Journal of Hazardous Materials 161 (2009) 132-141

journal homepage: www.elsevier.com/locate/jhazmat

Contents lists available at ScienceDirect

Journal of Hazardous Materials

Potential of pomegranate husk carbon for Cr(VI) removal from wastewater:

Kinetic and isotherm studies
Ahmed El Nemr*

Department of Pollution, Environmental Division, National Institute of Oceanography and Fisheries, El Anfoushy, Kayet Bey, Alexandria, Egypt

ARTICLE INFO ABSTRACT

Article history:

Received 10 May 2007

Received in revised form 30 December 2007
Accepted 13 March 2008

Available online 27 March 2008

Keywords:
Pomegranate husk
Adsorption
Chromium
Wastewater
Saline water
Isotherm models

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
for pomegranate husk activated carbon was 35.2mgg-! 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.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Wastewater effluents from most industries in Alexandria city in
Egypt contain high levels of heavy metal concentrations and thus
create serious environmental pollution hazards especially for the
coastal water [1-4]. Heavy metals are toxic and non-biodegradable
and probably have health effect [5]. Chromium is an important
pollutant introduced into natural waters by a variety of industrial
wastewaters including those from paint and pigment manufactur-
ing, stainless steel production, corrosion control, textile, leather
tanning, chrome electroplating, metal finishing industries, wood
preservation, and photography. Hexavalent chromium is toxic and
a suspected carcinogen material and it is quite soluble in the aque-
ous phase almost over the entire pH range and mobile in the natural
environment [5,6]. Several species can be obtained from hexavalent
chromium by change the concentration and pH of chromium solu-
tion. At pH > 7, the CrO42~ form will preferably exist in the solution,
while in the pHbetween 1 and 6, HCrO,4 ™ is predominant. Therefore,
within the normal pH range in natural waters, the CrO42~, HCrO4~
and Cr, 072~ ions are the expected forms of hexavalent chromium in
the solution, which are quite soluble and mobile in water streams
[6,7]. The maximum permissible levels for Cr3* and Crb" jons in
wastewater are 5 and 0.05mgL~1, respectively. The trivalent form
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of chromium apparently plays an essential role in plant and animal
metabolism, while the hexavalent form is directly toxic to bacteria,
plants and animals [8]. However, the most severely chromium com-
pounds are chromium oxide and chromium sulfate as trivalent and
chromium trioxide, chromic acid and dichromates as hexavalent
chromium [9].

Adsorption process has been extensively used to remove toxic
metals from aquatic medium using low cost adsorbents such as
agriculture wastes and activated carbon developed from agriculture
wastes [10-17].

The main objective of this study was to develop new activated
carbon from pomegranate husk (PGHC) and evaluate the possibility
of its power as sorbents for the elimination of Cr®* from polluted
waters. A systematic evaluation of the parameters involved such
as pH, sorbents mass, initial chromium concentration and time
have been investigated. The interference of the real wastewater and
saline water on the Cré* adsorption was additionally investigated.

2. Materials and methods
2.1. Preparation of activated carbon

Pomegranate husk was collected from the local market and
washed with tap water, distilled water and oven dried at 150°C
for 3 days. The dried material was mechanically milled, sieved and
the particles of ~1.0 mm size were used for dehydration. The dried
pomegranate husk 2.0 kg was added in small portion to 1500 mL
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of 98% H,S0, in an efficient fume hood and the resulting reaction
mixture was kept for overnight at room temperature (25 42 °C) fol-
lowed by refluxing for 10 h. After cooling to room temperature, the
reaction mixture was poured onto 6 L of cold water and filtered. The
resulting material was soaked in 1% NaHCOs3 solution to remove
any remaining acid. The obtained carbon was then washed with
distilled water until pH of the activated carbon reached 6, dried in
an oven at 150°C for 48 h in the absence of oxygen and sieved to
the particle size <0.063 mm and kept in a glass bottle until used.

2.2. Preparation of synthetic solution

All the chemicals used throughout this study were of analytical-
grade. All the adsorption experiments were carried out at room
temperature (25 + 2 °C). A stock solution of Cr6* (1000 mgL-1) was
obtained by dissolving K,Cr,07 salt (2.8289¢) in distilled water
(1000 mL) and the concentration of Cr6* in the stock solution was
measured, and the solution was used for further experimental solu-
tion preparation. Concentrations ranged between 5 and 100 mg L~!
were prepared from the stock solution and the concentration of
each Cr* solution was measured to have the standard curve. Before
mixing the carbon and chromium solution, the initial pH of each
test solution was adjusted to the required value with 0.1 M HCl or
0.1 M NaOH. The concentration of free chromium ions in the stock
solutions and unadsorbed Cr6* in the reaction medium was deter-
mined spectrophotometrically at A 540 nm in a spectrophotometer
(Milton Roy, Spectronic 21D) using diphenyl carbazide which forms
a red-violet colored complex [18,19].

