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Abstract

The use of a new activated carbon developed from date palm seed wastes, generated in the jam industry, for removing toxic chromium from
aqueous solution has been investigated. The activated carbon has been achieved from date palm seed by dehydrating methods using concentrated
sulfuric acid. The batch experiments were conducted to determine the adsorption capacity of the biomass. The effect of initial metal concentration
(25-125mg17"), pH, contact time, and concentration of date palm seed carbon have been studied at room temperature. A strong dependence of the
adsorption capacity on pH was observed, the capacity increase as pH value decrease and the optimum pH value is pH 1.0. Kinetics and adsorption
equilibrium were studied at different sorbent doses. The adsorption process was fast and the equilibrium was reached within 180 min. The maximum
removal was 100% for 75mg1~! of Cr® concentration on 4 g1~! carbon concentration and the maximum adsorption capacity was 120.48 mg g~'.
The kinetic data were analyzed using various kinetic models — pseudo-first order equation, pseudo-second order equation, Elovich equation and
intraparticle diffusion equation — and the equilibrium data were tested using several isotherm models, Langmuir, Freundlich, Koble—Corrigan,
Redlich—Peterson, Tempkin, Dubinin—Radushkevich and Generalized isotherm equations. The Elovich equation and pseudo-second order equation
provide the greatest accuracy for the kinetic data and Koble—Corrigan and Langmuir models the closest fit for the equilibrium data. Activation
energy of sorption has also been evaluated as 0.115 and 0.229 kJ mol~'.
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1. Introduction

The removal of toxic heavy metal contaminants from wastew-
ater is currently one of the most important environmental issues
being researched. Although it has been studied for many years,
effective treatment options are still needed. Chemical pre-
cipitation, reduction, ion exchange, filtration, electrochemical
treatment, membrane technology, reverse osmosis, evaporation
removal and solvent extraction are the methods most com-
monly used for removing toxic metals ions from wastewater
[1]. However, most of these technology processes have con-
siderable disadvantages including incomplete metal removal,
requirements for expensive equipment, monitoring system and
reagent or energy requirements or producing of toxic sludge or
other disposal waste products [2—4].
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Adsorption is found to be an important basis for the removal
of toxic pollutants from wastewater. It is by far the most widely
used technique for the removal of toxic metal ions from wastew-
ater. Many reports have been appeared on the production of low
cost adsorbents using cheaper and readily available materials
[5—12]. Activated carbon has versatility and wide range of appli-
cations and it has been proven to be an effective adsorbent for
the removal of a wide variety of organic and inorganic pollu-
tants from different media [5,13]. Activated carbon is classified
based on its size shape into four types: powder, granular, fibrous,
and clothe and each type of them has its specific application as
well as inherent advantages and disadvantages in wastewater
treatment. Therefore, production of low-cost activated carbon
becomes a great goal of many researchers since the commercial
activated carbon is still very expensive [5].

Chromium has a priority metal pollutant and exists primarily
in aqueous solution mainly in trivalent and hexavalent oxidation
states. The former is relatively non-toxic and an essential trace
nutrient in the human diet as well as it is believed by many
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to play a pharmaceutical role in the human body, while the
later is highly toxic, being a mutagen and a potential carcino-
gen [14-16]. Several species can be obtained from hexavalent
chromium by change the concentration and pH of chromium
solution. At pH>7, the CrO4%>~ form will preferably exists in
the solution, while in the pH between 1 and 6, HCrO42’ is
predominant. Therefore, within the normal pH range in natu-
ral waters, the CrO42~, HCrO42~ and Cr2072_ ions are the
expected forms of hexavalent chromium in the solution, which
are quite soluble and mobile in water streams [14,16]. Acciden-
tal chromium ingestion causes stomach upsets, ulcers, kidney
and liver damages and even death [15,17]. Trivalent chromium
(Cr3+) occurs naturally in rocks, soil, plants, animals, and vol-
canic emissions and it is used industrially as a brick lining for
high-temperature industrial furnaces and to make metals, metal
alloys, and chemical compounds. Hexavalent chromium (Crf*)
is produced industrially when Cr3* is heated in the presence of
mineral bases and atmospheric oxygen [18,19]. The maximum
permissible levels sited by US regulations for chromium dis-
charges are 0.05mg1~! of Cr®" and the USEPA drinking water
regulations limit the total chromium in drinking water to less
than or equal to 0.1 mg 1~ [20,21]. Therefore, removal of toxic
chromium from effluents in an economic method is a major
problem for many industries.

In our laboratory, we are enthusiastic to develop different
kinds of activated carbons from low-cost materials such as
agriculture wastes and marine plants as well as investigate its
applicability to remove hazard materials from water and wastew-
ater. This study was to develop new activated carbon from date
palm seed and to evaluate its capacity to remove toxic chromium
from different aqueous solutions. Batch adsorption process has
been used to evaluate the maximum adsorption capacity of acti-
vated carbon produced from date palm seed by acid dehydration.
The main parameters considered are pH, contact time, initial
metal ions concentration and sorbent concentration. The inter-
ference of the saline water and wastewater on the adsorption of
Cr®* was also investigated.

2. Materials and methods
2.1. Biomass

Date palm seed was collected from the jam industries of
the north part of Egypt and washed with tap water, distilled
water and oven dried at 200 °C for 24 h. The dried seed was
milled, sieved and the particles <0.5mm was selected for
carbonization.

2.2. Carbonization of date palm seed (DSC)

Dried date palm seed (2.0 kg) was added in small portion to
H2SO04 (98%, 2.01) during 5 h followed by boiling for 20h in a
fume hood. Cool in ice bath and the reaction mixture was poured
onto cold water (51) and filtered. The obtained carbon was dried
in an open oven at 120 °C for 24 h followed by immersed in 5%
NaHCO3 (4.01) to remove any remaining acid and then filter.
The produced carbon was then washed with distilled water until

pH of the activated carbon reached 6, dried at 150 °C for 24 h
and sieved to the particle size <0.100 mm and kept in a glass
bottle until used.

