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Abstract

The objective of this study is to assess the uptake of hexavalent chromium (Cr(VI)) from aqueous solutions onto activated carbons (AC)
produced from wood. Two activated carbons are tested, a KOH-activated carbon and a commercial H3PO4-activated carbon (Acticarbone
CXV). The adsorption of Cr(VI) is maximal at the lowest values of pH (pH 3) and increases with temperature for both adsorbents. The
KOH-activated carbon shows higher capacity for adsorption of Cr(VI) than Acticarbone. The sorption isotherms fit the Langmuir model
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ccurately. The adsorption reaction was found to obey a pseudo second-order rate. The activation energy and the pre-exponen
ell as the thermodynamic functions related to adsorption reaction,�S◦, �H◦, �G◦, were determined. Nevertheless, the global reaction

s probably controlled by the intra-particular diffusion of Cr(VI) and the mass diffusivity of Cr(VI) was evaluated.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Unlike the organic pollutants, which are often bio-degra-
ed, metal ions do not degrade into harmless end products[1].
hromium is a highly toxic pollutant generated from many

ndustrial processes such as leather tanning, electroplating,
anufacturing of dye, paint and paper. Chromium exists in

he aquatic environment mainly in two states: trivalent Cr(III)
nd hexavalent Cr(VI). Hexavalent chromium is primarily
resent in the form of chromate (CrO2−

4 ) and dichromate
CrO2−

7 ) ions. The latter form is the most toxic as stated by
harma et al.[2,3]. Contact with chromium can cause severe
ealth problems from simple skin irritation to lung carcinoma

4]. French regulations for drinking water fixed the maximum
ontaminant level of chromium at the level of 0.05 mg l−1 [5].

There are various methods for removing heavy metals in-
luding chemical precipitation, membrane filtration, ion ex-
hange, liquid extraction or electrodialysis[1,6]. However,

∗ Corresponding author. Tel.: +33 3 44 23 44 45; fax: +33 3 44 23 19 80.
E-mail address:richard.capart@utc.fr (R. Capart).

these methods are not widely used due to their high cos
low feasibility for small-scale industries[7]. In contrast, a
adsorption technique is by far the most versatile and wi
used. The most common adsorbent materials are: alu
silica[8], metal hydroxides[9] and activated carbon[10]. As
proved by many authors[11–13], removal of heavy meta
by activated carbon is economically favorable and tec
cally easier. This present paper aims at comparing the
ciencies of two activated carbons for removing Cr(VI) fr
aqueous solutions. One of the ACs is prepared in our
ratory by activation with KOH. The other is a commerc
product, classically prepared by activation with an ac
agent: H3PO4. Chemical activation using KOH develop
in the 1980s[14] is relatively recent compared to other a
vation methods using acidic agents or salts. It has been s
that KOH-activated carbon is essentially microporous w
high surface area of pores while the acid-activated carbo
a more mesoporous structure[15,16]. The ability of KOH-
activated carbon to remove organic pollutants was rep
by several investigators[15,17–20]. However, no literatur
references were on the uptake of metal ions specifical
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2005.04.012
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this kind of AC. In this work, the effects of pH, tempera-
ture and initial concentration on Cr(VI) are particularly in-
vestigated. Various mathematical models are also tested: the
Langmuir’s and Freundlich’s models for sorption isotherms,
and first and second-order rate equations for description of ki-
netic. Kinetic parameters such as the pre-exponential factor
and activation energy, as well as the thermodynamic func-
tions variations (�H◦, �S◦, and�G◦) are evaluated and dis-
cussed.

2. Materials and methods

2.1. Materials

The precursor material for KOH-activated carbon is made
from thermo-compressed fir wood slabs of approximately
2 mm thick. Thermo-compression of wood slabs is achieved
with a hydraulic press (Carver) equipped with two heating
plates (15 cm× 15 cm). As a result, the initial density of a ten-
der wood such as fir is almost tripled and the final mass yield
in activated carbon is significantly increased while pore char-
acteristics such as the BET surface area are not affected[21].
The carbonisation-activation of fir wood slabs is performed in
a 6 cm diameter stainless steel cylindrical reactor, heated by
a or is
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2.2. Preparation of Cr(VI) solution

A stock of hexavalent chromium solution is firstly prepa-
red by dissolving CrO3 in distilled water (CrO3 1000 mg l−1).
Experimental solutions at the desired concentration are then
obtained by successive dilutions. The initial pH is adjusted
with solutions of HNO3 or NaOH.

