with differ-
ent initial concentrations. These data provided by this study should
contribute to a better knowledge on the adsorption kinetics of a
micropollutant on a PAC widely used in drinking water treatment.

2. Materials and methods

2.1. Kinetic experiments

The protocol for the equilibrium isotherm experiment [28] was
also used for the kinetic experiments with two different reactors
depending on the concentration ranges studied:

– an agitated and thermostated reactor with a maximum 15-L vol-
ume, for high and medium Bromacil concentrations;

– an agitated and nonthermostated reactor with a 250-L volume
for very low Bromacil concentrations.

The Bromacil mother solution was prepared in ultrapure water
(DOC ≤ 0.1 mg C L−1). The solutions to adsorb were prepared by dilu-
tion with ultrapure water for the 15-L reactor, or reverse osmosis
water (DOC = 0.1–0.12 mg L−1) for the 250-L reactor. These solu-
tions were buffered with sodium phosphate salts (NaH2PO4, H2O
and Na2HPO4), at a final ionic strength of 1.75 × 10−3 M. The pH of
the final solution to study was adjusted to 7.8 ± 0.03. For plotting
the adsorption kinetics, a PAC mass was introduced in the buffered
Bromacil solution.

2.2. Powdered activated carbon and chemicals

Norit SA-UF powdered activated carbon was used in this study.
This PAC was chosen because of its high mesopore and secondary
micropore content and since it is commonly used in drinking water
treatment, especially combined with ultrafiltration. The pore struc-
ture properties (PSPs) were extracted from literature (Table 1). The
PSPs parameters were determined by the N2 adsorption isotherm
technique [32].

2.3. Analytical procedure

The sampling and analyses were carried out using the same
protocols as in the equilibrium parameter study [28]. Before each
analysis, a standard range was prepared to determine, as precisely
as possible, the initial and equilibrium Bromacil concentrations
using HPLC coupled with a UV detector, directly or after a precon-
centration, depending on the Bromacil concentrations [28].

3. Results and discussion

3.1. General

More than 20 experiments were carried out with initial Bromacil
iment, a PAC mass was chosen so that Bromacil adsorption would
not exceed ∼90% of the initial concentration. Table 2 presents these
experiments, which are numbered 1–23 in decreasing order of equi-
librium concentration (Ce). The results were processed in the form
qt vs Ct, where
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Table 1
Bibliographic data on the PAC Norit SA-UF used in this study.

PAC “SA-UF” from France [29,30] PAC “SA-UF” from France [31] PAC “SA-UF” from Netherlands [31]

BET surface area 1112 m2 g−1 1085 m2 g−1 1112 m2 g−1

Ashes 8.17% – –
Humidity 2% – –
Apparent density 0.16 g cm−3 – –
Average geometric diameter 6 �m – –
Volume of primary micropores (<8 Å) 0.343 cm3 g−1 0.226 cm3 g−1 0.214 cm3 g−1

Volume of secondary micropores (>8 Å) 0.194 cm3 g−1

Volume of mesopores (20–500 Å) 0.357 cm3 g−1

Surface area of micropores 733 m2 g−1

Surface area of mesopores 379 m2 g−1

Table 2
Experimental conditions for the adsorption kinetics of Bromacil in buffered solution
(pH 7.8) on PAC Norit SA-UF.

Kinetic
experiment

Ce (�g L−1) C0 (�g L−1) ms (mg L−1) Time period of models
application (total time
followed in min)

