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ABSTRACT

The adsorption of a group of heavy metals namely, Zn>*, Ni**, and Cd** onto olive stones
activated carbon (OSAC) was carried out in this work. The effects of different reaction
parameters, such as the adsorbent dosage, contact time, shaking speed, and initial pH, on
pollutant removal efficiency were investigated. Adsorption of Zn**, Ni**, and Cd** was
effectively explained by Langmuir and Freundlich isotherms. OSAC efficiently removed
99.03% Zn**, 97.34% Ni**, and 94.88% Cd** at pH 5 and shaking speed 200 rpm. Surface
characteristics of the prepared AC were examined by pore structure analysis, scanning
electron microscopy, and Fourier transform infrared spectroscopy. The Brunauer-Emmett-
Teller surface area, total pore volume and average pore diameter of the prepared AC were
886.72m?/g, 0.507 cm/g, and 4.22 nm, respectively. The equilibrium data of the adsorption
were fitted well to the Langmuir and the highest value of adsorption capacity (Q) on the
OSAC was found for Zn** 11.14 mg/g, followed by Ni** 8.42mg/g and Cd** 7.80mg/g. A
pseudo-second-order model sufficiently described the adsorption kinetics, which indicated
that the adsorption process was controlled by chemisorption. The results revealed that the
OSAC has the potential to be used as a low-cost adsorbent for the treatment of wastewaters
contaminated with heavy metals.
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1. Introduction

The removal of toxic metals from wastewater is a
matter of great interest in the field of water pollution,
which is a serious cause of environmental
degradation. Heavy metals, such as Cu?*, Cd?*, Ni?t,
Pb**, Fe**, and Zn?** are toxic to human beings and
other living organisms when their concentrations

*Corresponding author.

exceed the acceptance limit. These heavy metals
appear in wastewater discharged from hospitals [1]
and different industries, including smelting, metal
plating, Cd-Ni battery and alloy manufacturing, as
well as phosphate fertilizer, mining pigment, and sta-
bilizer production [2-5]. Although the commercially
available activated carbon (AC) has been reported to
be a suitable sorbent material, its high cost resulting
from the use of non-renewable and relatively high-cost
starting material such as coal makes this sorbent not
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competitive from the economical point of view [6].
Then, it would be very interesting to find out an
application to reuse other precursors of AC produc-
tion especially from agricultural wastes which are
inexpensive, abundantly available and renewable
materials [7]. From the literature, tobacco stems [8],
rice husks [9], almond shells [10], citrus reticulate [11],
corn cobs [12], coriolus versicolor [13], waste apricot
[14], sawdust [15], date palm leaflets [16], rose waste
[17], rosa gruss an teplitz [18], mentha arvensis [19],
and cherry stones [20] were used to prepare ACs.

According to the international olive council, the
annual production of olive oil in the world in the year
2012 is more than 3 million tons, translating to approx-
imately 15 million tons of olive cakes as the by-prod-
ucts [21]. Olive stone waste residue as a raw material
for the production of AC can be considered as one of
the best candidate among the agricultural wastes
because it is cheap and quite abundant, especially in
Mediterranean countries [22,23].

However, the use of AC prepared from olive
stones by chemical activation with KOH for heavy
metals removal is not well established. So, the aim of
this study is to compare and evaluate the effectiveness
of the olive stone activated carbon (OSAC) for remov-
ing Zn**, Ni*, and Cd*" from synthetic wastewater.
To investigate the process variables (i.e. dosage,
contact time, shaking speed, and initial pH), suitable
isotherm models and kinetics coefficients of the OSAC
for the removal of Zn?*, Ni**, and Cd?* are used.

2. Material and methods
2.1. Aqueous solution

Approximately 1,000mg/L of stock solution was
prepared by dissolving appropriate amounts of Zn
(NO3)2'6H20, N1C126H20(S), and CdClezO(S) in
deionized water. Then, 20 mg/L test solution of Zn%",
Ni**, and Cd** was prepared by successive dilution of
the stock solution. Metal standard solution of 1,000 mg/
L purchased from Merck was used for inductively cou-
pled plasma optical emission spectroscopy (ICP-Optical
Emission Spectrometer; VARIAN 715-ES) calibration.

