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ABSTRACT

A batch system was applied to study the adsorption equilibrium and kinetics of chlorobenzene
(CB) from aqueous solution by powdered activated carbon (PAC). Adsorption isotherm was
determined at 25°C and the experimental data obtained were mathematically modeled with
the Langmuir, Freundlich, Langmuir-Freundlich and Toth equations. Non-linear regression
and Chi-square ()?) analysis have been undertaken to determine the best isotherm and iso-
therm parameters. The Langmuir-Freundlich model yielded the best fit to the experimental
data. The influence of two experimental parameters, initial CB concentration and PAC dose, on
the adsorption kinetics was evaluated. The kinetics data obtained were modeled by pseudo-
first-order, pseudo-second-order, and Langmuir-Freundlich kinetic models, respectively. The
rate constants of Langmuir-Freundlich kinetic model obtained by extended geometric method
are independent of initial CB concentration and PAC dose. The results show that the adsorp-
tion amount and relative removal of CB at any time for any initial CB concentration and any
PAC dose can be estimated directly with the rate constants by using the Langmuir-Freundlich
kinetic model.

Keywords: Chlorobenzene; Equilibrium isotherm; Kinetics; Adsorption; Powdered activated

carbon (PAC); Water treatment

1. Introduction

Halogenated aromatic compounds are important
environmental pollutants in surface water. CB is among
these compounds due to its widespread applications,
such as paint removing formation, heat transfer media,
engine cleaners, toilet block deodorants, dyestuffs, pesti-
cide, and pharmaceutical intermediates and mothproof-
ing agents [1,2]. The improper disposal together with the
slow degradation and unpleasant taste and odor [3] led
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to its ubiquity in water environment and to the neces-
sity of finding effective remediation technologies for its
removal. This is particularly true when surface water is
utilized as drinking water for CB in surface water has
a potential risk to human health. The Chinese drinking
water quality standards set the maximum allowable
concentration of CB at 0.3 mg 1™ (2.67 x 10 M). Some
water treatment processes have been developed and put
into practice to meet this limit.

As one of volatile organic compounds (VOCs), CB
in water can be generally treated with air stripping
and powdered activated carbon (PAC) adsorption.
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Air stripping yields 95-99% removal of VOCs [4].
However, because of environmental issues, discharge
of CB into the atmosphere limits its use. On the other
hand, PAC adsorption processes in drinking water
treatment can effectively control problems related to
trace organic substances such as taste- and odor-caus-
ing compounds, VOCs, and synthetic organic com-
pounds (SOC) including pesticides. As a result, the
use of PAC in drinking water treatment has gained
popularity because (1) PAC can be applied only when
it is needed, for example, during a pollution epi-
sode such as elevated pesticide concentrations dur-
ing summer runoff or a chemical spill in a river; (2)
PAC can be fed in many drinking water treatment
plants following a relatively small capital invest-
ment [5]. At the same time, the understanding of both
adsorption equilibrium and kinetics is essential for
proper design of operating conditions and analysis
of economy. However, little information exists about
CB adsorption equilibrium and kinetics onto PAC in
aqueous, and only a few studies have quantified CB
uptake and kinetics on alternative adsorbents such
as marine sediments [1], activated montmorillonite
[6], and cetyltrimethylammonium bromide (CTMAB)
modified bentonite and kaolinite [7].

In this paper, we describe the adsorption equi-
librium and kinetics of CB from buffered distilled-
deionized water (DDW) onto PAC at several initial CB
concentrations corresponding to minimum equilibrium
concentration values of less than 0.3 mg 1!, which is
compatible with drinking water tolerance limits. Equi-
librium adsorption isotherm was measured for single
component system and the experimental data were
analyzed by four commonly used models, namely the
Langmuir, Freundlich, Langmuir-Freundlich, and Toth
isotherm equations. Nonlinear regression analysis cou-
pled with a detailed error analysis was undertaken to
determine single component isotherm parameters and
thus obtained the best-fit isotherm model and isotherm
parameters. Kinetics experiments were also carried

Table 1
Textural characteristics of PAC

out to investigate the apparent adsorption rate (the net
ratio of adsorption capacity to time, dq/dt, expressed
as the difference between adsorption and desorp-
tion rates) of CB onto PAC at three different initial CB
concentrations and three different PAC doses, respec-
tively. The results were interpreted by pseudo-first-
order, pseudo-second-order, and Langmuir-Freundlich
kinetic models to determine the values of the rate con-
stants and other kinetic parameters by assessing their
dependence on the initial concentration or PAC dose.
The determined equilibrium constants and kinetic con-
stants should be ultimately useful for studies on adsorp-
tion in raw water and for defining the essential needs to
better design adsorption process.