2.3. Batch experiments

The adsorption tests are carried out in batch mode by
adding 40 mg of activated carbon (CKW or Acticarbone) to
100 ml of a Cr(VI) solution at known concentration and pH
in a 250 ml Erlenmeyer flask. Several flasks are placed in
a thermostatic bath and individually stirred at 450 rpm. Af-
ter 12 h of contact, 50 ml of suspension are sampled from
each flask and filtered using 0.45�m cellulose acetate sy-
ringe filters. The residual Cr(VI) concentration in the filtrate
is measured according to a standard method introduced by
Gilcreas et al.[22]. This method consists of measuring the
absorbance at 540 nm of a sample of filtrate (5 ml) to which
a small amount of 1,5-diphenylcarbazide is added with a few
drops of a specific reagent (Cr-3K, Merck). All the chem-
icals used in this method have an analytical reagent grade
and supplied by Merck. The parameters varied in the experi-
ments are the Cr(VI) initial concentration (ranging from 5 to
2 ture
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60 cm long electrical oven. The vertically set-up react
onnected via a flow meter to a tank of compressed N2. The
OH activation method requires two successive steps
recursor is slowly charred in N2 gas at 300◦C for one hour
he produced charcoal is then soaked in a concentrated
olution until an impregnation ratio of 0.75 g of KOH/1 g
nitial char is reached. The oven dried impregnated produ
hen heated in N2 gas at 700◦C for 2 h. The resulting materi
s washed with some distilled water and soaked overnig
0.1 M HCl solution in order to remove the remaining alk
he material is then washed with hot distilled water (at 80◦C)
ntil the activated carbon reaches a pH of 6.0± 0.5. The pro
uced activated carbon by this method is designated C
or adsorption tests it is milled into a powder. The refere
ctivated carbon used in the present study is purchased

he CECA Company (France) under the commercial nam
cticarbone CXV. It is obtained by activation at high te
erature, with H3PO4 of pine wood sawdust (Pinus pinaste
he main physical characteristics of CKW and Acticarb
owders are listed inTable 1.

able 1
hysical characteristics of CKW and Acticarbone powders

onstituents CKW Acticarbon

ulk density (kg m3) 278 245
urface area (m2 g−1) 1255 1210
ores volume (cm3 g−1) 0.596 0.091
article size (�m) 60 40
umidity (%) 8 7
00 mg l−1), the pH (3.0, 6.0, and 9.0) and the tempera
25, 33 and 40◦C). All the experiments are duplicated. O
he mean values are reported in this paper. The maxi
eviation observed is less than 5%.

.4. Langmuir and Freundlich isotherms

The chromium sorption data are correlated with the t
etical models of Langmuir and Freundlich:

e = Q0bCe

1 + bCe
Langmuir equation (1

Ce

qe
= 1

Q0
Ce + 1

Q0b
(2)

e = kC
1/n
e Freundlich equation (3

n qe = 1

n
ln Ce + ln K (4)

hereqe is the amount of metal ions adsorbed per unit m
f adsorbent (mg g−1), Ce the equilibrium concentration
olute in the bulk solution (mg l−1),Q0 the solid phase con
entration corresponding to the complete monolayer co
ge of adsorption sites[23], b the constant related to the fr
nergy of adsorption. The constantskandnof the Freundlich
odel can be related to the strength of the adsorptive
nd the bond distribution[24].

The Langmuir isotherm implies that the free energy of
orption does not depend on the surface coverage. It als
icts the solid surface saturation (Q0 =qe) with a monolaye
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coverage of adsorbate at highCe values and a linear adsorp-
tion at lowCe values. Values ofQ0 andb can be graphically
determined from the linear form of the Langmuir model Eq.
(2): the slope is 1/Q0 and the intercept 1/Q0b.