2.2. Preparation and characterization of AC

OS waste was obtained from Gaza, Palestine. The
OS waste was rinsed thrice with hot water, thrice with
cold water, and dried in an oven at 105°C for 24 h to
remove moisture content. Once dried, they were
ground and sieved for a particle sizes of 2.0-4.75 mm
and loaded in a stainless steel vertical tubular reactor
placed in a tube furnace [24]. The precursor was mixed

with KOH pellets at a ratio of 1:1.25. Deionized water
was then added to dissolve all the KOH pellets. Impreg-
nation was performed for 24h at room temperature,
thus incorporating all the chemicals into the core of the
particles. After impregnation, the solution was filtered
to obtain the residual precursor. The activation step
was conducted at 600°C for 2 h under a nitrogen flow of
150 cm®/min at a heating rate of 10°C/min in a muffle
furnace for the optimization of the reaction parameters.
However, for the isotherm and kinetics examination,
parameters such as temperature of 715°C, activation
time of 2h, and chemical impregnation ratio of 1.53
were maintained [23]. The sample was then cooled to
room temperature under nitrogen flow and washed
with hot deionized water and 0.1 M HCl until the pH of
the washed solution was within the range 6.5-7.

2.3. BET and SEM of the prepared AC

The surface area, pore volume, and average pore
diameter of the OSAC were determined by using
Micromeritics ASAP 2020 volumetric adsorption
analyzer. The Brunauer-Emmett-Teller (BET) surface
area was measured from the adsorption isotherm using
BET equation. The total pore volume was estimated to
be the liquid volume of nitrogen at a relative pressure
of 0.98. The surface morphology of the samples was
examined using a scanning electron microscope
(Quanta 450 FEG, the Netherlands). The proximate
analysis was carried out using a thermogravimetric
analyser (Perkin Elmer TGA7, USA).

2.4. Batch equilibrium studies

Batch equilibrium tests were carried out for
adsorption of 7Zn%*, Ni?*, and Cd?** on the OSAC. The
effects of adsorbent dosage, contact time, shaking
speed, and initial pH on the adsorption uptake were
investigated. Optimization of the media performance
was achieved by monitoring the influence of one
factor at a time on an experimental response. This
optimization is called the one-variable-at-a-time
method. Whereas only one variable is varied, others
are maintained at a constant level [25].

All batch adsorption experiments were performed
by shaking 100 mL of synthetic solution of these heavy
metals in 250mL volumetric flask using an orbital
shaker (Lab. Companion, Model SK-600). Different
dosages of OSAC, with particle sizes in the range
2-4.75 mm, were added to each flask and kept in an
isothermal shaker for different shaking speeds at 30°C
until equilibrium was reached. After agitation, the
solid was removed by filtration through a 0.45um
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pore size Whatman membrane filter paper. The final
metal concentrations in the filtrates as well as in the
initial solution were determined by inductively
coupled plasma optical emission spectroscopy (ICP;
VARIAN 715-ES) calibration. The sorbed metal
concentrations were obtained from the difference
between initial and final metal concentrations in solu-
tion. The amount of adsorption at equilibrium, g,
(mg/g), was calculated using Eq. (1):

(Co—Co)V
Q=" @
where Cy and C, (mg/L) are the liquid-phase concen-
trations of Zn?*, Ni**, and Cd?" at initial state and at
equilibrium, respectively. V (L) is the volume of solu-
tion and W (g) is the mass of dry adsorbent used.

The percentage removal at equilibrium was
calculated using Eq. (2):

Removal (%) = % x 100 2
0

where Cy and C, are the liquid-phase concentrations at
initial state and at equilibrium (mg/L), respectively.

2.4.1. Effect of adsorbent dosage

The adsorbent OSAC dosage is an important
parameter for evaluating the quantitative uptake of
pollutants. The shaking speed, contact time, and initial
pH were 200rpm, 3h and 4.5, respectively. The
dosages of OSAC adsorbent used were 0, 0.025, 0.05,
0.1, 0.15, 0.2, 0.25, 0.3, 04, 0.5, 1.0, and 2.0g. The
control experiments were conducted by repeating all
the procedures in the absent of media. Removal
percentage was calculated using Eq. (2).