2. Materials and methods
2.1. Materials

Experiments were conducted in DDW with dis-
solved organic carbon (DOC) concentration of less than
0.2 mg I"". DDW water was adjusted to pH 7.2 with
1 mM phosphate buffer (0.5 x 10> M Na,HPO,-H,O and
0.5 x 10° M NaH,PO,).

Chlorobenzene (CB), a common drinking water con-
taminant, was used as the target contaminant. A stock
solution was prepared by dissolving 100 mg 1! of CB
in ultrapure water without the use of non-aqueous sol-
vents. The stock solution was stored at 4°C in a dark
place for preparing all working solutions.

Commercial wood-based PAC HN-200 (supplied by
Xianke Co.) was used in this study. This PAC had a geo-
metric mean diameter of about 6 um (determined using
a Liquid Particle Counting system, HIAC 9703) and is
commonly used for VOCs removal in drinking water
treatment. The textural characteristics measured by
nitrogen adsorption method at 77 K (ASAP 2020, Micro-
metritics, USA) are summarized in Table 1. Elements
content (w/w) are C = 88.29%, O = 7.09%, H = 0.51%,
and N = 0.91% (determined by an elemental analyzer,

Sy (m?g™) S M?g™) S c(m?g™) Total pore Micropore Mesopore Average pore
volume? volume® volumef diameters
(cm® g™) (em® g™) (em® g™) (nm)
1210.212 775.803 434.409 0.692 0.190 0.394 2.69

2BET surface area.
bt-Plot external surface area.
“t-Plot micropore area.

dSingle point adsorption total pore volume of pores less than 751.885 A width at p/p°® = 0.974.

°t-Plot micropore volume, pore size less than 20 A.

‘BJH Adsorption cumulative volume of pores between 17000 A and 3000.000 A width.

sBJH Adsorption average pore width (4 V/A).
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vario EL cube, Elementar). The PAC was randomly
taken from a bulk bag, dried at 105°C overnight, then
cooled and stored in an air-tight desiccators prior to use.

2.2. Methods
2.2.1. Equilibrium isotherm studies

The bottle point isotherm technique [8] was employed
to determine the equilibrium capacity of PAC for CB.Inan
isotherm experiment, different amounts of carbon were
added to glass bottles. Subsequently, a known volume of
solution containing the target compound was transferred
to the isotherm bottles (with no headspace), which were
sealed using gastight rubber stoppers coated with a Tef-
lon layer. Glass beads were added to each isotherm bottle
to ensure proper mixing. The isotherm bottles were kept
in a temperature-controlled shaking water bath with the
jolting rate of 220 r min™" at 25 + 0.3°C for 24 h. Screen-
ing studies conducted over a 72 h period showed that
equilibrium was reached within 24 h of agitation. Upon
equilibration, adsorbents were separated from the liquid
by filtration through 0.45 pm membrane filters. CB in
the filtrate was analyzed by purge and trap GC-MS. The
solid-phase concentration on the PAC was calculated via
a mass balance. Three blanks were included with each
isotherm experiment to evaluate adsorbate losses by
mechanisms other than adsorption. The concentration of
CB remained nearly constant (less than 2% of difference)
in blanks over the 24 h equilibration time, revealing that
the volatility of CB and its interaction with the bottles can
be neglected.

2.2.2. Adsorption kinetic studies

Batch kinetic tests were conducted at 25 + 0.3°C with
the stirring rate of 220 r min™" to determine the kinetic
parameters that describe the rate of removal of CB by
PAC. PAC used in the kinetic experiments was soaked
overnight in ultrapure water to allow for complete wet-
ting of the pores. Prior to the addition of PAC to a flask
containing 1.4 1 of working solution, samples were col-
lected to determine the initial CB concentration. As the
temperature of the solution reached 25°C, predeter-
mined amount of PAC was added. Samples were taken
at selected time intervals and filtered immediately for
the analysis of liquid-phase CB concentration. The kinet-
ics data were taken for 3 h.