2.3. Simulation studies

Different weights of K,Cr,07; were dissolved in synthetic sea
water, obtained by dissolving 35 g of NaCl in 1.0 L distilled water, to
have different concentrations of Cr6*.

A specific weight of Cr®* metal ion was added to 1L of coastal
water (salinity 37 +1gL-1)in a glass jar in order to obtain a known
concentration of the metal.

A known weight of Cr6* metal ion was dissolved in 1 L of filtered
wastewater, which was collected from ElI-Emoum drain that con-
tains several industrial effluents and agriculture drain near Lake
Maruit, in order to obtain a known concentration of the metal.

2.4. Batch adsorption studies

2.4.1. Effect of pH on metal adsorption

The effect of pH on the equilibrium uptake of Cr*® jons was stud-
ied using 75 mg L~! chromium concentration onto 3.0 g L~! of PGHC
at different initial pH values (1.0-10). The suspensions were shaken
at room temperature (2542 °C) using agitation speed (200 rpm)
for the minimum contact time required to reach the equilibrium
(180 min) and the amount of chromium adsorbed was determined.

2.4.2. Effect of carbon dose

The effect of PGHC dose on the equilibrium uptake of chromium
ions was performed by shaking of PGHC (0.2, 0.3,0.4,0.5 and 0.6 g)
with 100 mL of known chromium concentration (25, 50, 75, 100,
125 and 150 mgL~!, individually, which means, every Cr concen-
tration should test by shaking with all the above weights of PGHC)
to the equilibrium uptake (180 min) and the amount of chromium
adsorbed determined.

2.4.3. Kinetics studies

Kinetic studies were achieved by shaking of PGHC (0.2, 0.3, 0.4,
0.5 and 0.6 g) individually with 100 mL of chromium solution (25,
50, 75, 100, 125 and 150mgL-1!) at room temperature (25=+2°C)

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

2.4.4. Adsorption isotherm

Adsorption isotherm experiments were carried out in 300 mL
conical flasks at 25°C on a shaker for 180 min. The PGHC (0.2, 0.3,
0.4,0.5 and 0.6 g) were thoroughly mixed with 100 mL of chromium
solutions. The isotherm studies were performed by varying the ini-
tial chromium concentrations from 25 to 150 mgL~! at pH 1.0. The
pH value was adjusted using 0.1 M HCl or 0.1 M NaOH before addi-
tion of biomass and was maintained throughout the experiment.
After shaking the flasks for 180 min, the reaction mixture was ana-
lyzed for the residual chromium concentration. All the experiments
are duplicated and only the mean values are reported. The maxi-
mum deviation observed was less than +5%.

3. Results and discussion
3.1. Effect of pH on Cr%* uptake

Earlier studies on heavy metal adsorption have shown that pH
is the most important parameter affecting the adsorption process.
To find the optimum pH for the effective adsorption of chromium
ions by PGHC, experiments were performed at different initial pH
values (1.0-10.2). The variation of CrS* removal with initial pH is
given in Fig. 1. As seen from the figure, the lowest uptake value was
found at pH 8.2 and the highest uptake occurred at pH 1.0 and the
uptake values decreased significantly with further increase in pH.
At pH<1, no more adsorption has mentioned than adsorption at
pH 1. At optimum sorption pH, the dominant species of Cr®* ions
in solution are HCrO4-, Cr,072, Crs0432~ and Cr30192~, which
could be adsorbed primarily by electrostatical nature. At very low
pH values, the surface of sorbent would also be surrounded by the
hydromium ions which enhance the Crb* interaction with binding
sites of PGHC by greater attractive forces. As the pH increased, the
overall surface charge on PGHC became negative and adsorption
of chromium decreased. Also, it has been known that in the case
of high chromium concentration, the Cr,0,2~ 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
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Fig. 1. Effect of system pH on adsorption of chromium (75mgL-!) onto PGHC
(0.3g/100mL) at 25+2°C.
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Fig. 2. Effect of contact time on the removal of different initial concentrations of
chromium using PGHC (0.2 g/100 mL) at pH 1.0.

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

3.2. Effect of contact time and initial Cr5* concentration

The initial concentration of metal provides an important driving
force to overcome all mass transfer resistance of metal ion between
the aqueous and solid phases. Hence, a higher initial concentration
of Cr5* will increase the biosorption rate. The results of percent-
age removal of Crb* at pH 1.0 with increasing of contact time using
PGHC are presented in Fig. 2 and the relation between amounts
of Cr%* adsorbed at equilibrium (ge) and its initial concentration
using different doses of PGHC are shown in Fig. 3. The percent-
age of Cr% removal was increased with increasing time and PGHC
concentrations. Above 20% of Cr®* adsorption occurred in the first
5-20min, and thereafter the rate of adsorption of Cré* onto PGHC
was found to be slow. The slow rate of chromium adsorption is
probably occurred due to the electrostatic hindrance or repulsion
between the adsorbed negatively charged Crb* onto the surface of
PGHC and the available anionic Cr* in solution as well as the slow
pore diffusion of the Cr" ion into the bulk of PGHC. The electro-
static interactions will be the major effect on the adsorption due
to the presence of highly acidic solution (pH 1), which my control
the adsorption via the attraction and repulsion between surface
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Fig. 3. Relation between amounts of chromium (Cr®*) adsorbed at equilibrium (ge)
and its initial concentration using different doses of PGHC.