2.4.2. Effect of contact time

The effect of contact time was determined by con-
ducting the experiment at the predetermined OSAC
dosage. This was done by shaking ten 250 mL conical
flasks containing 100 mL of synthetic solution of heavy
metals having a concentration 20 mg/L. The contact
times used in the experiment were 0.5, 0.166, 0.333,
0.5, 0.666, 1.0, 2.0, 3.0, 6.0, 18.0, and 24.0h, with
shaking speed of 200rpm and initial pH of 4.5.
Removal percentage was calculated using Eq. (2).

2.4.3. Effect of shaking speed

In order to study the effect of shaking speed, the
OSAC dosage and contact time obtained from the
previous sections (Sections 2.4.1 and 2.4.2) were used.
The pH was 4.5 and the batch experiments were
performed at different shaking speed 50, 100, 150, 200,
250, and 300 rpm. Removal percentage was calculated
using Eq. (2).

2.4.4. Effect of solution pH

The effect of solution pH on the adsorption pro-
cess was studied by varying the initial pH of the
solutions from 2 to 6 using 0.1 M solution of HCI or
NaOH and was measured using a pH meter (WIT-
ENG, W-100, Germany). These pH ranges were cho-
sen in order to avoid metal solid hydroxides
precipitation. In the case of the metals under study,
metal hydroxide precipitation occurs at pH>7 for
Zn(OH),(s) [26], pH>8.3 for Ni(OH)x(s) [27] and
pH>9.0 for Cd(OH)x(s) [28]. The experiments were
conducted at the predetermined OSAC dosage, con-
tact time, and shaking speed from the previous sec-
tions (Sections 2.4.1, 2.4.2, and 2.4.3).

2.5. Batch kinetic studies

The procedure of kinetic adsorption tests was iden-
tical to that of batch equilibrium tests; however, the
aqueous samples were taken at preset time intervals.
The concentrations of Zn?*, Ni*¥, and Cd** were
found to be similar. The Zn**, Ni**, and Cd*" uptake
at any time, 4; (mg/g), was calculated by:

(Co-C)V
qr = W 3)

where C; (mg/L) is the liquid-phase concentration of
Zn%*, Ni**, and Cd** at any time, f (h).

3. Results and discussion
3.1. Characterization of OSAC

Among the most important features of adsorbents
are their surface area and porosity. The BET surface
area, mesopore surface area, total pore volume, and
average pore diameter of the prepared AC were
886.72m?/g, 740.66m*/g, 0.507 cm’/g, and 4.92nm,
respectively. The average pore diameter of 4.92 nm
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indicated that the OSAC was in the mesoporous
region [29]. The high surface area and pore volume of
the OSAC were due to the activation process used
which involved KOH. The proximate values of the
precursor and OSAC are presented in Table 1. After
the activation process, the volatile matter content
decreased significantly, whereas the fixed carbon
content increased in OSAC. This resulted from the
pyrolytic effect, by which most of the organic
substances are degraded and discharged as gas and
liquid tars leaving a material with high carbon purity
[30].

Fig. 1(a) and (b) shows the scanning electron
microscopy (SEM) images of the precursor and the
derived AC, respectively. Large and well-developed
pores were obviously formed on the surface of the
AC compared with the original precursor. KOH and
the activation process are effective in forming well-
developed pores on the OSAC surfaces, leading to
AC with large surface area and good porous struc-
ture (mesopores). Almost all heterogeneous types of
pore structure were also distributed on the OSAC
surface. Several authors have found similar observa-
tions in their works of preparing ACs from walnut
shells [31], jute and coconut fibers [32] and bamboo
waste [33].

Table 1
Proximate analysis

Proximate analysis (%)

Sample Moisture Volatile Fixed carbon Ash
OS raw 8.70 65.31 18.53 7.46
OSAC 4.20 20.35 71.17 4.28

From Fig. 2(a) and (b), the region between 3,861
and 3,587cm™' is related to the —-OH (hydroxyl)
functional groups, and the broad band at 2,387-
2,098 cm™! is assigned to the -COOH and C=C
derivatives. The sharp peak at 1,531 cm™" is ascribed
to the vibration of C=C stretching of aromatic
group, and the signal at 590 cm™' is associated with
the C=C stretching of alkyne group and C-H stretch-
ing in alkanes group. Other major peaks also
detected at bandwidths 1,905, 1,729, and 987 cm !
assigned to C=O stretching of aldehydes and
ketones group, and C-H stretching in alkanes group,
respectively.

