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a b s t r a c t

Pomegranate husk was converted into activated carbon and tested for its ability to remove hexavalent
chromium from wastewater. The new activated carbon was obtained from pomegranate husk by dehy-
dration process using concentrated sulfuric acid. The important parameters for the adsorption process
such as pH, metal concentration and sorbent weight were investigated. Batch equilibrium experiments
exhibited that a maximum chromium uptake was obtained at pH 1.0. The maximum adsorption capacity
eywords:
omegranate husk
dsorption
hromium
astewater

for pomegranate husk activated carbon was 35.2 mg g−1 as calculated by Langmuir model. The ability
of activated carbon to remove chromium from synthetic sea water, natural sea water and wastewater
was investigated as well. Different isotherm models were used to analyze the experimental data and the
models parameters were evaluated. This study showed that the removal of toxic chromium by activated
carbon developed from pomegranate husk is a promising technique.
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. Introduction

Wastewater effluents from most industries in Alexandria city in
gypt contain high levels of heavy metal concentrations and thus
reate serious environmental pollution hazards especially for the
oastal water [1–4]. Heavy metals are toxic and non-biodegradable
nd probably have health effect [5]. Chromium is an important
ollutant introduced into natural waters by a variety of industrial
astewaters including those from paint and pigment manufactur-

ng, stainless steel production, corrosion control, textile, leather
anning, chrome electroplating, metal finishing industries, wood
reservation, and photography. Hexavalent chromium is toxic and
suspected carcinogen material and it is quite soluble in the aque-
us phase almost over the entire pH range and mobile in the natural
nvironment [5,6]. Several species can be obtained from hexavalent
hromium by change the concentration and pH of chromium solu-
ion. At pH > 7, the CrO4

2− form will preferably exist in the solution,
hile in the pH between 1 and 6, HCrO4

− is predominant. Therefore,
ithin the normal pH range in natural waters, the CrO4

2−, HCrO4
−

nd Cr2O7
2− ions are the expected forms of hexavalent chromium in

he solution, which are quite soluble and mobile in water streams
6,7]. The maximum permissible levels for Cr3+ and Cr6+ ions in
astewater are 5 and 0.05 mg L−1, respectively. The trivalent form

∗ Tel.: +20 35740944; fax: +20 35740944.
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f chromium apparently plays an essential role in plant and animal
etabolism, while the hexavalent form is directly toxic to bacteria,

lants and animals [8]. However, the most severely chromium com-
ounds are chromium oxide and chromium sulfate as trivalent and
hromium trioxide, chromic acid and dichromates as hexavalent
hromium [9].

Adsorption process has been extensively used to remove toxic
etals from aquatic medium using low cost adsorbents such as

griculture wastes and activated carbon developed from agriculture
astes [10–17].

The main objective of this study was to develop new activated
arbon from pomegranate husk (PGHC) and evaluate the possibility
f its power as sorbents for the elimination of Cr6+ from polluted
aters. A systematic evaluation of the parameters involved such

s pH, sorbents mass, initial chromium concentration and time
ave been investigated. The interference of the real wastewater and
aline water on the Cr6+ adsorption was additionally investigated.

. Materials and methods

.1. Preparation of activated carbon
Pomegranate husk was collected from the local market and
ashed with tap water, distilled water and oven dried at 150 ◦C

or 3 days. The dried material was mechanically milled, sieved and
he particles of ∼1.0 mm size were used for dehydration. The dried
omegranate husk 2.0 kg was added in small portion to 1500 mL

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ahmedmoustafaelnemr@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2008.03.093
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of high chromium concentration, the Cr2O7 ions precipitate at
higher pH values [20]. PGHC surface would be positively charged
up to pH < 4, and heterogeneous in the pH range 4–6. Thereafter,
it should be negatively charged. Also, it should be mentioned that
the form and valency of chromium ion are pH dependent and the
A.E. Nemr / Journal of Hazard

f 98% H2SO4 in an efficient fume hood and the resulting reaction
ixture was kept for overnight at room temperature (25 ± 2 ◦C) fol-

owed by refluxing for 10 h. After cooling to room temperature, the
eaction mixture was poured onto 6 L of cold water and filtered. The
esulting material was soaked in 1% NaHCO3 solution to remove
ny remaining acid. The obtained carbon was then washed with
istilled water until pH of the activated carbon reached 6, dried in
n oven at 150 ◦C for 48 h in the absence of oxygen and sieved to
he particle size ≤0.063 mm and kept in a glass bottle until used.

.2. Preparation of synthetic solution

All the chemicals used throughout this study were of analytical-
rade. All the adsorption experiments were carried out at room
emperature (25 ± 2 ◦C). A stock solution of Cr6+ (1000 mg L−1) was
btained by dissolving K2Cr2O7 salt (2.8289 g) in distilled water
1000 mL) and the concentration of Cr6+ in the stock solution was

easured, and the solution was used for further experimental solu-
ion preparation. Concentrations ranged between 5 and 100 mg L−1

ere prepared from the stock solution and the concentration of
ach Cr6+ solution was measured to have the standard curve. Before
ixing the carbon and chromium solution, the initial pH of each

est solution was adjusted to the required value with 0.1 M HCl or
.1 M NaOH. The concentration of free chromium ions in the stock
olutions and unadsorbed Cr6+ in the reaction medium was deter-
ined spectrophotometrically at � 540 nm in a spectrophotometer

Milton Roy, Spectronic 21D) using diphenyl carbazide which forms
red-violet colored complex [18,19].