2.3. Preparation of artificial wastewater

A stock solution of 2.0 g1~ was prepared by dissolving the
5.657 g of potassium dichromate (K> Cr,0O7) in 500 ml and com-
pleted to 1000 ml with distilled water. Concentrations ranged
between 5 and 150 mg1~" were prepared from the stock solu-
tion to have the standard curve. Double-distilled water was used
for preparing all of the solutions and reagents and the pH values
are adjusted with 0.1 M HCl or 0.1 M NaOH. All the adsorption
experiments were carried out at room temperature (25 +2 °C)
and analytical-grade reagents were used throughout this
study.

2.4. Simulation studies

Synthetic seawater was prepared by dissolving 35 g of NaCl
in 1000 ml distilled water and the resulting solution was used
instead of distilled water. Different concentrations of Cr® were
prepared from the synthetic seawater [7].

Natural seawater was collected from Eastern Harbor, Alexan-
dria, Egypt and filtered using Whatman filter paper. The clear
natural seawater was used instead of distilled water to prepare
different concentrations of Cr®* [7].

Wastewater was collected from EI-Emoum drain (contains
several industrial effluents and agriculture drain from Alexandria
Governorate) near lake Maruit, Alexandria, Egypt. The collected
wastewater was filtered through Whatman filter paper to remove
suspended particulates and used as above for preparing of dif-
ferent concentrations of Cro* [7].

2.5. Batch biosorption studies

2.5.1. Effect of pH on Cr%* adsorption

The effect of initial pH on the chromium ions adsorption onto
DSC was carried out at 75 mg 1~ ! initial Cr%* concentration with
0.5g/100 ml DSC mass at 25£2°C for 3 h equilibrium time.
The initial pH values were adjusted to 1.0, 2.2, 3.1,4.4,5.4,6.2
and 7.2 with 0.1 M HCI or 0.1 M NaOH. The suspensions were
shaken using agitation speed (200 rpm) for 3 h and the amount
of Cr* ions adsorbed were determined.

2.5.2. Effect of activated carbon dose

The effect of DSC dose on the uptake of Cr®* was investi-
gated using DSC concentrations of 1,2, 3,4 and 5¢g 17!, The
experiments were achieved by shaking known concentration of
Cr% with the above DSC dose for 3 h and the amount of Cr%*
adsorbed determined.

2.5.3. Kinetics studies

Kinetics studies were performed in 300 ml conical flasks at
solution pH 1.0 by mixing of DSC (0.1, 0.2, 0.3, 0.4 and 0.5 g)
with 100ml of Cr®* solution (25-125mgl1~!) and shaken at
room temperature (25 &2 °C) for 3h. Samples of 1.0 ml were
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collected from the duplicate flasks at required time intervals
5-180min and centrifuged for 5 min. The clear solutions were
analyzed for residual Cr®* concentration in the solution.

2.5.4. Adsorption isotherm

Batch sorption experiments were carried out at room temper-
ature by agitating DSC (0.1, 0.2, 0.3, 0.4 and 0.5 g) with 100 ml
of Cr®* (25-125mg1~") for 3h at pH 1.0 and then the reaction
mixture was analyzed for the residual Cr®* concentration.

The concentration of Cr®* in solution was measured accord-
ing to standard method introduced by Gilcreas et al. [22] using
UV-vis spectrophotometer (Milton Roy, Spectronic 21D) using
silica cells of path length 1.0 cm at wavelength A 540 nm. All
the experiments are duplicated and only the mean values are
reported. The maximum deviation observed was less than 5%.
Adsorption of Cr*® was studied using different weights of DSC
in 100 ml solution of 25, 50, 75, 100 and 125 mglf1 of initial
Cr%* concentration and initial pH 1.0.

The amount of Cr*® adsorbed onto carbon, g. (mgg~!), was
calculated by the following mass balance relationship:

_(Co—Ce)x V
- w

where Cp and C, are the initial and equilibrium liquid-phase
concentrations of Cr*®, respectively (mg1~1), V the volume of
the solution (1), and W is the weight of the DSC used (g).

ey

qe

3. Results and discussion
3.1. Influence of solution initial pH

The wastewater from industries usually has a wide range of
pH values. The effect of pH was determined by studying adsorp-
tion of Cr®" at an initial Cr® concentration of 75 mg1~! with
adsorbent doses of 0.5 g/100 ml for DSC over a pH range of
1-7.2. Fig. 1 shows the effect of pH on the adsorption of Cr%* by
DSC. Maximum adsorption was noticed at pH 2 (100%). When
initial pH of the solution was increased from 1.0 to 5.35, the per-
centage removal decreased from 100 to 25.3%. With increase in
pH from 5.35 to 7.2, the percent removal was slightly increased
from 25.35 to 27.2%, which may be attributed to some coag-
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Fig. 1. Effect of system pH on adsorption of Cr® (75mgl~!) onto DSC
(0.5g/100ml) at 27 +2°C.

ulation or precipitation of chromium. Maximum adsorption of
Cr%" occurred at low pH can be explained by the species of the
chromium and the functional group present in the adsorbent sur-
face. At pH above 8, the predominant species is CrO42~ and with
the increase of the acidity the equilibrium shifts to dichromate
formation and the predominant species of chromium at acidic
pH are Cr,072~, HCrO4~, Cr3010%>~ and Cr0132~ [23-25].
On the other hand, under acidic conditions, the surface of the
adsorbent becomes highly protonated that favors the uptake of
Cr® in the anionic form. Increase in pH value (move toward
basic solution) causes decrease in protonation of the surface,
which led to decrease in net positive surface potential of sor-
bent. This decrease the electrostatic forces between sorbent and
sorbate that leads to reduced sorption capacity [26]. Moreover,
as pH value increases there is competition between OH™ and
chromate ions.