2.2.3. Analysis

CB was extracted with an automatic Purge and
Trap Sample Concentrator 4551A system (O.I. Analyt-
ical TX, USA) on-line coupled with the GC-MS system
and equipped with a Tenax 4660 adsorbent trap (O.1.
Analytical).

The samples placed in the vial were purged under
the following conditions: 25 ml purge vessel (VOCARB
4000 Trap) and 40 ml min™ ultra pure helium purge flow,
purge-ready temperature: 30°C, purge time: 11 min,
desorb time: 4 min, desorb temperature: 180°C, bake
time: 10 min, bake temperature: 230°C.

The following GC-MS (thermo, Trace-DSQ) condi-
tion was used for the analysis of all water samples: ultra
pure helium flow: 1.2 ml min!, split ratio: 20:1, injector
temperature: 180°C, column (DB-5 ms, 30 m x 0.25 pm x
0.25 mm): 50°C hold 5 min, MS condition- ionization
mode: electron ionization (EI), interface temperature:
220°C, ion source temperature: 200°C, detector scan (3
scan s7!) mode: 35-300 amu, electronic ionization: 70 eV.

3. Results and discussion
3.1. Equilibrium isotherm

Adsorption properties and equilibrium data, com-
monly known as adsorption isotherms, describe how
adsorbate molecules interact with adsorbent materials,
and so are critical in optimizing the use of adsorbent. It
is important to establish the most appropriate correla-
tion for the equilibrium curve to optimize the design of
an adsorption system to remove contaminant from solu-
tions. Several adsorption equilibrium theories available
in the literature such as Langmuir, Freundlich, Lang-
muir-Freundlich, and Toth isotherm models can be used
to describe equilibrium studies. The mathematical equa-
tions of the four models are illustrated in Table 2.

Experimental data were compared by using the four
isotherm models and the best-fitted model was deter-
mined based on the use of five error functions and Chi-
square (Table 3) to calculate the error deviation between
experimental and predicted equilibrium adsorption
data [9,10]. Since the minimization of each of the error
functions renders corresponding set of isotherm param-
eters, “sum of the normalized errors” (SNE) were used

Table 2
Mathematical equation of the used isotherm models
Isotherm models Equations
Langmuir K. C. )
Qe =qmL ——
1+ K.Ce
Freundlich e = KpCl/ 2)
Langmuir-Freundlich _ (KygCo )M (3)
¢ Ly (KpeCo™s
Toth B KtC, 4)
e =Mt 4 (KeCoym) 7o
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Table 3
Error functions and Chi-square
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Error functions

Equations

Sum of the squares of the errors (SSE)

Sum of absolute errors (SAE)

Average relative error (ARE)

Hyrbrid error function (HYBRID)

Marquardt’s percent standard deviation (MPSD)

Chi-square

S 5)
SSE = Z (qe,cal — eexp )12

i=1

” (6)
SAE= z e cal ~ fe,exp ;
i=1
g et = %
ARE =100 3 [ Fecal ~feexp
noix E]e,exp ;
> ~ o)’ ®)
HYBRID = % > { (Ge.cat ~ eexp) }
n=Pia e exp ;
1 n 2 (9)
MPSD =100 2 e, cal qE,exp
=P iz qe,exp ;

2= Yeop ~ o) (10)

e, cal

for selecting the optimum isotherm parameters among
them. This normalization procedure allows direct com-
bination of these scaled errors and identifies the opti-
mum parameters set by its minimum SNE values. The
detailed calculation process was described by Foo, K.Y.
and Kundu, S. [11,12]. Further, since the different error
functions selected are presumed to cover a reasonably
wide selection, it is plausible that the distribution of the
experimental data does not give excessive weight either
to high or low concentration ranges. In addition, in all of
the five error methods it is assumed that both the liquid-
phase concentration and the solid-phase concentration
contribute equally to weighting the error criterion for the
model solution procedure. Hence the difference in the
solid phase concentration reflected the differences in
the predicted concentrations for both phases.