.3. Simulation studies

Different weights of K2Cr2O7 were dissolved in synthetic sea
ater, obtained by dissolving 35 g of NaCl in 1.0 L distilled water, to
ave different concentrations of Cr6+.

A specific weight of Cr6+ metal ion was added to 1 L of coastal
ater (salinity 37 ± 1 g L−1) in a glass jar in order to obtain a known

oncentration of the metal.
A known weight of Cr6+ metal ion was dissolved in 1 L of filtered

astewater, which was collected from El-Emoum drain that con-
ains several industrial effluents and agriculture drain near Lake

aruit, in order to obtain a known concentration of the metal.

.4. Batch adsorption studies

.4.1. Effect of pH on metal adsorption
The effect of pH on the equilibrium uptake of Cr+6 ions was stud-

ed using 75 mg L−1 chromium concentration onto 3.0 g L−1 of PGHC
t different initial pH values (1.0–10). The suspensions were shaken
t room temperature (25 ± 2 ◦C) using agitation speed (200 rpm)
or the minimum contact time required to reach the equilibrium
180 min) and the amount of chromium adsorbed was determined.

.4.2. Effect of carbon dose
The effect of PGHC dose on the equilibrium uptake of chromium

ons was performed by shaking of PGHC (0.2, 0.3, 0.4, 0.5 and 0.6 g)
ith 100 mL of known chromium concentration (25, 50, 75, 100,

25 and 150 mg L−1, individually, which means, every Cr concen-
ration should test by shaking with all the above weights of PGHC)
o the equilibrium uptake (180 min) and the amount of chromium
dsorbed determined.
.4.3. Kinetics studies
Kinetic studies were achieved by shaking of PGHC (0.2, 0.3, 0.4,

.5 and 0.6 g) individually with 100 mL of chromium solution (25,
0, 75, 100, 125 and 150 mg L−1) at room temperature (25 ± 2 ◦C)

F
(

aterials 161 (2009) 132–141 133

nd solution pH (1.0). Samples of 0.5 mL were collected from the
uplicate flasks at required time intervals and centrifuged for 5 min.
he clear solutions were analyzed for residual chromium concen-
ration in the solution.

.4.4. Adsorption isotherm
Adsorption isotherm experiments were carried out in 300 mL

onical flasks at 25 ◦C on a shaker for 180 min. The PGHC (0.2, 0.3,
.4, 0.5 and 0.6 g) were thoroughly mixed with 100 mL of chromium
olutions. The isotherm studies were performed by varying the ini-
ial chromium concentrations from 25 to 150 mg L−1 at pH 1.0. The
H value was adjusted using 0.1 M HCl or 0.1 M NaOH before addi-
ion of biomass and was maintained throughout the experiment.
fter shaking the flasks for 180 min, the reaction mixture was ana-

yzed for the residual chromium concentration. All the experiments
re duplicated and only the mean values are reported. The maxi-
um deviation observed was less than ±5%.

. Results and discussion

.1. Effect of pH on Cr6+ uptake

Earlier studies on heavy metal adsorption have shown that pH
s the most important parameter affecting the adsorption process.
o find the optimum pH for the effective adsorption of chromium
ons by PGHC, experiments were performed at different initial pH
alues (1.0–10.2). The variation of Cr6+ removal with initial pH is
iven in Fig. 1. As seen from the figure, the lowest uptake value was
ound at pH 8.2 and the highest uptake occurred at pH 1.0 and the
ptake values decreased significantly with further increase in pH.
t pH < 1, no more adsorption has mentioned than adsorption at
H 1. At optimum sorption pH, the dominant species of Cr6+ ions

n solution are HCrO4−, Cr2O7
2−, Cr4O13

2− and Cr3O10
2−, which

ould be adsorbed primarily by electrostatical nature. At very low
H values, the surface of sorbent would also be surrounded by the
ydromium ions which enhance the Cr6+ interaction with binding
ites of PGHC by greater attractive forces. As the pH increased, the
verall surface charge on PGHC became negative and adsorption
f chromium decreased. Also, it has been known that in the case

2−
ig. 1. Effect of system pH on adsorption of chromium (75 mg L−1) onto PGHC
0.3 g/100 mL) at 25 ± 2 ◦C.
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ig. 2. Effect of contact time on the removal of different initial concentrations of
hromium using PGHC (0.2 g/100 mL) at pH 1.0.

dsorption process is chromium ion form dependent, therefore, the
dsorption capacity is highly pH dependent.