The constantskandnof the Freundlich model are respec-
tively obtained from the intercept and the slope of the linear
plot of lnqe versus lnCe Eq. (4). The constantk can be de-
fined as a sorption coefficient which represents the quantity
of adsorbed metal ions for a unit equilibrium concentration
(i.e.,Ce = 1). The slope 1/n is a measure of the sorption inten-
sity or surface heterogeneity[25]. For 1/n= 1, the partition
between the two phases is independent of the concentration.
The situation 1/n< 1 is the most common and corresponds
to a normal an L-type Langmuir isotherm[26], while 1/n> 1
is indicative of a cooperative sorption[27], which involves
strong interactions between the molecules of adsorbate. The
essential characteristics of a Langmuir isotherm can be ex-
pressed in terms of a dimensionless separation factor,RL,
which describes the type of isotherm:

RL = 1

1 + bC0
(5)

whereC0 is the initial concentration of Cr(VI).
Thus,RL is a positive number whose magnitude deter-

mines the feasibility of the sorption process. The process is
irreversible ifRL = 0, favorable ifRL < 1, linear ifRL = 1 and
u

3
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Fig. 1. Adsorption–desorption isotherms of N2 at 77 K on CKW and Acti-
carbone activated carbons.

very different, practically of type IV[28], which is specific of
a solid material rich in mesopores. The hysteresis of H4 type
for Acticarbone is indicative of slit-shaped mesopores, as it
is the case for many activated carbons. In contrast, broader
hysteresis loops of types I and II are indicative of tubular
mesopores. Issa and Teresa[16] have reported similar effects
of the alkaline and acidic activating agents on the structural
characteristics of material.

3.2. Adsorption isotherms

3.2.1. Effect of initial Cr(VI) concentration
The effect of the initial concentration on the Cr(VI) is in-

vestigated in the range 5–200 mg l−1 with a pH value fixed
at 3. If the amount in CKW in the suspension is equal to
0.4 g l−1, 99% of the initial Cr(VI) with a concentration of
5 mg l−1 is removed. Whereas, if the initial concentration is
about 200 mg l−1, the amount of Cr(VI) removed drops to
67%. Using Acticarbone in amount of 0.6 g l−1, the amounts
of Cr(VI) removed are 94% and 44% for initial concentrations
of 5 and 150 mg l−1, respectively. More than 50% removal is
achieved with both the activated carbons at an initial concen-
tration equal to 100 mg l−1. Therefore, the uptake of Cr(VI)
is strongly concentration-dependant and it can be seen that

Acticar
nfavorable ifRL > 1.

. Results and discussion

.1. Adsorption of nitrogen

As shown byFig. 1, the adsorption isotherm of N2 at 77 K
or KOH-activated carbon (CKW) is clearly of type I, acco
ng to the IUPAC classification of sorption isotherms[28],
ormerly designated as Brunauer’s classification. Show
lateau and no hysteresis, such an isotherm is typical

nternal structure mainly microporous with a narrow dis
ution of pore sizes. In contrast, a H3PO4-activated carbo
s Acticarbone CXV exhibits a sorption isotherm of N2 that

Fig. 2. SEM micrographs of (a)
 bone and (b) CKW activated carbon.
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Fig. 3. Langmuir isotherms for Cr (VI) adsorption on (a) CKW and (b) commercial activated carbons at different pHs andT= 25◦C.

this uptake is higher for CKW than it is for Acticarbone. This
higher uptake is probably due to the microporous structure of
KOH-activated carbon in contrast with that of acid-activated
carbon whose volume of mesopores is relatively larger.Fig. 2
shows SEM scans of Acticarbone and CKW. After activation
treatment, the porous structure of wood appears to be well
preserved in CKW whereas it is appears severely damaged
in the acid-activated carbon. Indeed, reactions have occurred
during the previous stage of activation by an inorganic acid
hydrolysis. They result in a bursting of the wood cells and fu-
sion of the woody material yielding random agglomerates of
small particles, as depicted byFig. 2. Furthermore, when ex-
aminingFig. 2, the accessibility to micropores seems higher
for CKW explaining superior chromium ions uptake.