# 1 248 362 1 5–30 (∼330)
# 2 216 351 1.5 10–45 (∼330)
# 3 205 400 2 7–60 (∼330)
# 4 176 356 2.5 5–60 (∼330)
# 5 115.5 150 0.5 5–60 (∼330)
# 6 115 371 3 5–30 (∼330)
# 7 94 169 1 10–60 (∼330)
# 8 74 320 5 7–30 (∼330)
# 9 67 145 1.5 7–30 (∼330)
# 10 59 159 1.9 3–30 (∼330)
# 11 57.5 80 0.5 7–30 (∼330)
# 12 40 155.8 3 4–30 (∼330)
# 13 28 61 1 7–30 (∼330)
# 14 23 31 0.25 5–120 (∼330)
# 15 17.1 30.1 0.5 5–90 (∼330)
# 16 15.6 53 2.5 7–30 (∼330)
# 17 12.5 66 3 10–60 (∼330)
# 18 5.3 38 2 3–15 (∼330)
# 19 4.3 5.5 0.1 60–480 (∼10,000)
# 20 2.9 5.4 0.2 60–480 (∼10,000)
#
#
#

–
–

s
t

F
p

in Fig. 3.
The rate constant values, i.e., kW in Eq. (3), ranged from a few
21 2.1 5.7 0.3 5–360 (∼10,000)
22 2.0 30.8 3 4–30 (∼330)
23 1.4 5.1 0.4 60–540 (∼10,000)

qt (mg g−1), concentration of surface complexes at each time t;
Ct (mg L−1 or �g L−1), Bromacil concentration at each time t.
Figs. 1 and 2 present two examples of the results. They clearly
how that the equilibrium was reached quickly, after about 2 h, for
he high initial Bromacil concentrations, and after about 6 h for low

ig. 1. Example of raw kinetics data for Bromacil adsorption on PAC Norit SA-UF at
H 7.8 (# 10, C0 = 159 �g L−1 and ms = 2 mg L−1).
– –
0.885 cm3 g−1 0.844 cm3 g−1

662 m2 g−1 615 m2 g−1

423 m2 g−1 421 m2 g−1

concentrations. The chosen minimum time of 6 h to monitor the
reaction was therefore apparently enough.

Ten of the classical kinetic models were tested in all of the
experiments (only six of them are presented here, Table 3). As
in standard chemical reactions, kinetic models were applied for
an advancement of the reaction to not more than 80–90% of the
equilibrium level: 0 < Ft = qt/qe < 0.8–0.9. For simplicity, only a few
kinetic interpretation examples are shown as curves, while others
are summarized in table form.

3.2. Adsorption kinetics governed by diffusion steps

3.2.1. External diffusion
The two external diffusion models, Eqs. (1) and (2) (Table 2),

were not suitable for our case, which was predictable given the
agitation applied during the experiments.

3.2.2. Intra-particular diffusion
To test the validity of the kinetic expression for intra-particular

diffusion, proposed by Weber and Morris [6], variations in qt were
plotted vs the square root of time (Eq. (3), Table 3). For 19 of the 23
cases studied, plotting qt vs t1/2 was suitable for Ft ≤ 0.7–0.85. For
the four other cases, the model was unsuitable (# 15) or the num-
ber of experimental points was insufficient at the beginning of the
reaction (# 19, 20, and 23). However, the lines obtained levelled off
for the greatest advancements of the reaction and tended towards
the horizontal asymptote around equilibrium. An example is given
10−2 to few 10−4 mg L−1 min−0.5 and the kW/(C0)0.5 ratio was not
very constant in opposition with what was mentioned by the model
designers [6].

Fig. 2. Example of raw kinetics data for Bromacil adsorption in buffered water (pH
7.8) on PAC Norit SA-UF (# 21, C0 = 5.7 �g L−1 and ms = 0.3 mg L−1).
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Table 3
The classical kinetic models tested in this study (other models used are presented in the text).