.2. Effect of contact time and initial Cr6+ concentration

The initial concentration of metal provides an important driving
orce to overcome all mass transfer resistance of metal ion between
he aqueous and solid phases. Hence, a higher initial concentration
f Cr6+ will increase the biosorption rate. The results of percent-
ge removal of Cr6+ at pH 1.0 with increasing of contact time using
GHC are presented in Fig. 2 and the relation between amounts
f Cr6+ adsorbed at equilibrium (qe) and its initial concentration
sing different doses of PGHC are shown in Fig. 3. The percent-
ge of Cr6+ removal was increased with increasing time and PGHC
oncentrations. Above 20% of Cr6+ adsorption occurred in the first
–20 min, and thereafter the rate of adsorption of Cr6+ onto PGHC
as found to be slow. The slow rate of chromium adsorption is
robably occurred due to the electrostatic hindrance or repulsion
etween the adsorbed negatively charged Cr6+ onto the surface of

6+
GHC and the available anionic Cr in solution as well as the slow
ore diffusion of the Cr6+ ion into the bulk of PGHC. The electro-
tatic interactions will be the major effect on the adsorption due
o the presence of highly acidic solution (pH 1), which my control
he adsorption via the attraction and repulsion between surface

ig. 3. Relation between amounts of chromium (Cr6+) adsorbed at equilibrium (qe)
nd its initial concentration using different doses of PGHC.
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unctions and chromium ions. The equilibrium was found to be
early 180 min when the maximum Cr6+ adsorption onto PGHC
as reached. In addition, the effect of initial Cr6+ concentration
n the capacity of adsorption onto PGHC is shown in Figs. 2 and 3,
here percentage removal of Cr6+ determined at 180 min of con-

act time for six different initial chromium concentrations is shown.
he percentage of removal of the chromium ions decreased with the
ncreasing of the initial chromium concentration and it can be con-
luded that the adsorption process may occur through electrostatic
nteractions.

.3. Effect of adsorbent dose on metal adsorption

The effect of PGHC dosage on the adsorption of Cr6+ from
queous solutions was investigated using five different adsorbent
oncentrations and six different initial chromium concentration.
he extent of adsorption is proportional to specific area, which
an be defined as that portion of the total area that is available for
dsorption. Concentrations of PGHC were varied from 2 to 6 g L−1

nd 25–150 mg L−1 initial chromium concentrations at pH 1.0. The
esults are presented in Fig. 4, which indicate that the equilibrium
oncentration (Ce) of Cr6+ ion decreases with increasing PGHC con-
entration for a given initial Cr6+ ion concentration. This result may
e attributed to the fact that the higher sorbent doses provide the
ore sorbent surface area and pores volume which will be available

or adsorption.

.4. Isotherm data analysis

The adsorption of chromium ions was carried out at different ini-
ial chromium ion concentrations ranging from 75 to 150 mg L−1, at
ptimum pH (1.0), at 200 rpm with the optimum agitation period.
nalysis of the isotherm data is important in order to develop an
quation which accurately represents the results of the column
nd which could be used for column design purposes. In addition,
dsorption isotherm can be used to describe how solute interacts
ith adsorbent and so is critical in optimizing the use of adsorbent.

angmuir and Freundlich models are the most widely accepted

urface adsorption models for the single-solute systems. The data
btained were analyzed with the Langmuir, Freundlich, Tempkin,
ubinin–Radushkevich (D–R) and generalized isotherm equations.
he best-fitting isotherm was tested by determination of the linear
egression, and the parameters of the isotherms have been obtained

ig. 4. Effect of PGHC dose on Cr6+ removal and qe (C0: 25–150 mg L−1, pH 1.0, agi-
ation speed: 200 rpm, temperature: 25 ± 2 ◦C), dotted lines are for the relation
etween ms and % removal while sold lines are for the relation between ms and
e.
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Table 1
The four linear forms of Langmuir isotherm model

Name Linear form Plot Slope Intercept

Langmuir-1
Ce

qe
= 1

KLQm
+ 1

Qm
× Ce (2) Ce/qe versus Ce 1/Qm 1/(KLQm)

Langmuir-2
1
qe

=
(

1
KLQm

)
1
Ce

+ 1
Qm

(3) 1/qe versus 1/Ce 1/(KLQm) 1/Qm
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The Freundlich model was chosen to estimate the adsorption

intensity of the Cr6+on the PGHC surface based on sorption het-
erogeneous energetic distribution of active sites accompanied by
interactions between adsorbed molecules. It can be derived assum-
ing a logarithmic decrease in the enthalpy of sorption with the

T
I

I

L

L

L

L

angmuir-3 qe = Qm–
1
KL

qe

Ce
(4)

angmuir-4
qe

Ce
= KLQm–KLqe (5)

rom the intercept and slope of the linear plots of the different
sotherm models.

.4.1. Langmuir isotherm
At room temperature (25 ± 2 ◦C), Cr6+ ions adsorbed onto the

GHC are in equilibrium with Cr6+ ions in aqueous solution after
80 min contact time. The Langmuir model represents one of the
rst theoretical treatments of non-linear sorption and suggests that
ptake occurs on a homogeneous surface by monolayer sorption
ithout interaction between adsorbed molecules. In addition, the
odel assumes uniform energies of adsorption onto the surface

nd no transmigration of the adsorbate. Estimation of maximum
dsorption capacity corresponding to complete monolayer cover-
ge on the PGHC was calculated using the Langmuir isotherm model
ince the saturated monolayer isotherm can be explained by the
on-linear equation of Langmuir Eq. (1) [21].

e = QmKLCe

1 + KLCe
(1)

here Ce is the equilibrium concentration (mg L−1), qe the amount
f metal ion adsorbed (mg g−1), Qm a complete monolayer (mg g−1)
nd KL is an adsorption equilibrium constant (L mg−1) that is related
o the apparent energy of sorption. Eq. (1) can be linearized into
our different forms in Table 1 (Eqs. (2)–(5)), which give different
arameter estimates [22,23].