3.2.2. Effect of pH on adsorption process
The effect of pH on the removal of Cr(VI) is investigated

by testing three values of pH = 3.0, 6.0 and 9.0 at a temper-
ature of 25± 1◦C and for concentrations of Cr(VI) ranging
from 5 to 200 mg l−1. The contact time has been fixed to
12 h for all the experiments. The experimental results are
presented inFig. 3 for both activated carbons. As it can be
seen fromTable 2, the near unity regression coefficient val-
ues (r2) related to the Langmuir model indicate that its good
fit to Cr(VI) adsorption equilibrium data regardless of pH
v n

1. The situationn> 1 is the most common and corresponds to
an L-type of normal Langmuir isotherm[29]. Furthermore,
Table 2indicates that the Langmuir parameterQ0 and the
Freundlich parameterk are higher for CKW than for Acti-
carbone at all pH values confirming that CKW has the larger
Cr(VI) capacity adsorption.

It can be seen inFig. 3 that the maximum of Cr(VI) ad-
sorption occurs at the lowest pH value (pH 3) for both ac-
tivated carbons. Furthermore, the adsorption efficiency in-
creases with decreasing pH. Indeed, pH has a strong effect
on the removal of Cr(VI). This finding has been reported by
several investigators[30–32], who have found that Cr(VI) ad-
sorption by activated carbon is enhanced in the acidic range
of pH. As mentioned by Rao[32], favorable effect of low pH
can be attributed to the neutralisation of negatives charges on
surface of the adsorbents by excess hydrogen ions, thereby fa-
cilitating the diffusion of hydrogenchromate ions (HCrO4

−)
and their subsequent adsorption. Besides, according to the
diagram of Benefield et al.[33], HCrO−

4 is the dominant an-
ionic form of Cr(VI) between pH 1.0 and 4.0. This ionic form
was found to be preferentially adsorbed on the surface of car-
bon[30]. The negative charges could result from oxygenated
functional groups of basic character such as lactone or hy-
droxyl groups, chemisorbed at the surface of the pores. It is
also postulated that under acidic conditions, Cr(VI) could be
reduced to Cr(III) in the presence of activated carbon[3].

T
E ch isoth

A

−1)

C

A

alue.Table 2also gives values ofn significantly higher tha

able 2
ffect of temperature and pH on the values of Langmuir and Freundli

dsorbent T (k) Ph Langmuir constants

Q0 (mg g−1) b (l mg

KW 298 3 180.3 0.420
298 6 95.1 0.184
298 9 33.4 0.202
306 3 281.3 0.408
313 3 315.6 0.309

cticarbone 298 3 124.6 0.149
298 6 32.4 0.026
298 9 17.5 0.017
306 3 144.4 0.170
313 3 186.1 0.153
erm constants

Freundlich constants

r2 RL n k r2

0.9912 0.0180 1.715 44.12 0.9549
0.9965 0.0515 2.638 21.23 0.9749
0.9841 0.0472 3.091 11.31 0.9271
0.9878 0.0134 3.988 92.98 0.9336
0.9989 0.0127 4.081 123.37 0.9657

0.9929 0.0629 1.897 18.98 0.9558
0.9975 0.2427 1.650 1.24 0.9764
0.9944 0.3289 1.869 1.01 0.9812
0.9929 0.0355 2.801 33.67 0.9311
0.9925 0.0316 3.413 51.85 0.9219
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Fig. 4. Langmuir isotherms for adsorption of Cr(VI) onto CKW and Acti-
carbone at different temperatures and pH 3.