The process of minimizing the respective error func-
tions across the experimental concentration ranges
examined yields the isotherm parameters. The isotherm
parameters so obtained, together with the final SNE val-
ues, are presented in Table 4. The best fitted parameters
for each isotherm model could be determined based on
the minimum SNE values. The figures in bold type in
Table 4 represent the optimum isotherm constants for
Langmuir, Freundlich, Langmuir-Freundlich, and Toth
isotherm obtained using the different error functions.
The four isotherms are illustrated in Fig. 1. This figure
shows the superposition of experimental results (points)

and theoretical calculated points (lines). As shown in
Table 4, the lowest SNE value is obtained using the
ARE function for Langmuir isotherm, whereas the SAE
method is effective for Freundlich isotherm. Isotherm
parameters obtained using the SAE method would pro-
vide a better fit as the magnitude of the errors increased
biasing the fit towards the high concentration data [13].
The HYBRID method provided the lowest SNE values
for Langmuir-Freundlich and Toth isotherm, which are
the three parameter models. This error function seems
more adequate as it takes into account different num-
bers of the model parameters [13].

Though SNE values allow the comparison between
error functions and the identification of the optimum
isotherm constants for each isotherm model, it cannot
identify the best fitted isotherm model [9]. To determine
the best fitted isotherm model, y* value of each isotherm
model with the optimum parameters was calculated,
which was shown in Table 4. On the basis of y? values,
the order of nonlinear best-fit was Langmuir-Freundlich
model > Toth model > Freundlich model > Langmuir
model. Consequently, the most suitable model for this
sorption system was the Langmuir-Freundlich iso-
therm with g _ . = 837518 mg g™, K . = 10,369.509 M,
and m,, = 0.578, while the Langmuir model seems not
appropriate for the experimental results due to the sig-
nificantly highest %? value. This result indicates that the
PAC used in the study is an energetically heterogeneous
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Table 4
Isotherm constants with error analysis
Isotherm SSE SAE ARE HYBRID MPSD
Langmuir
g, (mgg™) 337943 340.132 307.326 302.593 254.229
K, (M™) 126782.225 126782.226 173737.739 173737736 2733887.056
SNE 3.603 3.572 3.415 3.460 4.680
e - - 18.412 - -
Freundlich
K, (mg M/ g71) 34388.256 46644.447 46644.447 42556.332 46644.447
g 2179 2.056 2.057 2.092 2.057
SNE 4.860 3.981 3977 4.033 3.983
P - 3.867 - - -
Langmuir-Freundlich
9, (Mg g™) 580.271 837.518 1537432 837.518 1537432
K, MM 29556.802 10369.509 2064.026 10369.509 2064.027
m,, 0.650 0.572 0.527 0.578 0.528
SNE 4.674 4.102 4196 4.070 4.222
» - - - 2.583 -
Toth
g, (mg g™ 1651.683 3178075.583 3178075.583 5184.062 3178075.583
K, (uM™) 258436.908 624969.302 624969.302 258450.828 624969.302
n, 0.260 0.065 0.065 0.181 0.065
SNE 4.687 4.295 4.295 4.282 4.297
P - - - 3.007 3197
Note: Values in bold represent minimum sum of normalized errors (SNE), Chi-square values ()?), and the corresponding isotherm
parameters.
300 adsorbent, which is because the Langmuir-Freundlich
isotherm assumes the adsorbent surface to be hetero-
250 |- geneous, as opposed to the Langmuir equation that
assumes a homogeneous adsorbent.
200
":;, 3.2. Adsorption kinetics
@ 150
% ‘ The initial concentration of CB (C)) and PAC dose
© 100 - m  Experimental data (m_) were considered to investigate the kinetics of CB
-------- Langmuir adsorption onto PAC. The variation of g, with time is
5ol E;i‘;?:ﬂ?:_‘ﬁeun sich shown ir} Fig. 2 at three different C,, 2.07, 3.10, and 4.70
Toth mg 17! (Fig. 2(a)), and at three m_, 32.3, 50, and 70 mg 1"
P (Fig. 2(b)). The results obtained showed that g, increases
0 5 10 15 20 25 30 rapidly in the initial minutes, then increases with lower
C,(x1078 M) rate and finally reaches to the equilibrium. The data

Fig. 1. Adsorption isotherm modeling of CB removal by PAC
using nonlinear regression analysis (initial CB concentra-
tion = 3.7 mg 1", pH = 7.2 and temperature = 25 + 0.3°C).

presented in Fig. 2(a) also show that the amount of CB
adsorbed increases with increased C. It is manifested
that the sorption increased for lower m_ at any specific
time in Fig. 2(b).
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Fig. 2. Plot of sorbed capacity versus time at different ini-
tial concentrations of CB with PAC dose of 50 mg 1™ (a),
and at different PAC doses with initial concentration of CB
3.10 mg 1" (b) at temperature of 25°C, pH = 7.2. The symbols
are experimental data, and the solid lines and dashed lines
are calculated values by pseudo-first and pseudo-second
order kinetic models, respectively.