The more popular linear forms used are Langmuir-1 and
angmuir-2, and the results obtained from the four forms of Lang-
uir model for the adsorption of Cr6+ onto PGHC are shown in

able 2. The results given in Table 2 shows the strong positive
vidence that the adsorption of chromium ions onto PGHC fol-
ows the Langmuir-1 form and not follow the other three forms.

he applicability of the Langmuir-1 form to the adsorption of Cr6+

ons onto PGHC was proved by the high correlation coefficients
2 > 0.999 for all initial chromium concentration tested. Fig. 5 shows
he comparison between Langmuir equilibrium isotherms calcu-
ated qe obtained from Langmuir-1 form and the experimental

F
e
(

able 2
sotherm parameters obtained from the four linear forms of Langmuir model for the adso

sotherm model Isotherm parameters Cr conc

150

angmuir-1
Qm (mg g−1) 35.21
KL × 103 (L mg−1) 73.82
R2 0.999

angmuir-2
Qm (mg g−1) 34.72
KL × 103 (L mg−1) 75.77
R2 0.960

angmuir-3
Qm (mg g−1) 34.56
KL × 103 (L mg−1) 77.50
R2 0.931

angmuir-4
Qm (mg g−1) 35.24
KL × 103 (L mg−1) 72.10
R2 0.931
qe versus qe/Ce 1/KL Qm

qe/Ce versus qe KL KLQm

ata of Cr6+ (75–150 mg g−1) adsorption on various doses of PGHC
0.2–0.6 g/100 mL). Table 2 and Fig. 5 explain the high applica-
ility of Langmuir-1 form to the adsorption of chromium onto
GHC. The maximum monolayer capacity, Qm, obtained from the
angmuir isotherm was 35.21 mg g−1, which is lower than that
btained from our previous work on the activated carbon obtained
rom seed husk of Casuarina equisetifolia (Qm 172.4 mg g−1) but the
omegranate husk is much more available than the seed husk of
. equisetifolia.

.4.2. The Freundlich isotherm
ig. 5. Comparison between Langmuir equilibrium isotherms (qe) plots and the
xperimental data of Cr6+ (75–150 mg g−1) adsorption on various doses of PGHC
0.2–0.6 g/100 mL).

rption of chromium onto PGHC

entrations (mg L−1)

125 100 75

24.30 23.87 23.70
234.11 506.04 589.39

1.000 1.000 1.000

23.15 22.99 20.45
332.56 62.69 1023.01

0.891 0.694 0.783

23.20 23.10 20.34
328.75 567.83 1098.66

0.850 0.640 0.625

23.58 24.27 21.88
279.40 363.10 686.80

0.850 0.640 0.625
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Table 3
Comparison of the coefficients isotherm parameters for chromium adsorption onto PGHC

Isotherm model Isotherm parameter Cr concentrations (mg L−1)

150 125 100 75

Freundlich
n 4.33 10.00 9.01 11.77
KF (mg g−1) 10.67 14.71 14.82 14.65
R2 0.962 0.996 0.962 0.996

Tempkin
AT (L g−1) 1.66 748.16 387.23 30827.92
BT (mg L−1) 6.12 2.07 2.29 1.419
R2 0.967 0.880 0.785 0.409

Dubinin–Radushkevich

Qm (mg g−1) 32.01 22.07 22.03 19.50
KD–R × 103 (mol2 kJ−2) 33.80 4.70 1.60 0.40
E (kJ mol−1) 0.380 0.402 0.402 0.410
R2 0.898 0.898 0.898 0.898

G
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2.17
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eneralized isotherm
Nb

KG (mg L−1)
R2

ncrease in the fraction of occupied sites and is given by the fol-
owing non-linear equation [24]:

e = KFC1/n
e (6)

here KF (mg g−1) stands for adsorption capacity and n for adsorp-
ion intensity of metal ions on the sorbent. Eq. (6) can be linearized
n logarithmic form Eq. (7) and the Freundlich constants can be
etermined from the linear plot of log(qe) versus log(Ce).

og qe = log KF + 1
n

log Ce (7)

The linear Freundlich isotherm plots for the adsorption of the
r6+ ions onto PGHC are presented in Fig. 6. Examination of the
orrelation coefficients reported in Table 3 shows that the Fre-
ndlich model is less applicable to PGHC than the Langmuir-1 linear
orm while it is more applicable than the other three forms of
angmuir model. The correlation coefficient obtained for activated
arbon is ranged between 0.962 and 0.996, which indicates that
he experimental data fitted well to Freundlich model. The n values
4.33–11.77) are higher than 1.0, indicating that Cr6+ is favorably
dsorbed by PGHC at 25 ◦C. Moreover, the magnitude of KF ranged
etween 10.67 and 14.82, which indicates high adsorptive capacity

nd easy uptake of Cr6+ from aqueous solution by PGHC.