3.2. Influence of contact time

The relation between adsorption of Cr® and contact time
were investigated to identify the rate of chromium removal.
Fig. 2 shows the percentage removal of Cr%* at different initial
chromium concentrations ranging from 25 to 125mgl~! and
pH 1.0. It was found that more than 40% removal of Ct®* con-
centration occurred in the first 45 min, and thereafter the rate of
adsorption was found to be slow. The removal of Cr%* by DSC
ranged from 70 to 100% with various initial chromium con-
centrations. The equilibrium time was 180 min and after that,
percentage removal was more or less constant. Therefore, it
can be concluded that the rate of Cr%* binding with adsorbent
was greater in the initial stages, then gradually decreased and
remained almost constant after an optimum period. The slow rate
of Cr®* adsorption after the first 45 min is probably occurred due
to the slow pore diffusion of the solute ion into the bulk of the
adsorbent.

3.3. Influence of initial chromium concentration

The adsorption experiments at initial chromium concentra-
tions from 25 to 125mgl~! were also performed with DSC
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Fig. 2. Effect of contact time on the removal of different initial concentrations
of Cr* using DSC (0.2 g/100 ml) at pH 1.0.
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Fig. 3. Relation between amounts of chromium (Cr%*) adsorbed at equilibrium
(ge) and its initial concentration using different doses of DSC.

doses (0.1, 0.2, 0.3, 0.4 and 0.5g/100ml) and the results are
represented in Figs. 1 and 3. The results indicate that percentage
Cr®* removal decreases as the initial concentration of Cr®* was
increased. This can be explained by the fact that all the adsor-
bents had a limited number of active sites, which would have
become saturated above a certain concentration. Increase of the
initial metal concentration results in a decrease in the initial rate
of external diffusion and increase in the intraparticle diffusion
rate.

In the process of Cr® adsorption, first metal ions have
to encounter the boundary layer effect and then diffuse from
boundary layer film onto DSC surface and finally, it has to dif-
fuse into the porous structure of the DSC. This phenomenon
will take relatively longer contact time. Fig. 3 shows that the
amount of Cr® adsorbed on DSC at a lower initial concentra-
tion of chromium was smaller than the corresponding amount
when higher initial concentrations were used. On the other
hand, the percentage removal of chromium was higher at lower
initial chromium concentrations and smaller at higher initial
concentrations, which clearly indicate that the adsorption of
Cr* from its aqueous solution was dependent on its initial
concentration.

3.4. Influence of carbon concentration on metal adsorption

To determine the influence of DSC dosage on the amount of
adsorption, the DSC mass was varied from 0.1 to 0.5 g/100 ml,
while initial chromium concentration was held constant at
125mgl~! at room temperature (Fig. 4: inside figure). The
percentage of metal removal increased with increasing DSC
dosage at the same initial metal concentration. On the other
hand, the quantity of metal adsorbed was studied and repre-
sented in Fig. 4 (main figure), which shows that the amount of
chromium adsorbed at equilibrium, g¢, decreases with increase
of DSC dose, while it increases with increase of initial metal
concentration for all studied dose of DSC. The increase in metal
removal with the adsorbent dose can be attributed to increased
surface area and the sorption sites. However, the decrease in
adsorption capacity can be explained with the reduction in the
effective surface area.
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Fig. 4. Inside figure: effect of DSC concentration on Cr®* removal (Co:
125 mg1~!, pH 1.0, agitation speed: 200 rpm, temperature: 27 % 2 °C). Main fig-
ure: effect of mass (ms) of DSC concentration on ge of Cr* (Cp: 25-125 mg -1,
pH 1.0, agitation speed: 200 rpm, temperature: 27 £ 2 °C).

3.5. Adsorption isotherm investigation

The equilibrium study on adsorption has provided sufficient
information on the capacity of the adsorbent. Also, an adsorp-
tion isotherm is characterized by certain constant values that
express the surface properties and affinity of the adsorbent and
can also be used to compare the adsorptive capacities of the
adsorbent for different pollutants. Equilibrium data should accu-
rately fit into different isotherm models to find a suitable model
that can be used for the design process [27]. To establish the
adsorption capacity of DSC various isotherm equations have
been tested in the present study. These equations are Lang-
muir, Freundlich, Koble—Corrigan, Redlich—Peterson, Tempkin,
Dubinin—Radushkevich and Generalized isotherm equations.
The applicability of isotherm equations is compared by judging
the correlation coefficients.

3.5.1. Langmuir isotherm

The Langmuir isotherm [28,29] has been used extensively
by many authors for the adsorption of heavy metals, dyes,
organic pollutant and gases onto activated carbon, clay, agricul-
ture wastes, etc. It is valid for monolayer adsorption on specific
homogenous sites containing a finite number of identical sites
and it assumes uniform energies of adsorption on the surface and
no transmigration of sorbate in the plane of the surface [30,31].
The Langmuir isotherm model estimates the maximum adsorp-
tion capacity produced from complete monolayer coverage on
the adsorbent surface. The non-linear equation of Langmuir
isotherm model can be expressed in the following non-linear
form:

_ QmKaCe

— =ma-e 2
1+ K,Ce @

qe
where C, and g, are as defined above in Eq. (1); K, the adsorp-
tion equilibrium constant (1mg~!) that is related to the apparent
energy of adsorption; Oy, is the maximum monolayer capacity
of the adsorbent (mg g_l). Eq. (2) can be linearized into four
different forms as shown in Table 1 (Egs. (3)—(6)), which give
different possibilities to parameter estimation [32,33].
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Table 1
The four linear forms of Langmuir isotherm model
Form Linear equation Plot Slope Intercept
. Ce 1 1
Langmuir-1 — = + — xCe (3) Celge vs. Ce 1/0m 1/(Ky0m)
R
Langmuir-2 — = ( ) — 4+ —@ 1/ge vs. 1/C, 1/(KaQOm) 1/0
qe K, inl Ce Om ¢ ¢ aem "
Langmuir-3 ge = Om (7) de 5) Ge V5. ge/Ce 1K, Om
p K,) Ce
Langmuir-4 F = KaOm—Kage (©6) ge/Ce Vs. ge K, KaOm
€
Table 2