Table 5
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Sorption kinetics, which describes the solute sorp-
tion rate, is an important characteristic in evaluating
the efficiency of sorption. The adsorption kinetics of CB
onto PAC was examined with different kinetic models.

3.2.1. Pseudo-first-order and pseudo-second-order kinetic
models

Pseudo-first-order (Eq. 11) and pseudo-second-order
(Eq. 12) models are the simplest and oldest kinetic
models used to describe the adsorption kinetics [14,15].
The kinetic parameters involved in the two models for
each case were estimated using the foregoing nonlinear
regression analysis and Chi-square analysis. The cal-
culated kinetic rate constants and their corresponding
Chi-square value (x*) were given in Table 5. The solid
lines and dashed lines in Fig. 2 represent the predicted
kinetic isotherms by the obtained pseudo-first-order
and pseudo-second-order models, respectively:

In(g. — g;) =In g. — kyt (11)
kygat

=—2F 12

e 1+ kzqet ( )

From the results in Table 5, the pseudo-second-
order equation was the model that gave a better fit to
the experimental data, because its Chi-square values ()?)
are lower than 2.560, while those for pseudo-first-order
model are 2.958 < x* < 8.587. Although the Chi-square
values (x?) are lower for pseudo-second-order model,
there is a deviation from this model for short times
(when ¢ is less than 20 min) at all cases in Fig. 2 (dashed
lines).

As shown in Table 5, the values of rate constants (k,
and k), are found to increase with increasing G, and m,

The obtained constants of pseudo-first-order and pseudo-second-order kinetic models with Chi-square values ()?), at
different initial concentrations of CB (C,) with PAC dose of 50 mg 1! and at different PAC doses (m_) with initial concentration

of CB3.10 mg I'!

Parameters Pseudo-first-order model Pseudo-second-order model
g, (mg g™) k, (min™) Ve g, (mg g™) k, (g mg™ min™) X

C,(mgl?)

2.07 38.085 0.487 3.566 39.903 0.020 0.613
3.10 54.925 0.537 5.478 57.469 0.016 1.374
4.70 78.346 0.882 8.587 81.743 0.018 2.560
m_(mg I™')

32.3 78.078 0.528 6.015 81.374 0.013 1.050
50 54.925 0.537 5.478 57.469 0.016 1.374
70 40.950 0.912 2.958 42.433 0.041 0.685
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except for the values of rate constant (k,) at different C,.
This result indicates that the main disadvantage of both
pseudo-first-order and pseudo-second-order models is
the dependency of their rate constants (k, and k) to the
initial concentration of solute and the dose of adsorbent.
Therefore the rate constants (k, and k) are really pseudo-
constants. This dependency has been shown both exper-
imentally [16,17] and theoretically [18].

3.2.2. Langmuir-Freundlich kinetic model

A favorite model for analysis of adsorption kinet-
ics is Eq. (13) which is also called Langmuir-Freundlich
kinetic model [19]:

k=001 — kg,

(13)
where 0, = qt/ q,.r i the surface fractional coverage of
adsorbate at time ¢, and k, (M™' min™') and k, (min') are
the adsorption and desorption rate constants, respec-
tively.

This model shows that simultaneous studies of
adsorption equilibrium are essential for a good under-
standing of adsorption kinetics. Generally, C, in Eq. (13)
is not constant and decreases with increasing the amount
of adsorption (6,) during adsorption process as:

Ct — C[) _ mcquF et

14
106 My (14

where g_ . is the Langmuir-Freundlich maximum
adsorption capacity (mg g™'), M, is the molecular weight

of adsorbate (g mol™). So by substitution of Eq. (14) into
Eq. (13) we have:

48, _

T =Ha(Co— T 61— 0 g0,/

15
10° My (1)

a(O

One of the advantages of Eq. (15) is that the rate of
adsorption and desorption can be separated. Based on
Eq. (15), the rates of adsorption (r,, min™) and desorp-
tion (r,, min™') can be written as:

_ mcquF 1/m
1=k, (Cy — 0,)(1 - 8,)1/mr 16
(Co 105 My, (1 —-86) (16)
g = kdetl/mLF 17)

On the basis of extended geometric method pro-
posed by Azizian etc. [20] for Eq. (15), the rate constant
of adsorption (k,) can be computed by:

ko
a 1 - 1
f MeGmLE | 2 3mpp
C — =kt <
0( ZtJ T 10My |, (1= mp) K
mLF2

ko tL

(18)

where kO is the initial slope of 0, vs. t plot (linear region),
t the initial time of adsorption where 0, vs. tis linear, t,
the equilibrium time. g_, . and m,, can be easily found
from the Langmuir-Freundlich adsorption isotherm. So
the input data of Eq. (18) can be easily obtained from
the experimental data of 6, vs. t and also adsorption iso-
therm. Desorption rate constant (k, in Eq. (15)) can be
easily computed by:

— ka
KLF

kq (19)

where K| is the Langmuir-Freundlich equilibrium con-
stant.

Equilibrium studies on the adsorption of CB onto
PAC showed that the present system obeys Langmuir—
Freundlich isotherm with g _ . = 837.518 mg g™, K, =
10,369.509 M, and m . = 0.578. Analysis of kinetic
experimental data showed that 6, increases with time as
a linear form up to 5 min and reaches equilibrium at 180
min, in all cases shown in Fig. 3. Thus the time of 5 min
and 180 min was selected as ¢, and ¢, respectively. The
initial slopes of 6, vs. t (i.e., k) were calculated for differ-
ent C; and m_were listed in Table 5, respectively. These
values show that k is a function of C; and m_. The val-
ues of k, increase with increasing C, but decreasing .
By using the above parameters, the values of adsorption
and desorption rate constants (k, and k,) can be calcu-
lated by Egs. (18) and (19), respectively. The values of
calculated rate constants (k, and k,) at different C, and
m_are listed in Table 6. The values of k_ at different C,
and m_are in the same range and their small differences
are due to experimental random error. Similar charac-
ter was observed in the values of k, at different C, and
m_. These results show that extended geometric method
can evaluate the rate constant (initial adsorbate concen-
tration and adsorbent dose independent) of adsorption
of Langmuir-Freundlich kinetic with a good accuracy.
The average value of k_ is 951.776 M™' min™". By using
of equilibrium constant (K, , = 10,369.509 M™' min!) and
average value of k , the average value of desorption rate
constant (k,) is 0.0918 min™' calculated by Eq. (19).

The rates of adsorption and desorption were cal-
culated by Egs. (16) and (17) using the rate constants
obtained by extended geometric method. The variation
of calculated r, and r, with time at C, = 3.10 mg I M
and PAC dosage of 50 mg 1! is shown in Fig. 4. This
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Fig. 3. Variation of 6, with time at different initial concentra-
tions of CB with PAC doses of 50 mg 1! (a), and at different
PAC doses with initial concentration of CB 3.10 mg 1. The
symbols are experimental data and solid lines are calculated
values by Eq. (15).

Table 6

The kinetics parameters of CB adsorption onto PAC at
different initial concentration of CB (C)) with PAC dose of
50 mg 1" and at different PAC doses (m) with initial CB
concentration of 3.10 mg 1! at 25°C

Parameters k, (min™") k, (M min™) k, (min™)
C, (mgl™)

2.07 9.430 x 1073 950.843 0.0917
3.10 1.424 x 102 950.548 0.0917
4.70 2.147 x 1072 951.850 0.0918
m_(mg 1)

32.3 1.705 x 102 952.606 0.0919

50 1.424 x 102 950.548 0.0917

70 1.201 x 102 954.258 0.0920

0.030

—o—r,

—Oo—1Ty

0.025

0.020

0.015

rate (min~")

0.010

0.005

OQIC‘:":(%—‘E?'—.'3._8.—’.C ! 0
0 20 40 60 80 100 120 140 160 180 200
t (min)

0.000

Fig. 4. Calculated rates of adsorption and desorption of CB
onto PAC (25°C, CB concentration 3.10 mg 1!, PAC dosage of
50 mg 17).

figure shows that the rate of adsorption of CB onto PAC
is higher than its rate of desorption at short initial times,
and the adsorption system is close to equilibrium at long
times. The low values of r, indicate that the adsorbed CB
remains almost stable on the PAC.