Kinetic model Rate equation Linear form Plot

External diffusion models

Mass transfer classical model − dCt

dt
= k

( a

V

)
(Ct − Ce) (1) ln

[
C0 − Ce

Ct − Ce

]
= k

( a

V

)
t = k′t (1 bis) ln

[
C0−Ce
Ct −Ce

]
vs t

Furusawa and Smith model [4]
Ct

C0
= 1

1 + msKL
+
[

msKL

1 + msKL

]
exp

[
− (1 + msKL)kfSst

msKL

]
(2) ln

[
Ct

C0
− A

msKL

]
= − kfSst

A
+ ln A (2 bis) ln

[
Ct
C0

− A
msKL

]
vs t

avec A = msKL
1+msKL

Intra-particular diffusion models

Weber and Morris model [6] qt =
(

V

m

)
kWt1/2 (3) qt vs t1/2

Vermeulen model [14] Ft =
[

1 − exp

(
−�2Dt

Ra
2

)]1/2

(4) ln

[
1

1 − Ft
2

]
= �2Dt

Ra
2

(4 bis) ln
[

1
1−Ft

2

]
vs t

Surface reaction models

Pseudo-first-order model + dqt

dt
= k1app(qe − qt )

Pseudo-second-order model + dqt

dt
= k2app(qe − qt )

2

F
fi
a

p
a
t

T
A

E

#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#

ig. 3. Sorption kinetic governed by intra-particle diffusion. Application of a simpli-
ed Weber and Morris model (Eq. (3)) for Bromacil adsorption on PAC Norit SA-UF,
t pH 7.8 (# 21; 0 < Ft < 1).
The Weber and Morris model [6] is based on older studies,
articularly those of Boyd et al. [13], founded on a theoretical
pproach developed for spherical adsorbent particles. Simplifica-
ions of this approach have been proposed in the literature, first

able 4
pplication of models of intra-particular diffusion (Eqs. (4) and (7)) for adsorption of Brom

xperiment Ce (�g L−1) Model of Vermeulen (Eq. (4))

Ft final
b r2 kv (s−1) = (�2

1 247.8 0.80 0.968 0.5 × 10−3

2 216 0.82 0.987 0.6 × 10−3

3 205 0.80 0.956 0.6 × 10−3

4 176 0.82 0.980 0.4 × 10−3

5 115.5 0.80 0.93 0.5 × 10−3

6 115 0.80 0.992 1.0 × 10−3

7 94 0.80 0.977 0.5 × 10−3

8 74 0.90 0.996 1.0 × 10−3

9 67 0.83 0.930 0.7 × 10−3

10 59 0.85 0.993 1.0 × 10−3

11 57.5 0.65 0.967 0.3 × 10−3

12 40 0.80 0.973 0.8 × 10−3

13 28 0.80 0.963 0.9 × 10−3

14 23 0.83 0.994 0.2 × 10−3

16 15.6 0.85 0.990 0.7 × 10−3

17 12.5 0.83 0.988 1.0 × 10−3

18 5.3 0.87 0.971 1.6 × 10−3

21 2.1 0.91 0.998 0.1 × 10−3

22 2.0 0.90 0.996 1.4 × 10−3

a 12.5 �g L−1 < Ce < 247.8 �g L−1: Eq. (7) with KL(Toth) = 10.2 L mg−1 and nToth = 0.82; 2.0 �g
b Application field: 0 < Ft < Ft final.
(5) ln(qe − qt ) = ln(qe) − k1appt (5 bis) ln(qe − qt ) vs t

(6)

(
t

qt

)
=

(
1

k2appqe
2

)
+
(

1
qe

)
t (6 bis) t

qt
vs t

by Vermeulen [14], Eq. (4) (Table 3), and recently reviewed in
the literature [9,22,33]. The Vermeulen model was very suitable
when applied to all of our results to Ft = 0.8–0.9 (with Ra = 3 �m,
radius of solid adsorbent assumed to be spherical). It should be
noted, however, that the best linear correlation is not always an
ordinate at origin zero. An example is presented in Fig. 4. The
calculated diffusivity D values (Table 4) were all fairly similar,
ranging from 0.2 × 10−15 to 1.5 × 10−15 m2 s−1. There was no con-
sistent significant effect of the equilibrium concentration (Ce).
However, for ratios Ce/C0 ≥ 0.5, the D value was much more con-
stant: Daverage = (0.4 ± 0.09) × 10−15 m2 s−1.