.4.3. The Tempkin isotherm
Tempkin isotherm model considered the effects of indirect

dsorbate–adsorbate interaction isotherms which explained that

ig. 6. Freundlich isotherm of Cr6+ (75–150 mg L−1) adsorbed onto PGHC
0.2–0.6 g/100 mL).

t
t
o

F
(

0.26 0.28 1.04
1.45 1.80 15.86
0.996 0.996 0.996

he heat of adsorption of all the molecules on the adsorbent
urface layer would decrease linearly with coverage due to
dsorbate–adsorbate interactions. Therefore, the adsorption poten-
ials of the adsorbent for adsorbates can be evaluated using
empkin adsorption isotherm model, which assumes that the fall in
he heat of sorption is linear rather than logarithmic, as implied in
he Freundlich equation. The Tempkin isotherm has generally been
pplied in the following form Eq. (8) [25–27]:

e = RT

b
ln(ATCe) (8)

The Tempkin isotherm Eq. (8) can be simplified to the following
quation (9):

e = BT ln AT + BT ln Ce (9)

here BT = (RT)/b and AT (L g−1) are the Tempkin constant and can
e determined by a plot of qe versus ln Ce. Also, T is the abso-

ute temperature in Kelvin and R is the universal gas constant,
.314 J mol−1 K−1. The constant b is related to the heat of adsorption
28,29].
The linear plots of the Tempkin isotherm Eq. (9) for the adsorp-
ion data are shown in Fig. 7. Examination of the data shows that
he Tempkin isotherm is not applicable to the adsorption of Cr6+

nto PGHC due to the low correlation coefficients (Table 3).

ig. 7. Tempkin equilibrium isotherm model for the adsorption of Cr6+

75–150 mg L−1) onto PGHC (0.2–0.6 g/100 mL).
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ig. 8. Comparison between Dubinin and Radushkevich equilibrium isotherms (qe)
lots and the experimental data of Cr6+ (75–150 mg g−1) adsorption on various dose
f PGHC (0.2–0.6 g/100 mL).

.4.4. The Dubinin–Radushkevich isotherm
Another equation that has been used to determine useful ther-

odynamic adsorption parameters is the Dubinin–Radushkevich
D–R) equation. It does not assume a homogeneous surface or a
onstant sorption potential [30]. The Dubinin–Radushkevich (D–R)
odel was chosen to estimate the characteristic porosity and the

pparent free energy of adsorption [31–33]. The D–R model has
een generally applied in the following form Eq. (10) and its linear
orm can be shown in Eq. (11):

e = Qm exp(−KD–Rε2) (10)

n qe = ln Qm − KD–Rε2 (11)

here KD–R is a constant related to the adsorption energy, Qm the
heoretical monolayer saturation capacity (mg g−1) and ε is the
olanyi potential, calculated from Eq. (12).

= RT ln
(

1 + 1
Ce

)
(12)

The slope of the plot of ln qe versus ε2 gives KD–R (mol2 kJ−2) and
he intercept yields the adsorption capacity, Qm (mg g−1). The mean
ree energy of adsorption (E), defined as the free energy change
hen 1 mole of ion is transferred from infinity in solution to the sur-

ace of the solid, was calculated from the K value using the following
elation Eq. (13) [34]:

=
√

(2K) (13)

The calculated value of E is given in Table 3. The maximum
dsorption capacity Qm obtained using D–R isotherm model for
dsorption of Cr6+ over PGHC was 32.01 mg g−1 (Table 3), which
s very close to that obtained from Langmuir isotherm model
Table 2). However, the correlation coefficients obtained from
–R isotherm model are lower than those obtained for Lang-
uir and Freundlich isotherm models reflecting the inapplicability

f D–R isotherm model which is clearly proved by comparing
he experimental and calculated qe as shown in Fig. 8. The val-
es of E calculated using Eq. (13) are ranged between 0.380 and
.410 kJ mol−1 for PGHC that are lower than the typical range

f bonding energy for ion-exchange mechanisms (8–16 kJ mol−1),
ndicating that physisorption plays a significant role in the adsorp-
ion process of Cr6+ ion onto PGHC, which is in agreement with the
esult obtained from pH study.

t
fi
v
a

Fig. 9. Generalized isotherm model.

.4.5. Generalized isotherm equation
A generalized isotherm equation was tested for correlation

f the equilibrium data [35–37]. Linear form of the generalized
sotherm is given by:

og
[

Qm

qe
− 1

]
= log KG − Nb log Ce (14)

here KG is the saturation constant (mg L−1), Nb the coopera-
ive binding constant, Qm the maximum adsorption capacity of
he adsorbent (mg g−1) (obtained from Langmuir isotherm model),
nd qe (mg g−1) and Ce (mg L−1) are the equilibrium chromium
oncentrations in the solid and liquid phases, respectively. From
lot of log[(Qm/qe) − 1] versus log Ce; the intercept gave log KG
nd the slope gave Nb constants. Parameters related to each
sotherm were determined by using linear regression analysis
nd the square of the correlation coefficients (R2) have been
alculated. A list of the parameters obtained together with R2

alues is given in Table 3. Apparently, the generalized adsorp-
ion isotherm represents the equilibrium data reasonably well
Fig. 9). The saturation constant (KG) were ranged between 1.45
nd 15.86 mg L−1 and the correlation coefficient are comparable
o that obtained from Langmuir-1 form, but much higher than
hat obtained from other three linear forms of Langmuir model
Tables 2 and 3).