functions and chromium ions. The equilibrium was found to be
nearly 180 min when the maximum Cré* adsorption onto PGHC
was reached. In addition, the effect of initial Cr®* concentration
on the capacity of adsorption onto PGHC is shown in Figs. 2 and 3,
where percentage removal of Cr®* determined at 180 min of con-
tact time for six different initial chromium concentrations is shown.
The percentage of removal of the chromium ions decreased with the
increasing of the initial chromium concentration and it can be con-
cluded that the adsorption process may occur through electrostatic
interactions.

3.3. Effect of adsorbent dose on metal adsorption

The effect of PGHC dosage on the adsorption of Cr®* from
aqueous solutions was investigated using five different adsorbent
concentrations and six different initial chromium concentration.
The extent of adsorption is proportional to specific area, which
can be defined as that portion of the total area that is available for
adsorption. Concentrations of PGHC were varied from 2 to 6 gL~!
and 25-150 mg L~! initial chromium concentrations at pH 1.0. The
results are presented in Fig. 4, which indicate that the equilibrium
concentration (Ce) of Cr®* ion decreases with increasing PGHC con-
centration for a given initial Cr%" ion concentration. This result may
be attributed to the fact that the higher sorbent doses provide the
more sorbent surface area and pores volume which will be available
for adsorption.

3.4. Isotherm data analysis

The adsorption of chromium ions was carried out at different ini-
tial chromium ion concentrations ranging from 75 to 150 mg L1, at
optimum pH (1.0), at 200 rpm with the optimum agitation period.
Analysis of the isotherm data is important in order to develop an
equation which accurately represents the results of the column
and which could be used for column design purposes. In addition,
adsorption isotherm can be used to describe how solute interacts
with adsorbent and so is critical in optimizing the use of adsorbent.
Langmuir and Freundlich models are the most widely accepted
surface adsorption models for the single-solute systems. The data
obtained were analyzed with the Langmuir, Freundlich, Tempkin,
Dubinin-Radushkevich (D-R) and generalized isotherm equations.
The best-fitting isotherm was tested by determination of the linear
regression, and the parameters of the isotherms have been obtained
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Fig. 4. Effect of PGHC dose on Cr® removal and ge (Co: 25-150 mgL~", pH 1.0, agi-
tation speed: 200rpm, temperature: 25+2°C), dotted lines are for the relation
between mg and % removal while sold lines are for the relation between mg and
qe-
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Table 1
The four linear forms of Langmuir isotherm model
Name Linear form Plot Slope Intercept
. C 1 1
Langmuir-1 q—: = Ko L e C. (2) Ce/qe versus Ce 1/Qm 1/(K.Qm)
. 1 1 1 1
Langmuir-2 — = —+—3 1/ge versus 1/C 1/(K 1
g % (KLQm> G Qm( ) [9e /Ce [(KLQm) /Qm
Langmuir-3 e = Qm-— (%) % (4) e versus ge/Ce 1/Ky Qm
L e
Langmuir-4 g—e = K. Qm-Kiqe (5) ge/Ce Versus ge Ky K1 Qm
e

from the intercept and slope of the linear plots of the different
isotherm models.

3.4.1. Langmuir isotherm

At room temperature (2542 °C), Cr®* ions adsorbed onto the
PGHC are in equilibrium with Cr®* ions in aqueous solution after
180 min contact time. The Langmuir model represents one of the
first theoretical treatments of non-linear sorption and suggests that
uptake occurs on a homogeneous surface by monolayer sorption
without interaction between adsorbed molecules. In addition, the
model assumes uniform energies of adsorption onto the surface
and no transmigration of the adsorbate. Estimation of maximum
adsorption capacity corresponding to complete monolayer cover-
age on the PGHC was calculated using the Langmuir isotherm model
since the saturated monolayer isotherm can be explained by the
non-linear equation of Langmuir Eq. (1) [21].

_ QmKiCe

Qe—m (1)

where Ce is the equilibrium concentration (mgL~!), ge the amount
of metal ion adsorbed (mgg~1), Qm a complete monolayer (mgg~')
and K is an adsorption equilibrium constant (Lmg~1) thatis related
to the apparent energy of sorption. Eq. (1) can be linearized into
four different forms in Table 1 (Egs. (2)-(5)), which give different
parameter estimates [22,23].