As demonstrated from Fig. 2(a) and (b), the
Fourier transform infrared spectroscopy (FI-IR) spec-
trum of the prepared AC shows some shift and
elimination of the peak, indicative of the modifica-
tion of surface chemistry and destruction of some
intra-molecular bonding under the thermal degrada-
tion during the carbonization and activation
processes.

3.2. Effect of adsorbent dosage

The adsorbent OSAC dosage is an important
parameter for analyzing the quantitative uptake of
pollutants. The retention of the pollutants was
examined in relation to the amount of adsorbent. The
results of the removal of Zn**, Ni**, and Cd*" using
OSAC are shown in Fig. 3. The shaking speed, contact
time, and initial pH level were 200 rpm, 3 h, and 4.5,
respectively. The dosage of the OSAC adsorbent
varied from 0.025 to 2g. The percentage of pollutant
removal increased with increasing dosages of the
OSAC then becomes constant. The best results were
obtained using a dosage of 0.3 g, where 99.99% Zn,

(b)

Fig. 1. Scanning electron micrograph: (a) OS raw and (b) OSAC (magnifications: 1500 x).
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Fig. 2. FTIR spectrums: (a) OS raw and (b) OSAC.
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Fig. 3. Effect of OSAC dosages on 7Zn%*, Ni**, and Cd**
removal by OSAC.

96.60% Ni, and 94.81% Cd were removed. A greater
dosage leads to an increase in 7Zn?**, Ni**, and Cd**

1 1fem

which results in significantly lower uptake. This was
the reason that the number of available adsorption
sites was increased by increasing the adsorbent dose
[25,34]. For all the subsequent experiments, an OSAC
dosage of 0.3 g was selected.

3.3. Effect of contact time

Fig. 4 shows the effects of contact time on the
Zn**, Ni**, and Cd>* uptakes. The contact time for the
OSAC (dosage of 0.3g; solution volume of 100mL;
shaking speed of 200 rpm; and initial pH of 4.5) varied
from 0.1 to 24 h. It was observed that the Zn**, Ni**,
and Cd*" adsorption was fast at initial stage of 3 h,
thereafter it became slower until it reached a constant
value where no more metals can be removed from the
solution. The rapid adsorption of metals was due to
the fact that at initial stage, a large number of surface
sites are available for adsorption. After a lapse of time,
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Fig. 4. Effect of contact time on Zn?*, Ni?*, and Cd**
removal by OSAC.

the remaining surface sites are difficult to be occupied
due to the repulsion between the solute molecules of
the solid and bulk phases [35].

3.4. Effect of shaking speed

The effects of shaking speed on 7Zn?*, Ni**, and
Cd** removal are explained in Fig. 5. The effects were
studied using 0.3 g of OSAC with a contact time of 3 h
and different shaking speeds (50-350 rpm). The results
indicated that the removal of the metals increased as
the shaking speed increased up to 200 rpm; at higher
speeds, the removal rate remained constant. Accord-
ing to Chabani et al. [36], at strong agitation rates the
resistance of the boundary layer surrounding the
adsorbate weakens.

3.5. Effect of solution pH

The removal of metal ions from aqueous solution
by adsorption is highly dependent on the pH of the
solution, which affects the surface charge of the
adsorbent and the degree of ionization and speciation
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Fig. 5. Effect of shaking speed on Zn%*, Ni?*, and Cd**
removal by OSAC.