3.2.3. Effect of temperature on the adsorption process
The temperature has two main effects on the adsorption

process. An increase in temperature is known to increase the
diffusion rate of the adsorbate molecules across the exter-
nal boundary layer and within the pores. This could be the
result of decreasing solution viscosity. Furthermore, chang-
ing the temperature will modify the equilibrium capacity of
the adsorbent for a particular adsorbate. The effect of tem-
perature is investigated from adsorption tests carried out at
three constant temperatures: 25, 33 and 40◦C. The amount
of Cr(VI) removed by both the adsorbents rises with tem-
perature as shown in the Langmuir isotherm plots ofFig. 4.
Considering the high values of the regression coefficientr2

near unity inTable 2, it is clear that the adsorption data fits
both the Langmuir or Freundlich models well at the three
chosen temperatures. CKW has a larger adsorption capacity
than Acticarbone, with the highestQ0 andk values regard-
less of temperature. FromTable 2, it can also be noted that
the values of the Freundlich parametern are higher for the
CKW activated carbon. Reed and Matsumoto[26] reported

that the larger the difference betweennand 1, and the greater
the distribution of surface bond energies for the cadmium
adsorption on commercial activated carbons. Therefore, the
activated carbon CKW shows a wider Cr(VI)-surface bond
energies distribution than Acticarbone.

The thermodynamic properties: enthalpy change (�H◦),
free energy change (�G◦) and entropy change (�S◦) for the
adsorption of Cr(VI) by both the adsorbents are calculated
from the following set of equations:

∆G◦ = −RT ln Ka (7)

�S◦ = �H◦ − �G◦

T
(8)

The equilibrium constantKa of the adsorption process which
is equal to the productQ0b, is calculated first. The enthalpy
change�H◦ is determined from the slope of the regression
line after plotting lnKa in function of 1/T. The�G◦ and�S◦
change are determined from Eqs.(7) and (8). Positive values
of �H◦ indicate the endothermic nature of the adsorption
process meanwhile positive values of�S◦ suggest the in-
creased randomness at the solid-solution interface. Yavuz et
al. [35] have studied the removal of various heavy metal ions
by kaolinite, and concluded that the positive values of the
entropy may be due to some structural changes in both the
adsorbent and adsorbate during the adsorption process. The
n
s e
v of the
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3
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Table 3
Thermodynamic parameters for Cr(VI) adsorption at pH 3

Adsorbent Temperature (K) Ka �G◦ (kJ mol−1)

CKW 298 75.72 −10.72 6
306 97.15 −11.64

A 8

T
T

A Q0 (mg e

C 180.3
A 124.6
W 29.9–
F 26.2–
H 52.2
C 3.5
313 123.10 −12.53

cticarbone 298 18.56 −7.24
306 25.55 −8.14
313 28.46 −8.71

able 4
he adsorptive capacities of various adsorbents for Cr(VI)

dsorbent

KW (KOH)
cticarbone (H3PO4)
ood activated carbon
400 CAC
azelnut shell activated carbon (H2S04)
oconut tree sawdust activated carbon (H2SO4)
egative values of the free energy change�G◦ confirm the
pontaneous nature of adsorption.Table 3summarizes th
alues of these thermodynamic properties. The change
tandard free energy decreases with increasing temper
egardless of the nature of adsorbent. This indicates t
etter adsorption is actually obtained at higher temperat

.2.4. Comparative study
A comparison of the Cr(VI) adsorption capacity of a

ated carbons from various sources based on the valuesQ0
n similar pH conditions (2.0≤ pH≤ 3.0) can be made. Th

�S◦ (kJ mol−1 K−1) �H◦ (kJ mol−1) r2

0.120 25.07 0.998
0.119
0.120

0.098 22.23 0.984
0.099
0.098

g−1) pH Referenc

3 –
3 –

26.6 2–5 [27]
19.1 2–5 [27]

3 [30]
3 [35]
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Table 5
Rate adsorption constants for three kinetic models at different temperature and pH 3

Adsorbent T (K) t1/2 (s) D× 109

(cm2 s−1)
qe(exp)

a

(mg g−1)
First-order Second-order Intra-particle diffusion

k1 (min−1) qe(cal)
b

(mg g−1)
r2 k2 × 103

(g mg−1

min−1)

qe(cal)
b

(mg g−1)
r2 kdif

(mg g−1

min−1/2)