The more popular linear forms used are Langmuir-1 and
Langmuir-2, and the results obtained from the four forms of Lang-
muir model for the adsorption of Cré* onto PGHC are shown in
Table 2. The results given in Table 2 shows the strong positive
evidence that the adsorption of chromium ions onto PGHC fol-
lows the Langmuir-1 form and not follow the other three forms.
The applicability of the Langmuir-1 form to the adsorption of Cré*
ions onto PGHC was proved by the high correlation coefficients
R? >0.999 for all initial chromium concentration tested. Fig. 5 shows
the comparison between Langmuir equilibrium isotherms calcu-
lated ge obtained from Langmuir-1 form and the experimental

Table 2

data of Crb* (75-150 mgg~!) adsorption on various doses of PGHC
(0.2-0.6g/100mL). Table 2 and Fig. 5 explain the high applica-
bility of Langmuir-1 form to the adsorption of chromium onto
PGHC. The maximum monolayer capacity, Qm, obtained from the
Langmuir isotherm was 35.21 mgg~!, which is lower than that
obtained from our previous work on the activated carbon obtained
from seed husk of Casuarina equisetifolia (Qm 172.4mgg=1) but the
pomegranate husk is much more available than the seed husk of
C. equisetifolia.

3.4.2. The Freundlich isotherm

The Freundlich model was chosen to estimate the adsorption
intensity of the Cr%"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
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Fig. 5. Comparison between Langmuir equilibrium isotherms (ge) plots and the
experimental data of Cr®* (75-150mgg~!) adsorption on various doses of PGHC
(0.2-0.6 /100 mL).

Isotherm parameters obtained from the four linear forms of Langmuir model for the adsorption of chromium onto PGHC

Isotherm model Isotherm parameters

Cr concentrations (mgL~")

150 125 100 75
Qm (mgg1) 35.21 24.30 23.87 23.70
Langmuir-1 Ki x 103 (Lmg~1) 73.82 234.11 506.04 589.39
R? 0.999 1.000 1.000 1.000
Qm (mgg1) 3472 23.15 22.99 20.45
Langmuir-2 K x 103 (Lmg~1) 75.77 332.56 62.69 1023.01
R? 0.960 0.891 0.694 0.783
Qm (mgg1) 3456 23.20 23.10 20.34
Langmuir-3 K. x 103 (Lmg~1) 77.50 328.75 567.83 1098.66
R? 0.931 0.850 0.640 0.625
Qm (mgg 1) 35.24 23.58 2427 21.88
Langmuir-4 Ki x 103 (Lmg~1) 72.10 279.40 363.10 686.80
R? 0.931 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 (mgL~")

150 125 100 75
n 433 10.00 9.01 11.77
Freundlich Kr (mgg!) 10.67 14.71 14.82 14.65
R? 0.962 0.996 0.962 0.996
Ar(Lg™) 1.66 748.16 387.23 30827.92
Tempkin Br (mgL") 6.12 2.07 2.29 1419
R 0.967 0.880 0.785 0.409
Qm (mgg) 32,01 2207 22.03 19.50
» ) Ko_g x 10% (mol? kJ-2) 33.80 470 1.60 0.40
Duslbimin- Rl E (K mol-1) 0380 0.402 0.402 0.410
R 0.898 0.898 0.898 0.898
Ny 0.46 026 028 1.04
Generalized isotherm K¢ (mgL-1) 2.17 1.45 1.80 15.86
R 0.996 0.996 0.996 0.996

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

ge = KeC/" (6)

where Kr (mgg~1) stands for adsorption capacity and n for adsorp-
tion intensity of metal ions on the sorbent. Eq. (6) can be linearized
in logarithmic form Eq. (7) and the Freundlich constants can be
determined from the linear plot of log(ge) versus log(Ce).

1
log ge = log K¢ + n log Ce (7)

The linear Freundlich isotherm plots for the adsorption of the
Cr%* ions onto PGHC are presented in Fig. 6. Examination of the
correlation coefficients reported in Table 3 shows that the Fre-
undlich modelis less applicable to PGHC than the Langmuir-1 linear
form while it is more applicable than the other three forms of
Langmuir model. The correlation coefficient obtained for activated
carbon is ranged between 0.962 and 0.996, which indicates that
the experimental data fitted well to Freundlich model. The n values
(4.33-11.77) are higher than 1.0, indicating that CrS* is favorably
adsorbed by PGHC at 25 °C. Moreover, the magnitude of K ranged
between 10.67 and 14.82, which indicates high adsorptive capacity
and easy uptake of Cr®* from aqueous solution by PGHC.

3.4.3. The Tempkin isotherm
Tempkin isotherm model considered the effects of indirect
adsorbate-adsorbate interaction isotherms which explained that

1.7
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&
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log C.

Fig. 6. Freundlich isotherm of Crf* (75-150mgL-') adsorbed onto PGHC
(0.2-0.6g/100 mL).