According to the results of a more recent study [22], the diffu-
sivity D of the Vermeulen model is not constant and depends on
the Ct value:

D = D0[1 + (KLCt)n]
with KL and n Tóth isotherm constants, D0, diffusivity independent
of the adsorbate concentration.

Considering this D function and the Vermeulen model, the
authors of this report [22] developed two new models, for the values

acil on PAC Norit SA-UF at pH 7.8.

Model of Rudzinski and Plazinski (Eq. (7))a

× D/Ra
2) D (m2 s−1) Ft final

b r2 D0 (m2 s−1)

0.4 × 10−15 0.85 0.956 1.1 × 10−16

0.5 × 10−15 0.80 0.994 1.0 × 10−16

0.5 × 10−15 0.80 0.972 1.1 × 10−16

0.4 × 10−15 0.80 0.955 0.7 × 10−16

0.4 × 10−15 0.80 0.986 1.2 × 10−16

0.9 × 10−15 0.80 0.992 2.1 × 10−16

0.4 × 10−15 0.80 0.983 1.3 × 10−16

0.9 × 10−15 0.85 0.930 2.9 × 10−16

0.6 × 10−15 0.85 0.922 2.2 × 10−16

0.9 × 10−15 0.80 0.990 2.7 × 10−16

0.3 × 10−15 0.65 0.982 1.0 × 10−16

0.7 × 10−15 0.80 0.966 2.9 × 10−16

0.8 × 10−15 0.80 0.962 3.6 × 10−16

0.2 × 10−15 0.80 0.942 0.7 × 10−16

0.6 × 10−15 0.85 0.984 2.7 × 10−16

0.9 × 10−15 0.85 0.985 4.0 × 10−16

1.5 × 10−15 0.85 0.960 6.8 × 10−16

0.9 × 10−15 0.90 0.990 0.2 × 10−16

1.3 × 10−15 0.85 0.987 0.9 × 10−16

L−1 < Ce < 5.3 �g L−1: Eq. (7) with KL(Toth) = 1089 L mg−1 and nToth = 0.82.
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Fig. 4. Sorption kinetic governed by intra-particle diffusion. Application of Ver-
meulen model (Eq. (4)) for Bromacil adsorption on PAC Norit SA-UF, at pH 7.8 (#
21; 0 < Ft < 0.8–0.9).

F
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F
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The model correctly applied, regardless of the n value,

T
A

E

#
#
#
#
#
#
#
#

ig. 5. Sorption kinetic governed by intra-particle diffusion. Application of Eq. (7)
with Ra = 3 �m, KL = 1089, n = 0.82) for Bromacil adsorption on PAC Norit SA-UF at
H 7.8 (# 21; 0 < Ft < 0.85).

f Ft < ∼0.3 and Ft > ∼0.3:

Ft

[1 + (KLCt)n]
1/2

= 6
Ra

[(
D0

�

)
t
]1/2

(7)

ln[�2/6(1 − Ft)]
�2

[1 + (KLCt)n] = −D0t

Ra
2

(8)

Only Eq. (7) suitably applied to our data (via the origin), for
t = 0.8–0.9 and with Tóth parameters, KL and n, determined else-
here [28]. An example is presented in Fig. 5 and the D0 values are

iven in Table 4.

In terms of thermodynamics, this expression is far more applica-

le than that of Vermeulen, since it takes the Ct value into account
f which is a variable relative to one of the reaction reagents; with
he other reagent being the available sites related to the Ft value.

able 5
pplication of HSDM model (Eq. (9)) for adsorption of Bromacil on PAC Norit SA-UF at pH

xperiment Ce (�g L−1) C0 (�g L−1) Ce/C0

2 216 351 0.61
3 205 400 0.51
4 176 356 0.49
7 94 169 0.56
9 67 145 0.46
13 28 61 0.46
15 17 30 0.57
21 2 5.7 0.35

a Application field: 0 < Ft < Ft final.
ous Materials 170 (2009) 754–762

As for the Vermeulen diffusivity, D0 values became significantly
constant for Ce/C0 ≥ 0.5: D0 average = (1.0 ± 0.2) × 10−16 m2 s−1.