Isotherm parameters obtained from the four linear forms of Langmuir model for
the adsorption of Cr onto activated carbon developed date palm seed

Date seed activated
carbon concentrations

Isotherm model Isotherm parameters

1.0gl™! 20g17!
Om (mgg™") 120.48 63.69
Langmuir-1 K, x 103 (Img™") 20.70 62.03
R? 0.983 0.994
Om (mgg™") 112.36 69.93
Langmuir-2 K, x 103 Img™") 23.21 53.88
R? 0.999 0.987
Om (mgg™") 115.52 64.64
Langmuir-3 K, x 103 (Img™") 22.27 60.35
R? 0.968 0.942
Om (mgg™") 117.66 66.71
Langmuir-4 K, x 103 (Img™1) 21.60 56.80
R? 0.968 0.942

The results obtained from Langmuir model for the removal
of Cr% onto DSC are represented in Table 2. The correlation
coefficients for the all linear forms of Langmuir model are
R?>0.94 with forms 1 and 2 being the best fitted for the equilib-
rium data site R > 0.983. Fig. 5 shows the plot of Langmuir-2
isotherm model and Fig. 6 represents comparison between the
experimental data measured and modeled Langmuir equilibrium
isotherms of Cr%* adsorption on various dose of DSC. The max-
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Fig. 5. Langmuir-2 isotherm model of Cr®* adsorbed onto DSC.

imum monolayer capacity O, obtained from Langmuir model
was 120.48 mg1~!. This value is comparable to the adsorption
capacities of some other adsorbent materials [5].

3.5.2. Freundlich isotherm

The Freundlich isotherm theory is the first known relation-
ship explains the adsorption process [34]. It describes the ratio
of the amount of solute adsorbed onto a given mass of sorbent
to the concentration of the solute in the solution is not con-
stant at different concentrations. Freundlich isotherm equation
is applicable to the adsorption on heterogeneous surfaces with
interaction between adsorbed molecules and it can be employed
to describe the heterogeneous systems and may be written as
follow:

ge = KpCl/"F )

where K is the Freundlich constant indicative of the relative
adsorption capacity of the adsorbent related to the bonding
energy and can be defined as the adsorption or distribution
coefficient. It represents the quantity of Cr® adsorbed onto
adsorbent for unit equilibrium concentration. The constant ng
is the heterogeneity factor represents the deviation from linear-
ity of adsorption as follows: if the value of np = 1, the adsorption
is linear; ng < 1, the adsorption process is chemical; if ng > 1, the
adsorption is a favorable physical process [31]. Eq. (7) can be
linearized via logarithms in the form of Eq. (8) and the constants

80-[—x-1g/L (Exp) =% 2g/L (Exp.) —&— 1 g/L (Calc) —=— 2 g/L (Calc)]

qe (Mg 9_1)

0= T T T T ]
0 8 17 30 44 58

Ce(mgr™)

Fig. 6. Comparison between Langmuir equilibrium isotherms plots and the
experimental data of Cr® adsorption on various dose of DSC.
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Fig. 7. Freundlich isotherm of Cr adsorbed onto DSC.

can be determined.
1

logge = logKFf + n—logCe ®)
F

Fig. 7 represents the plot of log(ge) versus log(C.) with
the intercept value of log Kg (mg' =717 g=1)and the slope of
1/ng and are presented in Table 3. The correlation coefficients,
R?=0.996 and 0.962, obtained from Freundlich model is com-
parable to that obtained from Langmuir model linear forms 1
and 2, while it is slightly higher than that obtained from the lin-
ear forms 2 and 3. This result indicates that the experimental
data fitted well to Freundlich model and the ng > 1, indicating
that adsorption of Cr®* onto DSC is a favorable physical process
[31].

Table 3
Comparison of the coefficients isotherm parameters for Cr®* adsorption onto
activated carbon developed from date palm seed

Isotherm model Isotherm parameter DSC dose
1.0gl™! 20g1™!
nEg 1.49 2.07
Freundlich Kg 448 7.85
R? 0.996 0.962
a 4.09 1.15
. b 0.01 0.02
Koble—Corrigan " 075 162
R? 0.998 1.000
A 17.9 5.03
Redlich_P B 2.99 0.15
edlich—Peterson g 0.385 0.847
R? 0.998 0.995
Atr 0.168 0.51
. Br 28.82 14.92
Tempkin br 86.0 166.1
R? 0.980 0.983
Om 64.62 43.03
. . K x 10° 37.8 9.5
Dubinin—Radushkevich E (kI mol~!) 0.115 0.229
R? 0.898 0.963
Np 0.99 1.00
Generalized isotherm Kg 46.53 16.13
R? 0.996 0.988

3.5.3. Koble—Corrigan isotherm

Koble—Corrigan equation is another isotherm model depends
on the combination of the Langmuir and Freundlich equations in
one non-linear equation for representing the equilibrium adsorp-
tion data. It is represented by Eq. (9) [35]:

_aCy
1+ bCH

where a, b and n are the Koble—Corrigan parameters, which were
obtained by solving Eq. (9) using SPSS version 10.0 computer
program and reported in Table 3. The correlation coefficients
obtained were 0.998 and 1.000 for adsorption of Cr®* on DSC
concentrations of 1.0 and 2.0 g17!, respectively. Fig. 8 shows
the comparison between data calculated by Koble—Corrigan
equation and the experimental data obtained for adsorption of
different initial concentration of Cr® on DSC of doses 1.0 and
2.0g1~!. This indicates that Koble—Corrigan equation fit well
to the experimental data obtained for adsorption of Cr®* onto
DSC. Also, the values of b were 0.01 and 0.02 indicate the com-
bination between heterogeneous and homogeneous adsorption
of Cr®* on DSC.