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

RT
e = b In(ArCe) (8)
The Tempkin isotherm Eq. (8) can be simplified to the following
equation (9):

ge = Br InAr +Br InCe 9)

where By =(RT)/b and At (Lg~1) are the Tempkin constant and can
be determined by a plot of ge versus InCe. Also, T is the abso-
lute temperature in Kelvin and R is the universal gas constant,
8.314] mol~! 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-
tion data are shown in Fig. 7. Examination of the data shows that
the Tempkin isotherm is not applicable to the adsorption of Cr6*
onto PGHC due to the low correlation coefficients (Table 3).

_ © 150 mg/L
. 0125 mgiL
* 100 mg/L
X 75 mg/L
30 1
= 251
o
o
E
2 20 1
15 1
10 T T T T T 1
0 1 2 3 4 5 6

Fig. 7. Tempkin equilibrium isotherm model for the adsorption of Cr®*
(75-150mgL-") onto PGHC (0.2-0.6 g/100 mL).
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Fig. 8. Comparison between Dubinin and Radushkevich equilibrium isotherms (ge )
plots and the experimental data of Crf* (75-150 mg g~') adsorption on various dose
of PGHC (0.2-0.6 g/100 mL).

3.4.4. The Dubinin-Radushkevich isotherm

Another equation that has been used to determine useful ther-
modynamic adsorption parameters is the Dubinin-Radushkevich
(D-R) equation. It does not assume a homogeneous surface or a
constant sorption potential [30]. The Dubinin-Radushkevich (D-R)
model was chosen to estimate the characteristic porosity and the
apparent free energy of adsorption [31-33]. The D-R model has
been generally applied in the following form Eq. (10) and its linear
form can be shown in Eq. (11):

e = Qm exp(—Kp-ge?) (10)
Inge = InQm — Kp_ge? (11)

where Kp_g is a constant related to the adsorption energy, Qn, the
theoretical monolayer saturation capacity (mgg=!) and ¢ is the
Polanyi potential, calculated from Eq. (12).

e=RTIn <l+l> (12)
Ce

The slope of the plot of In ge versus &2 gives Kp_g (mol? k]=2) and
the intercept yields the adsorption capacity, Qm (mgg~1). The mean
free energy of adsorption (E), defined as the free energy change
when 1 mole of ion is transferred from infinity in solution to the sur-
face of the solid, was calculated from the K value using the following
relation Eq. (13) [34]:

E=+/(2K) (13)

The calculated value of E is given in Table 3. The maximum
adsorption capacity Qm obtained using D-R isotherm model for
adsorption of CrS* over PGHC was 32.01 mgg~! (Table 3), which
is very close to that obtained from Langmuir isotherm model
(Table 2). However, the correlation coefficients obtained from
D-R isotherm model are lower than those obtained for Lang-
muir and Freundlich isotherm models reflecting the inapplicability
of D-R isotherm model which is clearly proved by comparing
the experimental and calculated ge as shown in Fig. 8. The val-
ues of E calculated using Eq. (13) are ranged between 0.380 and
0.410kJmol~! for PGHC that are lower than the typical range
of bonding energy for ion-exchange mechanisms (8-16kJ mol-1),
indicating that physisorption plays a significant role in the adsorp-
tion process of Cr8* ion onto PGHC, which is in agreement with the
result obtained from pH study.

\0 150 mg/l x 125 mg/l © 100 mg/l x 75 mg/l
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Fig. 9. Generalized isotherm model.

3.4.5. Generalized isotherm equation

A generalized isotherm equation was tested for correlation
of the equilibrium data [35-37]. Linear form of the generalized
isotherm is given by:

log {% - 1] = logKg — Np, log Ce (14)
e

where K¢ is the saturation constant (mgL-1), N, the coopera-
tive binding constant, Qy, the maximum adsorption capacity of
the adsorbent (mgg~1) (obtained from Langmuir isotherm model),
and ¢ge (mgg~') and Ce (mgL-1) are the equilibrium chromium
concentrations in the solid and liquid phases, respectively. From
plot of log[(Qm/ge)— 1] versus logCe; the intercept gave logKg
and the slope gave N, constants. Parameters related to each
isotherm were determined by using linear regression analysis
and the square of the correlation coefficients (R?) have been
calculated. A list of the parameters obtained together with R2
values is given in Table 3. Apparently, the generalized adsorp-
tion isotherm represents the equilibrium data reasonably well
(Fig. 9). The saturation constant (Kg) were ranged between 1.45
and 15.86mgL-" and the correlation coefficient are comparable
to that obtained from Langmuir-1 form, but much higher than
that obtained from other three linear forms of Langmuir model
(Tables 2 and 3).