C r2

CKW 298 225 1.20 74.50 0.0128 27.61 0.9549 3.546 75.18 0.9992 1.81 44.92 0.9858
306 154 1.75 95.51 0.0119 31.90 0.9540 4.095 96.15 0.9998 2.11 66.23 0.9868
313 86 3.14 131.11 0.0090 33.53 0.9660 5.302 131.58 0.9997 2.28 97.47 0.9816

Acticarbone 298 252 0.47 59.83 0.0133 33.85 0.9572 2.208 59.52 0.9953 1.56 32.08 0.9779
306 171 0.70 64.79 0.0121 35.41 0.9603 5.333 67.24 0.9996 1.81 39.29 0.9845
313 119 1.01 86.98 0.0086 36.26 0.9511 5.798 86.95 0.9990 2.78 46.53 0.9714

a Experimental data.
b Calculated data from models.

Table 4shows the large spread inQ0 values. The maximum
values observed for activated carbon CKW in the present
study indicate about efficiency of solution uptake (VI).

3.3. Adsorption kinetics

In the present study, two kinetic models are tested in order
to predict the adsorption data of Cr(VI) as function of time
using a pseudo-first-order and a pseudo-second-order kinetic
models. According to Namasivayam and Kadirvelu[36] and
Gupta et al.[37] the first-order model can be expressed as
follows:

ln(qe − qt) = ln qe − k1t (9)

whereqe and qt (both in mg g−1) are the solute amounts
adsorbed per unit mass of adsorbent at equilibrium and at
time t (min), respectively,k1 (min−1) is the adsorption rate
constant.

The values ofk1 andqe are determined from the slope and
the intercept of the plots of ln(qe−qt) versust, respectively.
According to Ho and McKay[38] the kinetics of sorption can
be represented by a pseudo-second-order model, which leads
to the following equation:

w tant
(

hould
s
d
w he
i od
b iable
a ired
t d at
e the
c en by

the following relationship:

t1/2 = 1

k2qe
(11)

Values oft1/2 are all reported inTable 5. The evolution of
the sorption data of Cr(VI) as function of time are illustrated
by Fig. 5 for both activated carbons at several temperatures
ranging from 25 to 40◦C, the initial pH being fixed to its op-
timal value of pH 3 for all the experiments. It appears from
Fig. 5that for all the experiments a rapid initial rise of the ad-
sorption capacitiesqt and the equilibrium is almost reached
within 150 min. However, equilibrium is reached faster with
CKW than with Acticarbone. The validity of the kinetic mod-
els is tested by the magnitude of the regression coefficientr2,
given in Table 5. It is important to note that for a pseudo-
first-order model, the correlation coefficient is always less
than 0.96, which is indicative of a bad correlation. Moreover,
from Table 5, it can be seen that the experimental values of
qe are not in good agreement with the theoretical values cal-
culated from Eq.(9). Therefore, the pseudo-first-order model
is not suitable for modelling the adsorption of Cr(VI) onto
activated carbon. In contrast, the application of a pseudo-
second-order model leads to much better regression coeffi-
cients, all greater than 0.99. Furthermore, the experimental

F ons
a

t

q1
= 1

k2q2
e

+ 1

qe
(10)

here k2 is the pseudo-second-order rate cons
g mg−1 min−1).

An adequate pseudo-second-order kinetics model s
how a linear plot oft/qt versust. The value ofqe is easily
educed from the slope of the plot oft/qt versust. Onceqe
as identified, the value ofk2 can be obtained either from t

ntercept or fromt1/2 (half adsorption time). The latter meth
ased on the half-absorption time proved to be more rel
nd accurate. The half-adsorption time is the time requ

o uptake half of the maximal amount of Cr(VI) adsorbe
quilibrium. It characterizes the adsorption rate well. In
ase of a pseudo-second-order process its value is giv
ig. 5. Equilibrium time for adsorption of Cr(VI) on both activated carb
t different temperature and pH 3;C0 = 60 mg g−1.
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Fig. 6. Second-order kinetic equation for adsorption of Cr(VI) on both ac-
tivated carbons at different temperature.