9e €)

3.5.4. Redlich—Peterson isotherm

A further empirical model has been developed by Redlich
and Peterson [36] to improve the fit by Langmuir and Freundlich
equations and this model equation is given by the non-linear Eq.
(10).

_AC
~ 1+ BCS

where A, B and g are the Redlich—Peterson parameters. The
g value lies between zero and one. The constant g can char-
acterize the isotherm as: if g=1, the Langmuir will be the
preferable isotherm, while if g=0, the Freundlich will be the
preferable isotherm. Although the two parameters in the Lang-
muir and Freundlich equations can be graphically determined,
Redlich—Peterson constants is not applicable because of three
unknown parameters so the three parameters in the equation
are obtained using non-linear regression analysis included in
SPSS program version 10.0 applicable to computer opera-
tion. The three isotherm constants A, B and g are reported

E (10)

80 -
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Fig. 8. Plot of g vs. Ce of experimental data and calculated g. obtained from
Koble—Corrigan isotherm model for the adsorption of Ct®* onto DSC.
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Fig. 9. Plot of g. vs. C. of experimental data and calculated g, obtained
Redlich—Peterson isotherm model for the adsorption of Cr®* onto DSC.

in Table 3. Fig. 9 shows the comparison between data cal-
culated by Redlich—Peterson equation and the experimental
data obtained for adsorption of different initial concentration
of Cr® on 1.0 and 2.0gl~! doses of DSC. The correla-
tion coefficients obtained (0.998 and 0.995) were comparable
to the Langmuir and Freundlich equations indicating that
the Redlich—Peterson isotherm can be consider as isotherm
model for the data obtained from the adsorption of Cr®*
on DSC.

3.5.5. Tempkin isotherm

Tempkin isotherm equation [37] contains a factor that
explicitly takes into account adsorbing species—adsorbate inter-
actions. It assumes that: the heat of adsorption of all the
molecules in the layer decreases linearly with coverage due to
adsorbate—adsorbate repulsions and the adsorption is uniform
distribution of maximum binding energy [38]. In addition, it
assumes that the fall in the heat of sorption is linear rather
than logarithmic, as implied in the Freundlich equation. It has
commonly been written in the following Eq. (11) [39-41]:

RT
Ge = Tln(ATCe) (non-linear form) an
T

ge = BrInAT 4+ BrInC: (linear form) (12)
where Bt = (RT)/bt, T is the absolute temperature in Kelvin and
R is the universal gas constant, 8.314J mol~! K=, The constant
bt is related to the heat of adsorption; At is the equilibrium bind-
ing constant (1min~—!) corresponding to the maximum binding
energy [42,43]. The adsorption data can be analyzed according
to Eq. (12). A plot of g, versus In C. enables the determina-
tion of the isotherm constants At and bt and represented in
Fig. 10 and the value of constants and correlation coefficients
are reported in Table 3. The correlation coefficients obtained are
R? > 0.98, which indicates that the Tempkin isotherm fit well the
equilibrium data obtained for the adsorption of Cr%* onto DSC.
However, based on the R? value, the Tempkin isotherm appears
to be less applicable than Koble—Corrigan and Redlich—Peterson
isotherm models.
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Fig. 10. Tempkin equilibrium isotherm model for the adsorption of Cr®* onto
DSC.

3.5.6. Dubinin—Radushkevich (D-R) isotherm

Another equation used in the analysis of isotherms was pro-
posed by Dubinin and Radushkevich [44]. It does not assume
a homogeneous surface or constant sorption potential, but it
applied to estimate the porosity apparent free energy and the
characteristic of adsorption and it has commonly been applied
in the following forms [45-47]:

ge = Omexp(—K 82) (non-linear form) (13)
Inge =InQp — K &2 (linear form) (14)

where K is a constant related to the adsorption energy, O, the
maximum adsorption capacity, ¢ can be calculated from Eq. (15).

e¢=RTIn (1—1—1) (15)
Ce

Fig. 11 shows D-R curves generated using Eq. (14) by plot
of In ge versus & of the experimental data for the adsorption of
Cr% by DSC. The constants K (mol® kJ=2) and Oy, (mgg~!)
calculated from the slope and the intercept, respectively, and
reported in Table 3. The mean free energy of adsorption (E) is
the free energy change when one mole of ion transferred from
infinity in solution to the surface of the sorbent. E is calculated
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Fig. 11. Dubinin and Radushkevich isotherm model plots for the adsorption of
Cr* by DSC.
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from the K value using Eq. (16) [48]:

1
V(2K)

The values of correlation coefficients (0.898 and 0.963) indi-
cate that the D-R is less fitting to the experimental data in
comparable with the Langmuir, Freundlich, Koble—Corrigan
and Tempkin isotherm models. The maximum capacity, Op,
obtained using D-R isotherm model for adsorption of Cré*
is 64.62mgg~" by DSC dose of 1.0g1~! (Table 3), which is
about half of the Qp, obtained (120.48 mg g~!) by Langmuir-
1 isotherm model (Table 2). The values of E calculated using
Eq. (16) are 0.115 and 0.229kJmol~!, while the typical E
values for ion-exchange mechanisms are ranged between 8
and16 kJ mol~!, indicating that the adsorption process of Cr%*
ion onto DSC is physisorption, which is in agreement with the
result obtained from the pH study.