3.5. Kinetic studies

Batch experiments were conducted to explore the rate of
chromium adsorption by PGHC at pH 1.0 and different chromium
and PGHC concentrations. The kinetic adsorption data can be
processed to understand the dynamics of the adsorption reac-
tion in terms of the order of the rate constant. The kinetic of
Crb adsorption PGHC is required for selecting optimum oper-
ating conditions for the full-scale batch process. Moreover, it
is helpful for the prediction of adsorption rate, gives impor-
tant information for designing and modeling the processes. Thus,
the process of chromium removal from aqueous phase by PGHC
may be represented by pseudo first-order [38], pseudo second-
order [39], Elovich [40-42] and intraparticle diffusion [43,44]
kinetic models. The conformity between experimental data and
the model-predicted values was expressed by the correlation coef-
ficients (R%, values close or equal to 1). The relatively higher
value is the more applicable model to the kinetics of Cr6*
adsorption.
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3.5.1. Pseudo first-order kinetic model

The kinetic data were treated with the Lagergren first-order
model [38], which is the earliest known one describing the adsorp-
tion rate based on the adsorption capacity. It is generally expressed
as follows:

d
B =ta(ge —ao) (15)

where ¢ge and q; are the adsorption capacity at equilibrium and at
time t, respectively (mgg~1), and k; is the rate constant of pseudo
first-order adsorption (min—!). Eq. (15) was integrated with the
boundary conditions of t=0 to t=t and g;=0 to q;=q; and rear-
ranged to the following linear equation:

k 1

2.303 (16)

log(ge — q¢) =1og(qe) —

If the pseudo first-order kinetics is applicable, a plot of
log(qe —q¢) versus t should provide a linear relationship from
which k; and predicted ge can be determined from the slope
and intercept of the plot, respectively (Fig. 10). The variation in
rate should be proportional to the first power of concentration
for strict surface adsorption. However, the relationship between
initial solute concentration and rate of adsorption will not be
linear when pore diffusion limits the adsorption process. It was
observed from Fig. 10 that the Lagergren model does not fit the
experimental data. On the other hand, the experimental ge values
do not agree with the calculated ones, obtained from the linear
plots even when the correlation coefficient R? are relatively high
(Table 4). This shows that the adsorption of Cr®* onto PGHC is not
appropriate to describe the entire process and not a first-order
reaction.

Table 4

|# 25 mg/L w50 mg/L 75 mg/L x 100 mg/L x 125 mg/L © 150 mg/L

10g(ge-qt)

-1.04

-1.5

-2.0

-2.5 T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Time (min)

Fig. 10. Pseudo first-order kinetics for Crf* (25-150mgL~') adsorption onto PGHC
(0.4g/100 mL) at pH 1.0 and temperature 25+ 2°C.

3.5.2. Pseudo second-order kinetic model
Adsorption kinetic was explained by the pseudo second-order
model given by Ho et al. [39] as follows:

d
S =kade — a0’ (17)

where k, (gmg-1min~1) is the second-order rate constant of

adsorption. Integrating Eq. (17) for the boundary conditions g=0
tog=gq:att=0to t=tislinearized to obtain the following equation:

t 1 1
(a> = o + q—e(t) (18)

Comparison of the first- and second-order adsorption rate constants and calculated and experimental g. values for different initial chromium and PGHC

Parameter First-order kinetic model Second-order kinetic model
Carbon Cr%* (mgL') ge (exp.)(mgg=') k; x 103 (min~') e (calc.)(mgg') R? ky x 10° (gmg'min~!) ge (calc.)(mgg!) h(mgg !'min!) R?
concentration
(gLl™")
50 17.34 10.44 15.43 0.966 4.25 17.04 1.23 0.986
75 18.19 14.38 19.35 0.991 1.95 20.12 0.79 0.983
2.0 100 22.97 7.39 28.10 0.941 10.02 25.38 6.46 1.000
125 23.11 16.83 27.41 0.979 2.50 25.32 1.60 0.998
150 30.57 26.22 20.73 0.979 2.22 26.39 1.54 0.989
50 15.65 9.11 12.44 0.961 3.50 16.10 0.91 0.991
75 20.85 15.00 17.96 0.989 1.97 22.83 1.03 0.994
3.0 100 22.89 10.87 8.75 0.788 2.41 23.87 1.37 0.986
125 21.28 12.26 8.75 0.866 2.33 21.14 1.04 0.971
150 33.52 20.56 11.05 0.904 1.47 33.90 1.69 0.999
50 12.50 7.18 13.36 0.975 4.66 12.94 0.78 0.992
75 17.50 12.00 20.73 0.951 3.29 18.66 1.15 0.994
4.0 100 19.55 11.09 13.36 0.972 291 20.24 1.19 0.983
125 21.74 13.80 17.04 0.944 2.38 23.20 1.28 0.993
150 26.13 14.79 12.21 0.884 2.30 26.46 1.61 0.978
50 10.00 5.15 32.93 0.999 13.87 10.41 1.50 1.000
75 14.49 8.63 18.88 0.989 4.51 15.31 1.06 0.997
5.0 100 18.62 10.20 12.44 0.987 2.91 19.69 1.13 0.985
125 20.25 12.93 14.74 0.993 2.41 21.37 1.10 0.988
150 2443 15.36 16.58 0.983 1.58 25.64 1.04 0.990
50 8.33 3.27 42.61 0.990 32.56 8.53 2.37 1.000
75 12.50 7.08 25.33 0.994 7.17 13.23 1.26 0.999
6.0 100 16.67 7.98 21.42 0.991 6.03 17.42 1.83 0.998
125 18.76 10.83 16.35 0.974 3.27 19.80 1.28 0.995
150 21.35 12.36 16.35 0.995 2.90 22.47 1.47 0.994
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Fig. 11. Plot of the pseudo second-order model at different initial Cré* concentra-
tions (25-150mg L), 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-
tial sorption rate (h), given by the following Eq. (19):