3.2.3. HSDM model
Based on the assumption that the adsorbent particles are iden-

tical, Mathews and Weber [15] proposed a model that has received
much attention over the last two decades. This kinetic model, called
the “homogeneous solid phase diffusion model” is based on the fact
that the overall adsorption reaction is kinetically limited by external
and homogeneous diffusion steps in the adsorbent. Other authors
have called this model the “homogeneous surface diffusion model”
with the main hypothesis being that the intra-particle diffusion
phenomenon has two components: diffusion in the liquid within
pores and diffusion on the pore surface, which is crucial for strongly
adsorbable compounds [34,35]. Thus it has been demonstrated,
based on the Fick law and digital algorithms, that the following
kinetic law [35] applied regardless of the reactor:

ln t∗ = A0 + A1C∗
t + A2(C∗

t )2 + A3(C∗
t )3 + · · · = X (9)

Parameters t* and C* are dimensionless relative to the reaction
time and adsorbate concentration in the liquid phase, respectively.
Parameters A0, A1, A2, . . . describe the mathematical solution for a
batch reactor and depend, in all cases, on the Freundlich constant
n (characteristic of the adsorbate/adsorbent couple), and the Biot
number Bi (physical characteristic of the adsorbent and the reactor)
when the external diffusion step is also considered. The parameters
Ai values are given in the literature [35] for different n and Bi values.

t∗ = tDs

R2
a

and C∗ = Ct − Ce

C0 − Ce

where t, real-time (s); Ds, surface diffusion coefficient (m2 s−1); Ra,
adsorbent particle radius (m); Ct, Ce, C0, adsorbate concentrations
(mg L−1 or mol L−1).

The ln t vs X plot allows verification of the kinetic law and to
determine Ds. This model is sometimes used to interpret batch
results [2,3], but it is primarily used to model systems operating
continuously, such as PAC/membrane [36–38] or granular activated
carbon filtration [39–42] systems.

However, the conditions for applying the HSDM approach are
restrictive [35], notably on the Ce/C0 ratio which must be within
the 0.45–0.56 range for an nFreundlich value of 0.6, for example. In
the experiments presented in Table 1, only five of them (# 3, 4, 7,
9, 13) fulfilled these conditions, including the Ce/C0 ratio, and three
others did not deviate much from these conditions (# 2, 15, 21). An
example of this application is presented in Fig. 6 and all the results
are given in Table 5.
Freundlich
which seemed to have little effect on the model application and
on the values of the surface diffusion coefficient Ds values. Indeed,
it was verified that the n = 0.5 value, when applied to all of the
selected experiments (including # 21), had very little or no effect

7.8.

HSDM approach (Eq. (9))

Ft final
a r2 nFreundlich Ds (m2 s−1)

0.97 0.976 0.6 4.5 × 10−16

0.97 0.977 0.6 4.6 × 10−16

0.96 0.974 0.6 4.5 × 10−16

0.98 0.977 0.6 1.7 × 10−16

0.94 0.955 0.6 1.5 × 10−16

0.95 0.948 0.6 0.2 × 10−16

0.72 0.946 0.6 0.08 × 10−16

0.93 0.993 0.2 1.7 × 10−16
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ig. 6. Sorption kinetic governed by intra-particle diffusion. Application of HSDM
pproach (Eq. (9)) for Bromacil adsorption on PAC Norit SA-UF at pH 7.8 (# 21;
< Ft < 0.93, n = 0.2).

n the Ds values. Note that the Ds value decreased sharply as C0
r Ce decreased (Table 5), except at very low concentrations (# 21,
e = 2 �g L−1) where the value obtained did not decline in the same
ay as in the other experiments (17 �g L−1 ≤ Ce ≤ 216 �g L−1).