(16)

3.5.7. Generalized isotherm equation

A generalized isotherm equation was tested for correlation
of the equilibrium data [49-51]. Linear form of the generalized
isotherm is given by:
i |:Qm ] _
og | — — 1| =logKg — NplogCe (17)

qe

where K is the saturation constant (mg 1~"); Ny, the cooperative
binding constant; Qp, the maximum adsorption capacity of the
adsorbent (mg g_l) (obtained from Langmuir isotherm model);
ge (Mg g_l) and C, (mg 171 are the equilibrium chromium con-
centrations in the solid and liquid phases, respectively. Fig. 12
shows a plot of log[(Om/qe) — 1] versus log Ce; the intercept
gave log Kg and the slope gave Ny, 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
R? values is given in Table 3. Apparently, the generalized adsorp-
tion isotherm represents the equilibrium data reasonably well.
The exponent (Kg) was 0.99 and 1.0 which reflects that the
generalized isotherm approximates to the Langmuir expression.

+1g/L x2g/L
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Fig. 12. Generalized isotherm model.

The data reported in Tables 2 and 3 showed that most of
the isotherm models tested have been fitted well the experi-
mental data obtained for the adsorption of Cr®* on DSC. Only,
Dubinin—Radushkevich isotherm showed less agreement with
the experimental data obtained.

3.6. Adsorption kinetic considerations

Batch experiments were conducted to explore the rate of Cro*
adsorption by DSC at pH 1.0, DSC of 1, 2, 3, 4, 5gl~! and
initial metal concentrations of 25, 50, 75, 100 and 125 mg -1,
The kinetic adsorption data can be processed to understand the
dynamics of the adsorption reaction in terms of the order of the
rate constant. The process of metal removal from aqueous phase
by a certain adsorbent may be investigated by several models to
examine the rate-controlling of the adsorption process such as
chemical reaction, diffusion control and mass transfer. Since the
kinetic parameters are used to predict the adsorption rate and
give important information for designing and modeling of the
adsorption processes, the kinetics of the adsorption of chromium
onto DSC was investigated for selecting optimum operating con-
ditions for a full-scale batch process. Pseudo first-order [52],
pseudo second-order [53], Elovich [54-56] and intraparticle dif-
fusion [57,58] kinetic models were applied for the adsorption
of Cr%* on DSC and the conformity between experimental data
and the model-predicted values was expressed by the correlation
coefficients (R?).

3.6.1. Pseudo first-order equation

The Lagergren pseudo-first-order model [52] is the earli-
est known equation describing the adsorption rate based on
the adsorption capacity. The differential equation is commonly
expresses as follows:
% = ki1(ge — qv) (18)
where ¢, and g refer to the amount of Cr® adsorbed (mgg~")
at equilibrium and at any time, ¢ (min), respectively, and k; is
the equilibrium rate constant of pseudo first-order adsorption
(1min~"). Integrating Eq. (18) for the boundary conditions =0
to t and g, =0 to g gives:

e kl
1 = t 19
°¢ <qe - qt> 2.303 (1

which is the integrated rate law for a pseudo first-order reaction.
Eq. (19) can be rearranged to obtain the linear form:

ky
I — =1 — ——t 20
0g(ge — q¢) = log(qe) 7303 (20)

Values of the rate constant, k1, equilibrium adsorption capac-
ity, ge, and the correlation coefficient, R2, were calculated from
the plots of log(ge — g¢) versus ¢ (Fig. 13). Although the corre-
lation coefficients obtained from pseudo first-order model are
found to be high the calculated g do not agree with experimen-
tal values (Table 4). This indicates that adsorption of Cr%* onto
DSC is not an ideal pseudo-first-order reaction [31].
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Fig. 13. Pseudo first-order kinetics for Cr®* adsorption onto DSC. Conditions:
adsorbent dosage 3 g1~!, pH 1.0, temperature 27 42 °C.

3.6.2. Pseudo second-order equation

Kinetic data were further treated with the pseudo-second-
order kinetic model [53]. The differential equation is commonly
given as following:
th 2
ok — 21
a = falde —av 2
where k; (gmg~! min~!) is the equilibrium rate constant of
pseudo-second-order adsorption. Integrating Eq. (21) for the

Table 4

boundary conditions ¢; =0 to g; and r=0 to 7 gives:

@) kgt qe

1

The initial adsorption rate, 4 (mg g~ ' min~!) is expressed by the

following Eq. (23):
h = kagq? (23)

If pseudo-second-order kinetics is applicable, the plot of #/g;
versus ¢ should show a linear relationship. The linear plot #/g;
versus f shows a good agreement of the experimental data with
the pseudo-second-order kinetic model for adsorption of Cr®* on
DSC (Fig. 14). The correlation coefficients (R?) for the second-
order kinetics model are higher than 0.99. The second order rate
constant, k», and the equilibrium adsorption capacity, g., were
calculated from the intercept and slope of the plots of #/g; versus
t. The calculated g, values agree very well with the experimental
data (Table 4). These indicate that the adsorption of Cr®* from
aqueous solution on DSC obeys pseudo-second-order kinetic
model.

The values of initial adsorption rate (/) that represents the rate
of initial adsorption, is practically increased with the increase in
initial chromium concentrations, while the pseudo-second-order
rate constant (k) decreased with increasing of initial chromium
concentration from 25 to 125 mg 1~ (Table 4).