h =koq2 (19)

The plot of t/q; versus t should show a linear relationship if
the second-order kinetics is applicable. Values of k, and ge were
calculated from the intercept and slope of the plots of t/q; versus
t (Fig. 11). The linear plots of t/q; versus t show good agreement
between experimental and calculated ge values at different initial
Cr%* and adsorbent concentrations (Table 4) with correlation coef-
ficients RZ > 0.983, which indicated that the pseudo second-order
kinetic model provided good correlation for the adsorption of Cr6*
onto PGHC for all studied initial Cr®* and adsorbent concentrations
in contrast to the pseudo first-order model. Moreover, values for the
rate of initial adsorption, h, have no specific role, while the pseudo
second-order rate constant (k;) decreases with increase the initial
Cr%* concentration for all studied doses of PGHC.

Table 5

25 - | # 25 mg/L O 50 mg/L A75mg/L X100 mg/L X 125 mg/L © 150 mg/L |

204

154

q:(mgg™)

104

In(t)

Fig. 12. Elovich model plot for the adsorption of Crf* (25-150mgL-') onto PGHC
(0.4g/100 mL).

3.5.3. Elovich kinetic model

Elovich kinetic equation is another rate equation based on the
adsorption capacity, which is generally expressed as [40-42]:
dqe

qr = @ exp(-par) (20)

where « is the initial adsorption rate (mgg-!min~!) and B is
the desorption constant (gmg~!) during any one experiment. It
is simplified by assuming aft>>t and by applying the boundary
conditions q:=0 at t=0 and q;=q; at t=t Eq. (21) becomes form as
followed:
q 1 1
t= 3 i
p p

If Crb* adsorption by PGHC fits the Elovich model, a plot of q;
versus In(t) should yield a linear relationship with a slope of (1/8)
and an intercept of (1/8) x In(aB) (Fig. 12). Thus, the constants can
be obtained from the slope and the intercept of the straight line
(Table 5). Correlation coefficients obtained by Elovich model were

In(aB) + 5 In(t) (21)

The parameters obtained from Elovich kinetics model and intraparticle diffusion model using different initial Cr®* concentrations and PGHC doses

Sorbent dose (gL~!) Cr%* conc. (mgL-1) Elovich Intraparticle diffusion
B(gmg) o (mgg~' min-') R? Kgir (mgg~! min=0%) C(mgg") R?

50 0.37 6.44 0.993 0.83 6.23 0.976

75 0.23 1.66 0.984 1.13 3.80 0.974

1.0 100 0.59 28294.83 0.973 0.85 16.04 0.716
125 0.21 4.57 0.982 1.39 7.00 0.904

150 0.14 2.75 0.989 2.08 3.97 0.928

50 0.41 4.95 0.977 0.79 4.98 0.966

75 0.25 3.66 0.996 1.30 4.60 0.951

2.0 100 0.27 8.19 0.970 1.02 8.95 0.953
125 0.32 5.90 0.983 1.11 5.56 0.879

150 0.17 6.51 0.995 1.73 9.37 0.952

50 0.47 3.20 0.990 0.65 4.02 0.949

75 0.32 4.68 0.992 0.94 5.84 0.951

3.0 100 0.34 8.87 0.986 0.90 7.33 0.967
125 0.22 3.13 0.982 1.24 6.27 0.933

150 0.31 16.07 0.999 1.22 9.26 0.954

50 0.71 14.44 0.983 0.40 5.49 0.854

75 0.40 4.51 0.992 0.76 5.18 0.944

4.0 100 0.30 4.40 0.991 0.91 6.66 0.989
125 0.26 3.45 0.991 1.09 5.96 0.987

150 0.25 6.59 0.993 1.32 7.40 0.951

50 1.03 51.22 0.972 0.25 5.55 0.805

75 0.49 6.34 0.989 0.60 5.47 0.894

5.0 100 0.44 20.11 0.991 0.69 8.41 0.933
125 0.32 6.50 0.992 0.97 6.58 0.962

150 0.28 6.98 0.996 1.06 7.83 0.979
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Fig.13. Intraparticle diffusion model plot for the adsorption of Cr®* (25-150 mg L")
onto PGHC (0.4 g/100 mL) at room temperature (2542 °C).

higher than that obtained from pseudo first-order model and com-
parable to that obtained from pseudo second-order model.