and calculated values ofqe are very close, as indicated in
Table 5, thus, the pseudo-second-order kinetic model is well
suitable to model the sorption curves of Cr(VI) onto activated
carbon. In addition to the excellent correlation between the
theoretical and the experimental data,Fig. 6 shows that the
rate of adsorption increases with increasing temperatures. A
similar trend was observed by Hamadi et al.[39] for the ad-
sorption of Cr(VI) on activated carbon prepared from waste
tires and sawdust. A lot of studies deal with the mechanism
of heavy metal uptake by adsorbent materials. The conclu-
sions of these studies are often contradictory. For instance,
Hamadi et al.[39] showed that a pseudo-second-order kinetic
equation is well suited for modelling the sorption kinetics of
Cr(VI) onto various adsorbents. In the other hand, Vinay and
Prem[34] have shown a better performance of the pseudo-
first-order kinetics model in the case of the adsorption of lead
and chromium from aqueous solutions by red mud. Kobya
[40] reached similar conclusions in the case adsorption of
Cr(VI) onto H2SO4-activated carbons produced from hazel-
nut shell. In conclusion, it appears from literature that the
kinetics of adsorption is strongly dependent on the type of
adsorbent material.

3.4. Mechanism of adsorption

ther
t r by
t nsfer
c
c l.
[

l

w n-
c

Fig. 7. Intra-particle diffusion plots for adsorption of Cr(VI) on both acti-
vated carbons at different temperatures and pH 3;C0 = 60 mg g−1.

a constant defined as the product of the Langmuir constants:
Ka =Q0 b,m (g l−1) the adsorbent mass, andSS is the adsor-
bent surface area (cm−1).

The coefficientβL is evaluated from the slope of the re-
gression line when plotting ln[(Ct/C0 − 1/(1+mKa)] versust.
However, no linear relation is observed and the regression
coefficient is never higher than 0.93. This result clearly in-
dicates that the uptake rate is not governed by mass transfer
through a liquid film boundary, i.e. the convective mass trans-
fer. The metal ions are most probably transported from the
bulk of solution into the solid phase by intra-particle diffu-
sion, which is often the rate limiting step in many adsorption
processes. The possibility of intra-particular diffusion is ex-
plored by using the following equation, already applied by
Furusawa and Smith[41]:

qt = kdif t
1/2 + C (13)

whereC is the intercept andkdif is the intra-particle diffusion
rate constant.

Consistent with Eq.(13), the values ofqt correlated lin-
early with values oft1/2, as shown byFig. 7and the rate con-
stantkdif directly evaluated from the slope of the regression
line. Ther2 values given inTable 5are all close to unity, con-
firming that the rate-limiting step is actually the intra-particle
diffusion process. The values of interceptC in Table 5provide
a r, i.e.
t r the
i
t the
t

the
t muir
m itial
c g in
m s sur-
f tainly
h rbent
t fix-
a ores
The uptake of chromium ions can be controlled by ei
he mass transfer through the boundary film of liquid o
he intra-particular mass transfer. The external mass tra
oefficient,βL (cm s−1) of Cr(VI) in the liquid film boundary
an be evaluated by using Eq.(12) proposed by Gupta et a
37]:

n

(
Ct

C0
− 1

1 + mKa

)
= ln

(
mKa

1 + mKa

)

−
(

1 + mKa

mKa

)
βLSSt (12)

hereCt andC0 (both in mg l−1) are respectively the co
entration of the metal ion at timet and time zero,Ka (l g−1)
n information about the thickness of the boundary laye
he resistance to the external mass transfer. The large
ntercept is the higher the external resistance.Table 5shows
hat theC values or the boundary layer increase with
emperature.

As explained above, the adsorption of Cr(VI) onto
ested activated carbons is well described by the Lang
odel regardless of the experimental conditions (i.e. in

oncentration, temperature and pH of solution). Bearin
ind that the Langmuir equation assumes a homogenou

ace, an accurate fitting means the active sites are cer
omogeneously distributed on the surface of both adso

ested. The theory of Langmuir is actually based on the
tion of a monolayer of adsorbate molecules on the p
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surface[42]. In addition, it has been noticed that adsorption
process of Cr(VI) is well correlated by intra-particle diffu-
sion model. Moreover,qe values calculated from the linear
plots of t/qt versust for pseudo-second-order kinetic equa-
tion showed a good agreement with experimentalqe values
(Table 5). Consequently, it can be confirmed that the adsorp-
tion of hexavalent chromium onto activated carbon obeys a
pseudo-second-order reaction rate.