.5. Kinetic studies

Batch experiments were conducted to explore the rate of
hromium adsorption by PGHC at pH 1.0 and different chromium
nd PGHC concentrations. The kinetic adsorption data can be
rocessed to understand the dynamics of the adsorption reac-
ion in terms of the order of the rate constant. The kinetic of
r6+ adsorption PGHC is required for selecting optimum oper-
ting conditions for the full-scale batch process. Moreover, it
s helpful for the prediction of adsorption rate, gives impor-
ant information for designing and modeling the processes. Thus,
he process of chromium removal from aqueous phase by PGHC

ay be represented by pseudo first-order [38], pseudo second-
rder [39], Elovich [40–42] and intraparticle diffusion [43,44]
inetic models. The conformity between experimental data and

he model-predicted values was expressed by the correlation coef-
cients (R2, values close or equal to 1). The relatively higher
alue is the more applicable model to the kinetics of Cr6+

dsorption.
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.5.1. Pseudo first-order kinetic model
The kinetic data were treated with the Lagergren first-order

odel [38], which is the earliest known one describing the adsorp-
ion rate based on the adsorption capacity. It is generally expressed
s follows:

dqt

dt
= k1(qe − qt) (15)

here qe and qt are the adsorption capacity at equilibrium and at
ime t, respectively (mg g−1), and k1 is the rate constant of pseudo
rst-order adsorption (min−1). Eq. (15) was integrated with the
oundary conditions of t = 0 to t = t and qt = 0 to qt = qt and rear-
anged to the following linear equation:

og(qe − qt) = log(qe) − k1

2.303
t (16)

If the pseudo first-order kinetics is applicable, a plot of
og(qe − qt) versus t should provide a linear relationship from

hich k1 and predicted qe can be determined from the slope
nd intercept of the plot, respectively (Fig. 10). The variation in
ate should be proportional to the first power of concentration
or strict surface adsorption. However, the relationship between
nitial solute concentration and rate of adsorption will not be
inear when pore diffusion limits the adsorption process. It was
bserved from Fig. 10 that the Lagergren model does not fit the
xperimental data. On the other hand, the experimental qe values

o not agree with the calculated ones, obtained from the linear
lots even when the correlation coefficient R2 are relatively high
Table 4). This shows that the adsorption of Cr6+ onto PGHC is not
ppropriate to describe the entire process and not a first-order
eaction.

a
t

(

able 4
omparison of the first- and second-order adsorption rate constants and calculated and e

arameter First-order kinetic model

arbon
oncentration
g L−1)

Cr6+ (mg L−1) qe (exp.) (mg g−1) k1 × 103 (min−1) qe (calc.) (mg g−1)

2.0

50 17.34 10.44 15.43
75 18.19 14.38 19.35

100 22.97 7.39 28.10
125 23.11 16.83 27.41
150 30.57 26.22 20.73

3.0

50 15.65 9.11 12.44
75 20.85 15.00 17.96

100 22.89 10.87 8.75
125 21.28 12.26 8.75
150 33.52 20.56 11.05

4.0

50 12.50 7.18 13.36
75 17.50 12.00 20.73

100 19.55 11.09 13.36
125 21.74 13.80 17.04
150 26.13 14.79 12.21

5.0

50 10.00 5.15 32.93
75 14.49 8.63 18.88

100 18.62 10.20 12.44
125 20.25 12.93 14.74
150 24.43 15.36 16.58

6.0

50 8.33 3.27 42.61
75 12.50 7.08 25.33

100 16.67 7.98 21.42
125 18.76 10.83 16.35
150 21.35 12.36 16.35
ig. 10. Pseudo first-order kinetics for Cr6+ (25–150 mg L−1) adsorption onto PGHC
0.4 g/100 mL) at pH 1.0 and temperature 25 ± 2 ◦C.

.5.2. Pseudo second-order kinetic model
Adsorption kinetic was explained by the pseudo second-order

odel given by Ho et al. [39] as follows:

dqt

dt
= k2(qe − qt)

2 (17)

here k2 (g mg−1 min−1) is the second-order rate constant of
dsorption. Integrating Eq. (17) for the boundary conditions q = 0

o q = qt at t = 0 to t = t is linearized to obtain the following equation:

t

qt

)
= 1

k2q2
e

+ 1
qe

(t) (18)

xperimental qe values for different initial chromium and PGHC

Second-order kinetic model

R2 k2 × 103 (g mg−1 min−1) qe (calc.) (mg g−1) h (mg g−1 min−1) R2

0.966 4.25 17.04 1.23 0.986
0.991 1.95 20.12 0.79 0.983
0.941 10.02 25.38 6.46 1.000
0.979 2.50 25.32 1.60 0.998
0.979 2.22 26.39 1.54 0.989