Comparison of the first- and second-order adsorption rate constants and calculated and experimental g, values for different initial Cr%* and activated carbon developed

from date palm seed

Parameter First-order kinetic model Second-order kinetic model
DSC dose (g171) Cré (mgl=!) ge (exp.) k; x 103 ge (calc)) R? ky x 10° ge (calc.) h R?
25 17.22 18.19 17.26 0.971 2.87 18.38 0.97 0.999
50 32.56 13.59 22.61 0.976 1.41 33.00 1.53 0.994
1.0 75 44.61 11.98 25.06 0.945 1.58 43.67 3.01 0.994
100 56.28 10.59 33.85 0.978 1.09 54.05 3.19 0.990
125 67.45 12.90 38.04 0.979 1.01 67.11 4.55 0.993
25 12.50 13.82 9.50 0.990 2.53 13.37 0.45 1.000
50 20.83 19.11 17.22 0.988 1.50 23.58 0.83 0.993
2.0 75 30.65 12.90 21.30 0.986 1.55 30.86 1.48 0.993
100 37.26 16.12 25.32 0.991 1.23 36.63 1.52 0.991
125 44.13 13.82 27.61 0.926 1.13 41.84 2.33 0.997
25 8.33 21.88 6.46 0.996 4.32 9.43 0.38 0.999
50 16.67 14.28 12.07 0.984 2.30 17.54 0.71 0.998
3.0 75 23.44 20.04 16.78 0.992 2.06 25.45 1.33 0.996
100 27.46 20.50 21.26 0.973 1.57 30.00 1.41 0.993
125 34.65 17.73 24.26 0.988 1.36 37.04 1.86 0.993
25 6.25 21.88 4.84 0.996 5.78 7.07 0.29 0.999
50 12.50 15.89 11.88 0.989 4.36 13.48 0.79 0.999
4.0 75 18.75 19.81 8.11 0.989 2.88 19.69 1.11 0.997
100 23.13 16.58 15.13 0.990 2.14 24.69 1.30 0.995
125 27.25 19.81 18.54 0.988 1.97 29.24 1.69 0.995
25 5.00 37.77 3.09 0.978 23.1 5.27 0.64 1.000
50 10.00 25.56 6.47 0.988 6.94 10.81 0.81 0.999
5.0 75 15.00 19.11 8.91 0.981 4.24 15.95 1.08 0.999
100 18.90 26.48 12.40 0.979 4.12 20.08 1.66 0.999
125 23.11 18.42 13.30 0.992 2.97 24.33 1.76 0.998
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Fig. 14. Plot of the pseudo-second-order model at different initial Cr%* concen-
trations, CDS 3.0 g1~!, pH 1.0, temperature 27 42 °C.

3.6.3. Elovich kinetic equation

Elovich equation is a rate equation based on the adsorption
capacity commonly expressed as following Eq. (24) [54-56]:
dg;

o (24)

= aexp(—pqy)
where « is the initial adsorption rate (mg g~! min~!) and 8 the
desorption constant (gmg~!) related to the extent of surface
coverage and activation energy for chemisorption. Eq. (24) is
simplified by assuming o8>t and by applying the boundary
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Fig. 15. Elovich model plot for the adsorption of Cr%* onto DSC (6.0g1™!) at
different initial Cr%* concentrations (25, 50, 75, 100 and 125 mg1~1).

conditions ¢; =0 at =0 and g; =g at =t becomes:

¢ = ~ In(ap) + %lnm (25)

B
Fig. 15 depicts plot of g; versus In(#) and the Elovich
constants @ and S were obtained from the intercept and
slope, respectively, and reported in Table 5. The correlation
coefficients R> are higher than 0.99, which is comparable
to correlation coefficients obtained for pseudo-second-order
model. This reflects the applicability of this model to the

Table 5
The parameters obtained from Elovich kinetics model and intraparticle diffusion model using different initial Cr®* concentrations and DSC doses
DSC dose (g171) Cr%* concentration Elovich Intraparticle diffusion
B o R? Kaie C R?
25 0.19 8.58 0.993 1.29 0.39 0.976
50 0.13 4.64 0.992 2.02 6.08 0.975
1.0 75 0.11 5.39 0.992 2.40 12.17 0.979
100 0.10 5.12 0.994 2.70 17.05 0.985
125 0.09 4.37 0.998 3.07 25.65 0.992
25 0.35 1.00 0.994 0.80 1.96 0.982
50 0.20 1.83 0.993 1.42 3.11 0.967
2.0 75 0.16 3.38 0.994 1.82 6.18 0.984
100 0.14 4.03 0.992 1.99 8.10 0.996
125 0.11 4.78 0.995 2.55 12.53 0.999
25 0.51 0.88 0.991 0.53 2.07 0.979
50 0.26 1.60 0.996 0.97 3.81 0.978
3.0 75 0.21 3.68 0.999 1.28 7.62 0.985
100 0.18 3.78 0.992 1.50 8.37 0.988
125 0.14 4.39 0.998 1.82 11.03 0.993
25 0.67 0.62 0.994 0.45 1.06 0.970
50 0.38 1.95 0.997 0.83 3.30 0.973
4.0 75 0.27 3.02 0.998 1.12 5.16 0.981
100 0.21 3.55 0.998 1.23 7.37 0.979
125 0.19 5.06 1.000 1.64 7.74 0.983
25 1.16 2.92 0.990 0.24 2.34 0.783
50 0.31 7.19 0.997 0.56 3.57 0.890
5.0 75 0.35 3.41 0.992 0.84 4.89 0.900
100 0.49 2.32 0.996 0.95 7.60 0.915
125 0.25 7.24 0.998 1.02 10.21 0.963
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experimental data obtained for the adsorption of Cr®* on
DSC.

3.6.4. Intraparticle diffusion model

Adsorption of any metal ions from aqueous phase onto solid
phase is a multi-step process involving transport of metal ions
from aqueous phase to the surface of the solid particles (bulk
diffusion) and then, diffusion of metal ions via the boundary
layer to the surface of the solid particles (film diffusion) fol-
lowed by transport of metal ions from the solid particles surface
to its interior pores (pore diffusion or intraparticle diffusion),
which is likely to be a slow process, therefore, it may be the
rate-determining step. In addition, adsorption of metal ion at an
active site on the solid phase surface could also be occurred and
called chemical reaction such as ion-exchange, complexation
and chelation. The metal ion adsorption is controlled usually by
either the intraparticle (pore diffusion) or the liquid-phase mass
transport rates [31]. If the experiment is a batch system with
rapid stirring, there is a possibility that intraparticle diffusion is
the rate-determining step [59]. Weber and Morris [57] provided
the rate for intraparticle diffusion by relationship between ¢; and
the square root of time, ¢!/, as depicted in Eq. (26).

gt = Kaiet'? + C (26)

where Kgif (mg g~! min~!) is the intraparticle diffusion rate con-

stant and C (mg g~ ') is related to the thickness of the boundary
layer, and Kgir and C values are calculated from the slope and
intercept of ¢, versus '/ plots, respectively.