.3. Adsorption kinetics governed by the surface reaction

The sorption reaction of a solute (or adsorbate) in solution on an
dsorbent (or solid) to give rise to surface complexes between the
olute and solid can be generally represented as follows:
Overall, the kinetic expression of this reaction should be based,
s for all physicochemical equilibriums, on a combination of spon-
aneous adsorption reactions (rate constant kads) and reverse
esorption reactions (kdes), with the two rate constants linked via
he equilibrium constant (or KL).

able 6
pplication of pseudo-second-order model (Eq. (6)) for adsorption of Bromacil on PAC No

xperiment Ce (�g L−1) C0 (�g L−1) Ft
a r2 qe(calc) (m

1 248 361 0.90 0.986 133.3
2 216 351 0.86 0.995 98.0
3 205 400 0.90 0.998 101.0
4 176 356 0.84 0.993 74.6
6 115 371 0.85 0.999 88.5
7 94 169 0.86 0.996 75.2
8 74 320 0.90 0.999 69.9
9 67 145 0.84 0.998 51.8
10 59 158 0.84 0.998 59.9
12 40 156 0.84 0.999 37.7
14 23 31 0.85 0.972 29.5
15 17.1 30 0.90 0.952 24.3
16 15.6 53 0.85 0.996 16.6
17 12.5 66 0.90 0.999 17.3
18 5.3 38 0.90 0.995 18.0
19 4.3 5.5 0.94 0.998 11.6
20 2.9 5.4 0.91 0.997 12.6
21 2.1 5.7 0.91 0.996 12.5
22 2.0 30.8 0.90 0.999 10.9
23 1.3 5.0 0.86 0.999 8.4

a Ft final (application field: 0 < Ft < Ft final).
ous Materials 170 (2009) 754–762 759

According to the literature [17], the surface reaction can be rep-
resented by a kinetic of (n + 1)th global order (1st partial order
in relation to the adsorbate in the liquid phase and nth partial
order related to free sites on the adsorbent), and for desorption
by a kinetic of nth order in relation to the complexed sites on the
adsorbent, often called Langmuir kinetic equation:

+ d�t

dt
= kads(1 − �t)nCt − kdes �t

n with �t = qt

qm
(10)

This Langmuir model is applied when the adsorption kinetics is
governed by the rate of surface reactions and it gives kinetic param-
eters for both adsorption and desorption simultaneous by using
the data obtained from the adsorption experiment [43]. However,
among the most commonly used models, the pseudo-first-order
kinetic expression that neglects the desorption reaction, known as
the Lagergren model [16], is usually mentioned, Eq. (5). The Lager-
gren empirical equation has also called pseudo-first-order kinetic
equation because it was intuitively associated with the model of
one-site-occupancy adsorption kinetics governed by the rate of
surface reaction. The k1app value will be a combination of adsorp-
tion kads and desorption kdes rate constants. This model did not
perfectly fit our results, which is not surprising since its linear
expression, Eq. (5 bis), is in the same form as the conventional
external diffusion model. Moreover, in 2004, a purely mathematical
interpretation [45] explains the suitable applicability of the pseudo-
first-order model, demonstrating that it is identical to Langmuir
model (Eq. (10) with n = 1) for the values of Ce close to C0 (or qt

very low as compared to C0). In our case, we cannot make this
assumption.

The expression of pseudo-second-order, also very often used
[17–20], is given Eq. (6) (Table 2). Its integration can lead to five
possible forms which were all tested in this work. It is the linear
expression Eq. (6 bis) (Table 2), which presents the best results (in
terms of coefficient of linear regression and comparing calculated
and experimental qe), as shown by a lot of other authors [17,19,20].
An example is presented in Fig. 7 and values of k2app, qe(calc) and
ratio qe(calc)/qe(exp) are given in Table 6.