0.961 3.50 16.10 0.91 0.991
0.989 1.97 22.83 1.03 0.994
0.788 2.41 23.87 1.37 0.986
0.866 2.33 21.14 1.04 0.971
0.904 1.47 33.90 1.69 0.999

0.975 4.66 12.94 0.78 0.992
0.951 3.29 18.66 1.15 0.994
0.972 2.91 20.24 1.19 0.983
0.944 2.38 23.20 1.28 0.993
0.884 2.30 26.46 1.61 0.978

0.999 13.87 10.41 1.50 1.000
0.989 4.51 15.31 1.06 0.997
0.987 2.91 19.69 1.13 0.985
0.993 2.41 21.37 1.10 0.988
0.983 1.58 25.64 1.04 0.990

0.990 32.56 8.53 2.37 1.000
0.994 7.17 13.23 1.26 0.999
0.991 6.03 17.42 1.83 0.998
0.974 3.27 19.80 1.28 0.995
0.995 2.90 22.47 1.47 0.994
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ig. 11. Plot of the pseudo second-order model at different initial Cr6+ concentra-
ions (25–150 mg L−1), PGHC (0.6 g/100 mL), pH 1.0 and temperature 25 ± 2 ◦C.

The second-order rate constants were used to calculate the ini-
ial sorption rate (h), given by the following Eq. (19):

= k2q2
e (19)

The plot of t/qt versus t should show a linear relationship if
he second-order kinetics is applicable. Values of k2 and qe were
alculated from the intercept and slope of the plots of t/qt versus
(Fig. 11). The linear plots of t/qt versus t show good agreement
etween experimental and calculated qe values at different initial
r6+ and adsorbent concentrations (Table 4) with correlation coef-
cients R2 ≥ 0.983, which indicated that the pseudo second-order
inetic model provided good correlation for the adsorption of Cr6+
nto PGHC for all studied initial Cr6+ and adsorbent concentrations
n contrast to the pseudo first-order model. Moreover, values for the
ate of initial adsorption, h, have no specific role, while the pseudo
econd-order rate constant (k2) decreases with increase the initial
r6+ concentration for all studied doses of PGHC.

v
a
b
(

able 5
he parameters obtained from Elovich kinetics model and intraparticle diffusion model u

orbent dose (g L−1) Cr6+ conc. (mg L−1) Elovich

ˇ (g mg−1) ˛ (mg g−1 mi

1.0

50 0.37 6.44
75 0.23 1.66

100 0.59 28294.83
125 0.21 4.57
150 0.14 2.75

2.0

50 0.41 4.95
75 0.25 3.66

100 0.27 8.19
125 0.32 5.90
150 0.17 6.51

3.0

50 0.47 3.20
75 0.32 4.68

100 0.34 8.87
125 0.22 3.13
150 0.31 16.07

4.0

50 0.71 14.44
75 0.40 4.51

100 0.30 4.40
125 0.26 3.45
150 0.25 6.59

5.0

50 1.03 51.22
75 0.49 6.34

100 0.44 20.11
125 0.32 6.50
150 0.28 6.98
ig. 12. Elovich model plot for the adsorption of Cr6+ (25–150 mg L−1) onto PGHC
0.4 g/100 mL).

.5.3. Elovich kinetic model
Elovich kinetic equation is another rate equation based on the

dsorption capacity, which is generally expressed as [40–42]:

dqt

dt
= ˛ exp(−ˇqt) (20)

here ˛ is the initial adsorption rate (mg g−1 min−1) and ˇ is
he desorption constant (g mg−1) during any one experiment. It
s simplified by assuming ˛ˇt � t and by applying the boundary
onditions qt = 0 at t = 0 and qt = qt at t = t Eq. (21) becomes form as
ollowed:

t = 1
ˇ

ln(˛ˇ) + 1
ˇ

ln(t) (21)
If Cr6+ adsorption by PGHC fits the Elovich model, a plot of qt

ersus ln(t) should yield a linear relationship with a slope of (1/ˇ)
nd an intercept of (1/ˇ) × ln(˛ˇ) (Fig. 12). Thus, the constants can
e obtained from the slope and the intercept of the straight line
Table 5). Correlation coefficients obtained by Elovich model were

sing different initial Cr6+ concentrations and PGHC doses

Intraparticle diffusion

n−1) R2 Kdif (mg g−1 min−0.5) C (mg g−1) R2

0.993 0.83 6.23 0.976
0.984 1.13 3.80 0.974
0.973 0.85 16.04 0.716
0.982 1.39 7.00 0.904
0.989 2.08 3.97 0.928

0.977 0.79 4.98 0.966
0.996 1.30 4.60 0.951
0.970 1.02 8.95 0.953
0.983 1.11 5.56 0.879
0.995 1.73 9.37 0.952

0.990 0.65 4.02 0.949
0.992 0.94 5.84 0.951
0.986 0.90 7.33 0.967
0.982 1.24 6.27 0.933
0.999 1.22 9.26 0.954

0.983 0.40 5.49 0.854
0.992 0.76 5.18 0.944
0.991 0.91 6.66 0.989
0.991 1.09 5.96 0.987
0.993 1.32 7.40 0.951

0.972 0.25 5.55 0.805
0.989 0.60 5.47 0.894
0.991 0.69 8.41 0.933
0.992 0.97 6.58 0.962
0.996 1.06 7.83 0.979
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ig. 13. Intraparticle diffusion model plot for the adsorption of Cr6+ (25–150 mg L−1)
nto PGHC (0.4 g/100 mL) at room temperature (25 ± 2 ◦C).

igher than that obtained from pseudo first-order model and com-
arable to that obtained from pseudo second-order model.