It is necessary to compare the calculated and experi-
mental values of 6, at various times to examine the
validity of extended geometric method. By using of the
average values of k and k, from extended geometric
method, Eq. (15) was numerically calculated with the
MATLAB ode solver (ode45). The numerical results for
the variation of 6, with time were obtained and were
shown as solid lines in Fig. 3 for different C and m_. A
good agreement between the experimental data and the
results of Eq. (15) is observed for the lower C, and the
higher m_(Fig. 3). However, the calculated and experi-
mental values did not match completely for higher C,
and lower m_at time more than 10 min, when the most
significant deviations can be seen. These deviations may
be due to (1) three approximations in extended geomet-
ric method, (2) the use of the average value of k, and k for
all C; and m_, (3) experimental errors and (4) adsorbate—
adsorbate interactions that may are important at high
loading (or high concentrations) which did not consid-
ered in Langmuir-Freundlich model.

It is interesting to note that one just needs initial
kinetic data at one initial adsorbate concentration and
one adsorbent dosage to estimate rate constants with
extended geometric method. Also by using the Lang-
muir-Freundlich kinetic model and calculated rate con-
stants, it is possible to predict the variation of 6, with
time in the whole region: from short initial times to long
times when the system is close to equilibrium for differ-
ent C and m..
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4. Conclusions

The adsorption of CB from aqueous solution by a
wood-based PAC was evaluated in this study. The con-
clusions are as follows:

1. Langmuir-Freundlich isotherm model was the best-
fitting model for CB adsorption onto PAC in aqueous
solution, and the maximum adsorption capacity was
837.518 mg g™

2. The rate constants of the pseudo-fist-order and
pseudo-second-order kinetic models are dependent
on the initial CB concentration and PAC dose.

3. The rate constants of Langmuir-Freundlich kinetic
model obtained by extended geometric method are
independent of initial concentration of CB and PAC
dose. The rate constants can be applied at any initial
concentration of CB and PAC dose, and therefore are
useful for process design.

4. The results show that PAC is a stable and effective
adsorbent for removal of CB from solution in water
treatment.

Acknowledgments

The authors gratefully acknowledge financial sup-
port from the National High Technology Research
and Development Program of China (Grant No.
2008AA06A414), National Natural Science Foundation
of China (Project 50808134 and 51178322), and Interna-
tional Science & Technology Cooperation Program of
China (Project 2010DFA92090).

Symbols

C., — theequilibrium solute concentration (M)

C, — theinitial concentration of chlorobenzene (M)

C, — the concentration of solute at time ¢ (M)

m_ — the dose of PAC (mg1™)

g, — the amount of adsorbate adsorbed at equilib-
rium (mg g™')

g, — the amount of adsorbate adsorbed at time ¢
(mg g™)

g, — the Langmuir maximum adsorption capacity
(mg g™)

g, — the Langmuir-Freundlich maximum adsorp-
tion capacity (mg g™)

g.. — theToth maximum adsorption capacity (mg g™)

K.~ — the Langmuir adsorption equilibrium con-
stant (M)

K, — the Freundlich isotherm equilibrium constant
(mg M-1/nF g7)

K. — the Langmuir-Freundlich isotherm equilib-

rium constant (M)

=

= =
2T Y,

—  the Toth isotherm equilibrium constant (M)

— the Freundlich constant indicative of the
intensity of the adsorption

— the Langmuir-Freundlich model exponent

— the Toth model exponent

—  Chi-square value

— the amount of adsorbate adsorbed at equilib-
rium, calculated value, mg g™

— the amount of adsorbate adsorbed at equilib-
rium, experimental value, mg g™

— the surface fractional coverage of adsorbate at
time ¢

— the molecular weight of adsorbate (g mol™)

— the pseudo-first-order sorption rate coeffi-
cient (min?)

— the pseudo-second-order rate coefficient
(g mg™ min™)

— the initial slope of 6, vs. t plot (linear region),
min!

— the adsorption rate constant (M~ min™)

— the desorption rate constant (min™)

— the rate of adsorption (min™)

— the rate of desorption (min™)
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