This almost perfect application of the pseudo-second-order
model may seem strange a priori from a thermodynamics stand-

point, since only the concentration of available sites (qe − qt) is
taken into account in this model. However, as

qt = C0 − Ct

ms
and qe = C0 − Ce

ms

rit SA-UF at pH 7.8, governed by surface reaction.

g g−1) qe(calc)/qe(exp) k2app (g mg−1 min) k2app/ms (L mg−1 min−1)

1.17 0.3 × 10−3 0.3
1.09 0.9 × 10−3 0.6
1.04 1.1 × 10−3 0.6
1.04 0.9 × 10−3 0.4
1.03 2.2 × 10−3 0.7
1.00 1.4 × 10−3 1.4
1.15 1.8 × 10−3 0.4
0.96 4.2 × 10−3 2.9
1.12 2.5 × 10−3 1.3
0.96 6.1 × 10−3 2.0
0.98 1.4 × 10−3 5.7
0.96 3.6 × 10−3 7.1
1.11 6.5 × 10−3 2.6
0.97 16.9 × 10−3 5.6
1.10 8.4 × 10−3 4.2
1.01 0.9 × 10−3 8.6
1.03 0.9 × 10−3 4.4
1.03 2.6 × 10−3 8.8
1.13 17.5 × 10−3 5.8
1.02 3.9 × 10−3 9.9
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ig. 7. Sorption kinetic governed by surface reactions. Application of pseudo-second
rder (Eq. (6 bis)) for Bromacil adsorption on PAC Norit SA-UF (# 10; 0 < Ft < 0.88).

Eq. (6) becomes more suitable for a reaction between two
eagents, which in this study was the adsorbate, represented by
Ct − Ce), and the adsorbent, represented by (qe − qt).

dqt

dt
= k2app

ms
(Ct − Ce)(qe − qt) (11)

he rate constant is then k2app/ms (L mg−1 min−1). The obtained
alues are reported in Table 6.

There was a sharp increase in this latter constant as the equilib-
ium concentration Ce decreased.

The pseudo-second-order kinetic equation is a generalization
f the Lagergren empirical equation for the two-sites-occupancy
dsorption. A theoretical development of this equation based
n applying the fundamental approach to kinetics of interfacial
ransport (Statistical Rate Theory) showed that this equation is a
implified form of a more general equation for the case when the
dsorption kinetics is governed by the rate of surface reactions [44].
To explain the suitable applicability of the pseudo-second-order
odel, Azizian [45] showed that the kinetic so-called Langmuir
odel, i.e., Eq. (10) with n = 1, leads to an integrated expression

imilar to Eq. (6 bis) when the amount of adsorption is not very
ow.

able 7
inetic constants kads and kdes calculated from pseudo-second-order constant k2app (Eq.

eaction.

xperiment Ce (�g L−1) C0 (�g L−1) k2ap

1 248 361 0.3
2 216 351 0.9
3 205 400 1.1
4 176 356 0.9
6 115 371 2.2
7 94 169 1.4
8 74 320 1.8
9 67 145 4.2
10 59 158 2.5
12 40 156 6.1
14 23 31 1.4
15 17.1 30 3.6
16 15.6 53 6.5
17 12.5 66 16.9
18 5.3 38 8.4
19 4.3 5.5 0.9
20 2.9 5.4 0.9
21 2.1 5.7 2.6
22 2.0 30.8 17.5
23 1.3 5.0 3.9

a 12.5 �g L−1 < Ce < 247.8 �g L−1: Eq. (13) with KL(Langmuir) = 11 L mg−1 and qm(Langmuir) =
m(Langmuir) = 18.1 mg g−1.
Fig. 8. Evolution of kads with Ce for Bromacil adsorption on PAC Norit SA-UF, gov-
erned by surface reaction.

This demonstration gave rise to the following relationship
between k2app and kads:

k2app = −(b − �)2qe (12)

with � = (b2 − 4ac)
0.5

, where b = −(ˇ + C0 + 1/KL)kads, a = kadsˇ,
c = kadsC0, ˇ = msqm, KL = kads/kdes (qm and KL are Langmuir equilib-
rium constants).