.5.4. The intraparticle diffusion model
The adsorption process required a multi-step involving the

ransport of solute molecules from the aqueous phase to the surface
f the solid particles followed by diffusion of the solute molecules
nto the interior of the pores, which is likely to be a slow process,
nd is therefore, rate-determining step. The intraparticle diffusion
odel is explored by using the following equation [43,44]:

t = Kdift
0.5 + C (22)

here C is the intercept and Kdif (mg g−1 min−0.5) is the intra-
article diffusion rate constant. The plot of qt against t0.5 may
resent a multi-linearity correlation, which indicates that two or
ore steps occur during adsorption process (Fig. 13). The rate con-

tant Kdif directly evaluated from the slope of the regression line
nd the intercept is C and is reported in Table 5.

The values C provide information about the thickness of the
oundary layer, since the resistance to the external mass transfer

ncreases as the intercept increases. R2 values given in Table 5 are
anged between 0.716 and 0.979, confirming that the rate-limiting
tep is actually the intra-particle diffusion process for some of the
ata analyzed when the R2 values become close to 1.000. The lin-
arity of the plots demonstrated that intra-particle diffusion played
significant role in the uptake of the chromium by sorbent. The

ntra-particle diffusion rate constants, Kdif, were in the range of
0.25–2.08 mg g−1 min−0.5). However, Fig. 13 shows low linearity
or the adsorption of chromium by PGHC which indicates that both
f surface adsorption and intra-particle diffusion are involved in
he rate-limiting step. However, still there is no sufficient indica-

ion about which of the two steps was the rate-limiting step. It
as been reported [45,46] that if the intraparticle diffusion is the
ole rate-limiting step, it is essential for the qt versus t1/2 plots
o pass through the origin, which is not the case in this study. It

able 6
ata obtained for the adsorption of chromium (150 mg L−1) from different solution
sing PGHC (5.0 g L−1)

olution of chromium used PGHC

Removal % Maximum capacity (mg g−1)

istilled water 85.39 35.71
rtificial sea water 84.02 35.21
atural sea water 83.15 34.85
astewater 82.50 33.95

t
f
e
c
t
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ay be concluded that surface adsorption and intraparticle dif-
usion were concurrently operating during the chromium-PGHC
nteractions.

.6. Effect of saline water and real wastewater on the adsorption
rocess

The studies of the effects of salinity and real wastewater on the
apability of the PGHC to remove Cr6+ ions from solution were
nvestigated. The above work was achieved using synthetic sea
ater, natural sea water and real wastewater and the results are

eported in Table 6. Salt concentration is directly proportional to the
onic strength of aqueous solutions. Ionic strength is also one of the
mportant factors that influence the equilibrium uptake. However,
he percentage of Cr6+ removal from aqueous solution prepared by
issolving of the Cr6+ into distilled water, synthetic sea, natural sea
ater and wastewater were 85.39%, 84.02%, 83.15% and 82.50% for

GHC, respectively, which indicates that the removal percentage of
r6+ adsorption were not affecting by the changing of the type of
hromium ion solution. The slightly decrease in removal percent-
ges and maximum capacities occurred by the presence of salt ions
Na+Cl−) may be due to the inhibition effect of salt on the active
enters of carbon. These results indicate that the PGHC is applica-
le material for removal of Cr6+ ions from different types of aqueous
olutions including wastewater.

.7. Desorption of Cr6+ from sorbent

Desorption studies will help to elucidate the nature of adsorp-
ion process and to recover the Cr6+ from sorbent. Moreover, it also
ill help to regenerate the sorbents so that it can be used again to

dsorb metal ions, and to develop the successful sorption process
47]. Desorption experiments were carried out at 25 ◦C by using
.1N NaOH giving 95% desorption after 120 min contact time. Acti-
ation of the washed PGHC after desorption process was achieved
y agitation with 1N HCl for 120 min followed by washing with
istilled water.

. Conclusion

The PGHC has been identified as an effective adsorbent to
emove Cr6+ ions from various aqueous solutions. The adsorption
rocess is pH dependent and the optimum pH was 1.0. The kinetic
tudies proved that the second-order kinetic was the applicable
odel. Furthermore, the isotherm equilibrium studies confirmed

hat the Langmuir-1 form and generalized models are the highest
tted models for the adsorption process of Cr6+ by PGHC. The PGHC
xhibited high adsorption capacity under several initial chromium
nd sorbent dose concentrations. The adsorption process was found
o be controlled by more than one mechanism such as the film dif-
usion and particle diffusion. The proposed sorbents are efficient,
nvironment friendly and can reduce the huge amount of toxic
hromium ions from effluent discharges by the industries around
he big cities.
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