3.5. Mass diffusivity

The mass diffusivity mainly depends on the surface prop-
erties of adsorbents. In the case of the transport of Cr(VI) ions
throughout the pores of CKW and Acticarbone particles, the
mass diffusivity is calculated at different temperatures from
Eq. (14), already used by Yadava et al.[43] for the uptake
of cadmium ions by fly ash. The mass diffusivity is inversely
proportional to the half-reaction timet1/2:

t1/2 = 0.03r2
0

D
(14)

In Eq. (14), D is the mass diffusivity (cm2 s−1) and r0 is
the radius of the adsorbent particle assumed to be spherical
(cm). The values ofr0 are calculated for CKW and Acticar-
bone samples as 3× 10−3 and 2× 10−3 cm, respectively. In
t W-
C
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Fig. 8. Plots of lnk2 against reciprocal temperature for adsorption of Cr(VI)
on (�) CKW and (♦) Acticarbone.

These results agree with those of Gupta et al.[37]. They
found low values of energy for the adsorption of Cr(VI) and
Pb(II) on red mud at different temperatures ranging from
30 to 50◦C. TheEa values of Cr(VI) and Pb(II) on red mud
are 15.12 and 10.53 kJ mol−1, respectively. CKW has the
higher activation energy, which could be explained by its
microporous nature requiring more energy for the diffusion
of metal ions. It is known that when activation energy is low
the rate is controlled by intra-particle diffusion mechanism
and hence it can be concluded that process is governed by
interactions of physical nature.

4. Conclusion

A suitable indigenous active carbon has been identified
as an effective adsorbent to remove Cr(VI) ions from aque-
ous solutions. Four different physical approaches have been
tested to describe the evolution of the kinetic data of adsorp-
tion. It was found that a second-order rate model well mimics
the kinetic data. Furthermore, the equilibrium data of adsorp-
tion are in good agreement with the Langmuir’s model, what-
ever the operating parameters: temperature, pH, and initial
concentration of Cr(VI). The adsorption capacities of Cr(VI)
are satisfactory, for example, in the same experimental con-
ditions of pH (3.0) and temperature (40◦C) they are 315 and
1 ti-
c re be-
s re-
m sing
t t also
i alue
f .

R

yes

mula-
his study, the pore diffusion coefficient values for the CK
r(VI) and Acticarbone-Cr(VI) systems are listed inTable 5.
or a temperature change from 25 to 40◦C the mass diffusiv

ty increases from 1.20× 10−9 to 3.14× 10−9 cm2 s−1 in the
ase of CKW and from 0.47× 10−9 to 1.01× 10−9 cm2 s−1

n the case of Acticarbone.

.6. Activation energy

The activation energy is calculated from the linear f
f the Arrhenius equation(15):

n k2 = ln k0 − Ea

RT
(15)

ith k0 is the pre-exponential factor andEa the activation
nergy of sorption (kJ mol−1).

After plotting ln(k2) as a function of 1/T (Fig. 8), the val-
es of activation energy are determined from the slop

he regression line andk0, from the intercept. Thus, the ra
onstantsk2 of the Arrhenius law are given by Eqs.(16) and
17):

2 = 13.98 exp

(
−20.58× 103

8.314T

)
for CKW (16)

nd

2 = 10.61 exp

(
−19.48× 103

8.314T

)
for Acticarbone (17

The apparent activation energies are 20.58
9.48 kJ mol−1 for CKW and Acticarbone, respective
86 mg g−1 for the KOH-activated and acid-activated (Ac
arbone) carbons, respectively. Temperature and pH a
ides determinant factors for the removal of Cr(VI). This
oval strongly increases when lowering the pH. Increa

emperature not only enhances the rate of adsorption, bu
ts extent, this finding can be explained by the positive v
ound for the enthalpy change of the adsorption reaction
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