3.5.4. The intraparticle diffusion model

The adsorption process required a multi-step involving the
transport of solute molecules from the aqueous phase to the surface
of the solid particles followed by diffusion of the solute molecules
into the interior of the pores, which is likely to be a slow process,
and is therefore, rate-determining step. The intraparticle diffusion
model is explored by using the following equation [43,44]:

qt = Kdifto'5 +C (22)

where C is the intercept and Ky (mgg~' min—95) is the intra-
particle diffusion rate constant. The plot of q; against t%> may
present a multi-linearity correlation, which indicates that two or
more steps occur during adsorption process (Fig. 13). The rate con-
stant Kyjs directly evaluated from the slope of the regression line
and the intercept is C and is reported in Table 5.

The values C provide information about the thickness of the
boundary layer, since the resistance to the external mass transfer
increases as the intercept increases. R? values given in Table 5 are
ranged between 0.716 and 0.979, confirming that the rate-limiting
step is actually the intra-particle diffusion process for some of the
data analyzed when the R? values become close to 1.000. The lin-
earity of the plots demonstrated that intra-particle diffusion played
a significant role in the uptake of the chromium by sorbent. The
intra-particle diffusion rate constants, Kyjs, were in the range of
(0.25-2.08 mg g~ min—%3). However, Fig. 13 shows low linearity
for the adsorption of chromium by PGHC which indicates that both
of surface adsorption and intra-particle diffusion are involved in
the rate-limiting step. However, still there is no sufficient indica-
tion about which of the two steps was the rate-limiting step. It
has been reported [45,46] that if the intraparticle diffusion is the
sole rate-limiting step, it is essential for the g, versus t/2 plots
to pass through the origin, which is not the case in this study. It

Table 6
Data obtained for the adsorption of chromium (150 mg L") from different solution
using PGHC (5.0gL1)

Solution of chromium used PGHC
Removal % Maximum capacity (mgg!)
Distilled water 85.39 35.71
Artificial sea water 84.02 35.21
Natural sea water 83.15 34.85
Wastewater 82.50 33.95

may be concluded that surface adsorption and intraparticle dif-
fusion were concurrently operating during the chromium-PGHC
interactions.

3.6. Effect of saline water and real wastewater on the adsorption
process

The studies of the effects of salinity and real wastewater on the
capability of the PGHC to remove CrS* ijons from solution were
investigated. The above work was achieved using synthetic sea
water, natural sea water and real wastewater and the results are
reported in Table 6. Salt concentration is directly proportional to the
ionic strength of aqueous solutions. Ionic strength is also one of the
important factors that influence the equilibrium uptake. However,
the percentage of Cr* removal from aqueous solution prepared by
dissolving of the Cr* into distilled water, synthetic sea, natural sea
water and wastewater were 85.39%, 84.02%, 83.15% and 82.50% for
PGHC, respectively, which indicates that the removal percentage of
Crb* adsorption were not affecting by the changing of the type of
chromium ion solution. The slightly decrease in removal percent-
ages and maximum capacities occurred by the presence of salt ions
(Na*Cl~) may be due to the inhibition effect of salt on the active
centers of carbon. These results indicate that the PGHC is applica-
ble material for removal of Cr®* ions from different types of aqueous
solutions including wastewater.

3.7. Desorption of Cr5* from sorbent

Desorption studies will help to elucidate the nature of adsorp-
tion process and to recover the Cr®* from sorbent. Moreover, it also
will help to regenerate the sorbents so that it can be used again to
adsorb metal ions, and to develop the successful sorption process
[47]. Desorption experiments were carried out at 25°C by using
0.1N NaOH giving 95% desorption after 120 min contact time. Acti-
vation of the washed PGHC after desorption process was achieved
by agitation with 1N HCI for 120 min followed by washing with
distilled water.

4. Conclusion

The PGHC has been identified as an effective adsorbent to
remove Crb* jons from various aqueous solutions. The adsorption
process is pH dependent and the optimum pH was 1.0. The kinetic
studies proved that the second-order kinetic was the applicable
model. Furthermore, the isotherm equilibrium studies confirmed
that the Langmuir-1 form and generalized models are the highest
fitted models for the adsorption process of Cr8* by PGHC. The PGHC
exhibited high adsorption capacity under several initial chromium
and sorbent dose concentrations. The adsorption process was found
to be controlled by more than one mechanism such as the film dif-
fusion and particle diffusion. The proposed sorbents are efficient,
environment friendly and can reduce the huge amount of toxic
chromium ions from effluent discharges by the industries around
the big cities.
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