Since the chromium is probably transported from its aqueous
solution to the DSC by intraparticle diffusion, so the intraparticle
diffusion is another kinetic model should be used to study the
rate-determining step for Cr% adsorption onto DSC. Plot of
g versus 12 for adsorption of Cr®* (25-125mg1~') on DSC
(1.0 g1~ 1) were depicted in Fig. 16, and the values of Kgif and
C are reported in Table 5.

If the intraparticle diffusion is involved in the adsorption
process, then the plot of g versus 7> would result in a lin-
ear relationship, and the intraparticle diffusion would be the
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Fig. 16. Intraparticle diffusion model plot for the adsorption of Cr% onto DSC
(1.0g 171 at different initial Cr®* concentration (25, 50, 75, 100 and 125 mg =1
and room temperature.
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Fig. 17. Plot of Cr%* initial concentrations (25, 50, 75, 100 and 125 mgl’l) VS.
thickness of boundary layer C value obtained for different DSC doses at room
temperature.

controlling step if this line passed through the origin [31]. The
shape of Fig. 16 confirms strait lines not passed through the
origin for most studied initial concentrations of Cr® except for
25mg 1!, The correlation coefficients are higher than 0.97 for
all studied DSC doses except for 5g1~!. These results indicate
that the intraparticle diffusion is the only rate determine step for
the 25mg1~! initial Cr® concentration, while there are some
degree of boundary layer for the higher initial concentration,
which indicate that the intraparticle diffusion is not only the rate
controlling step for the adsorption of the Cr%* on DSC for higher
initial concentrations (50-125mg1™ b.

On the other hand, Fig. 17 depicts the plot between C versus
initial Cr%* concentrations for different DSC doses. The C value
was found to increase with increase of initial Cr%* concentra-
tion, which indicated increase of the thickness of the boundary
layer and decrease of the chance of the external mass trans-
fer and hence increase of the chance of internal mass transfer.
The C values were found to decrease with increase of DSC
dose, which reflect decrease of the thickness of the bound-
ary layer and hence increase of the chance of the external
mass transfer. The intraparticle diffusion rate constant, Kyjr,
were in the range of 0.24-3.7mgg ' min~! and it increase
with increase of initial chromium concentration and decrease of
DSC dose.

3.7. Applicability on real wastewater and saline water

The applicability of chromium removal on DSC was tested
using artificial and natural seawater and real wastewater. Table 6
shows that the percentage of chromium removal by DSC from
aqueous solution was not affected by replacing the distilled
water by artificial seawater, natural seawater or wastewater. A
near 90% removal of toxic chromium from synthetic seawater,
natural seawater and wastewater was detected for activated car-
bon developed from date palm seed. Moreover, the maximum
adsorption capacities were not significantly changed by chang-
ing of the type of chromium solution. The presence of salt had
no effect on the removal of chromium by DSC, which leads to
deduce that there was no interaction between the salt and the
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Table 6
Data obtained for the adsorption of chromium (125 mg1~!) from different solu-
tion using DSC (5.0g1™")

Solution of chromium used DSC

Removal (%) Maximum capacity

(mgg~")
Distilled water 92.43 120.48
Artificial seawater 93.12 121.22
Natural seawater 91.25 118.78
Wastewater 90.84 118.49

DSC nor the salt and the Cr®*. Also, the high concentration
of chromium ions may make them more preferable to adsorb
by DSC. On the other hand, the real wastewater may contain
very low concentrations from several pollutants that will not
have much effect on the removal efficiency of chromium ions.
These results indicates that the new developed carbon from date
palm seed are applicable material for removal of Cr®* ions from
different types of aqueous solutions including wastewater.

4. Conclusion

The present study indicates that new carbon developed from
date palm seed (DSC) is an effective adsorbent for the removal
of toxic chromium from different kinds of aqueous solution.
The physico-chemical characteristics of DSC surface having an
excess of positive charge enabled activated carbon to adsorb
toxic chromium with a great capacity. With respect to the suit-
ability of the first-order and second-order kinetic models for
chromium adsorption on DSC, it has been found that the adsorp-
tion kinetics of chromium preferably obeys the second-order
kinetic models, which provides the higher correlation coeffi-
cient and calculated g, agree well with the experimental data.
However, the adsorption of chromium on DSC is a complex
process and cannot be adequately described by a single kinetic
model throughout the whole process. Therefore, the Elovich
model and intraparticle diffusion were investigated. The intra-
particle diffusion played a significant role, but it was not the
main rate-determining step during adsorption of chromium on
DSC except for the 25 mg1~! initial chromium concentration,
where the intraparticle diffusion was the rate-determining step.
By comparing the correlation coefficients obtained for studied
isotherm models, all isotherm models were fit the experimental
data reasonably well except Dubinin—Radushkevich isotherm
model. The DSC exhibited maximum adsorption capacity of
120.42mg1~!, which is comparable with that reported in litera-
ture. The percentage removal and maximum adsorption capacity
were not affected by sodium chloride ions in the solution or by
replacing the distilled water by natural seawater or real wastew-
ater. Since the raw material date palm seed is freely available
in large quantities as a waste in jam industries, the treatment
method seems to be economical. Based on the above good
results this relatively cheap, low-cost DSC is recommended as
an effective and cheap adsorbent for removal of chromium from
industrials effluents.
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