The k2app value is then a complex function of C0, kads, kdes, KL
and qm (from Langmuir equilibrium and kinetic models). Some
authors made mention that when the sorption data are well
represented by pseudo-second-order kinetics for the entire reac-
The kads and kdes values calculated from k2app are reported in
Table 7. The data clearly show that the surface adsorption reac-
tion rate was much higher for low Ce values than for high values
(Fig. 8), while the opposite pattern was noted for the desorption
rate.

(6)) for adsorption of Bromacil on PAC Norit SA-UF at pH 7.8, governed by surface

p (g mg−1 min) kads
a (L mg−1 min−1) kdes

a (min−1)

× 10−3 0.07 0.6 × 10−2

× 10−3 0.16 1.5 × 10−2

× 10−3 0.18 1.6 × 10−2

× 10−3 0.10 0.9 × 10−2

× 10−3 0.29 2.6 × 10−2

× 10−3 0.31 2.8 × 10−2

× 10−3 0.39 3.5 × 10−2

× 10−3 0.61 5.5 × 10−2

× 10−3 0.41 3.7 × 10−2

× 10−3 0.31 2.8 × 10−2

× 10−3 0.28 2.5 × 10−2

× 10−3 0.51 4.6 × 10−2

× 10−3 0.20 1.8 × 10−2

× 10−3 0.54 4.9 × 10−2

× 10−3 3.11 0.3 × 10−2

× 10−3 1.47 0.2 × 10−2

× 10−3 1.41 0.2 × 10−2

× 10−3 3.65 0.4 × 10−2

× 10−3 2.97 0.3 × 10−2

× 10−3 3.76 0.4 × 10−2

151.5 mg g−1 1.3 �g L−1 < Ce < 5.3 �g L−1: Eq. (13) with KL(Langmuir) = 920 L mg−1 and
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. Conclusion

Our study on Bromacil adsorption kinetics showed that many
odels are suitable, regardless of the considered step, i.e., intra-

article diffusion or surface reaction. It is therefore not possible to
recisely specify a priori whether the diffusion or surface reaction is
key kinetic factor. The intra-particle diffusion models suitably fit

he experimental results. However, the diffusivity D values of the
ermeulen model or the D0 values of the Rudzinski and Plazin-
ki model were only constant for values of the ratio Ce/C0 ≥ 0.5
D = (0.4 ± 0.09) × 10−15 and D0 = (1.0 ± 0.2) × 10−16 m2 s−1). The
SDM model also applied, but the surface diffusion coefficient (Ds)
alues were widely scattered (between 10−17 and 4 × 10−16 m2 s−1)
nd decreased sharply with the initial or equilibrium Bromacil con-
entration.

The pseudo-second-order surface reaction model fit particularly
ell, which is logical since its integration led to a solution similar to

hat obtained with the integration of the Langmuir kinetic model.
ome authors made mention that when the sorption data are well
epresented by such a kinetic model, the sorption is controlled to
hemisorption process. In this latter case, for equilibrium concen-
rations over ∼10 �g L−1, the adsorption and desorption constants
ere relatively independent of Ce (kads = 0.31 ± 0.16 L mg−1 min−1

nd kdes = (2.8 ± 1.4) × 10−2 min−1). For equilibrium concentra-
ions less than or equal to 10 �g L−1, the adsorption constants
ere significantly higher (kads = 2.73 ± 0.95 L mg−1 min−1)

nd the desorption constants were significantly lower
kdes = (0.3 ± 0.08) × 10−2 min−1). This kinetic observation clearly
onfirmed the hypothesis based on two types of site put forward
n the basis of the initial equilibrium adsorption study (part 1):

highly reactive and weakly concentrated sites on the PAC
surface (KL(Langmuir) ∼ 1000 L mg−1, qm(Langmuir) ∼ 20 mg g−1,
kads ∼ 3 L mg−1 min−1, kdes ∼ 3 × 10−3 min−1);
more numerous but more weakly reactive sites
(KL(Langmuir) ∼ 10 L mg−1, qm(Langmuir) ∼ 150 mg g−1,
kads ∼ 0.3 L mg−1 min−1, kdes ∼ 3 × 10−2 min−1).
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