of the adsorbate [37,38]. To verify the effect of pH on
Zn**, Ni?*, and Cd*" removal using OSAC as adsor-
bent, experiments were conducted by modifying the
pH value from 2 to 6 as shown in Fig. 6. Initially, at
low pH <3, the minimal removal may be due to the
higher concentration and high mobility of the HT,
which competes with metal ions on the active sites on
sorbents surface and preferentially adsorbed rather
than the metal ions [39]. Therefore, H" ions react with
anionic functional groups on the surface of OSAC and
results in the reduction in the number of binding sites
available for the adsorption of Zn**, Ni**, and Cd*.
In Fig. 5, the percentages of Zn®*, Ni**, and Cd**
removal were found to increase significantly with
increase in solution pH from pH 3 to 6. The highest
Zn**, Ni**, and Cd*" removal of 99.03%, 97.34%, and
94.88 were achieved at pH 5, respectively. This
increase may be due to the presence of negative
charge on the surface of the adsorbent that may be
responsible for metal binding because solution pH can
affect the charge of OSAC surfaces [40]. In addition, at
higher pH values, the lower number of H* and greater
number of ligands with negatives charges result in
greater metal adsorption. On other words, monovalent
cations, Me(OH)", are the dominant ion species at the
optimal pH range. Based on experimental results and
the speciation of metal ions, metal removal by OSAC
may have occurred by complexing between the nega-
tively charged functional groups such as carboxylic
groups (-COOH) [39,41,42] and metal cations such as
Me*? and Me(OH)". At pH higher than 3-4, carboxylic
groups are deprotonated and negatively charged.
Accordingly, the attraction of positively charged metal
ions would be improved [38]. Thereafter, at pH 5-6,
the metal removal remains almost constant. So, for all
the subsequent experiments, an initial solution pH of
5 was selected to avoid metal hydroxide precipitation
which occurs at pH>7 for Zn(OH),(s) [26], pH>8.3
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Fig. 6. Effect of solution pH on Zn%*, Ni**, and Cd*
removal by OSAC.
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for Ni(OH),(s) [27], and pH >9.0 for Cd(OH)x(s) [28].
The same trend was observed by several researchers
that studied metal sorption by different biomaterials,
ie. lead and cadmium by [43], cadmium by orange

wastes [42], and zinc, lead, and cadmium by jute
fibres [44].

3.6. Adsorption isotherms

Langmuir model is based on the assumption that
adsorption energy is constant and independent of
surface coverage. The maximum adsorption happens
once the surface is covered by a monolayer of
adsorbate [45]. The linear form of Langmuir isotherm
equation is given as:

1 1 1
@)~ Q. " Q @
where C, (mg/L) is the equilibrium liquid-phase
concentration of metals; g, (mg/g) is the equilibrium
uptake capacity; Q (mg/g) is the Langmuir constant
related to adsorption capacity and b (L/mg) is the
Langmuir constant related to energy of sorption which
reflects quantitatively the affinity between the sorbent
and the sorbate. A straight line was obtained when 1/
(g.) was plotted against 1/C,. Q was evaluated from
the slope, whereas b was determined from the inter-
cept as shown in Fig. 7(a). The equilibrium data were
fitted to the Langmuir isotherm. The constants
together with the R” value are listed in Table 2. As
shown in Table 2, the highest value of adsorption
capacity (Q) on the OSAC was found for Zn** 11.14
mg/g, followed by Ni** 8.42mg/g and Cd** 7.80 mg/
g. Similarly, the relative affinity order of OSAC, found
on the basis of b values, was Zn > Ni> Cd. Therefore,
the affinity series found is in agreement with the first
hydrolysis constant (Me(OH)") series, which is: Zn>
Ni>Cd [46]. The characteristics of the Langmuir
isotherm can be expressed using the equilibrium
parameter Ry, [47]:

1

Ri=——
ey

5)

where b is the Langmuir constant and C is the initial
pollutant concentration (mg/L). The wvalue of R;
indicates whether the isotherm is unfavorable (R; > 1),
linear (R; =1), favorable (0 < Ry <1), or irreversible (R,
=0). The R, values for adsorption of Zn%*, Ni**, and
Cd** on the OSAC were 0.007, 0.01, and 0.013,

respectively, indicating that the adsorption is a favor-
able process.

Freundlich model is based on sorption on a hetero-
geneous surface of varied affinities. The linear form of
Freundlich model was given as:

1
logg, = logK + ﬁlog C. (6)

where g, (mg/g) is the amount of metals adsorbed at
equilibrium, C, (mg/L) is adsorbate concentration, K¢
(m/g)(L/mg)"/" is the Freundlich constant related to
adsorption capacity, and 1/n is Freundlich constants
related to sorption intensity of the sorbent. Larger val-
ues of Ky mean greater capacities of adsorption [48].

The slope of 1/n, ranging between 0 and 1, is a
measure of the adsorption intensity or surface hetero-
geneity; it becomes more heterogeneous as its value
nears 0. A value of 1/n<1 indicates a normal
Freundlich isotherm, whereas 1/n>1 is indicative of
cooperative adsorption [49]. The plot of log g. vs. log
C (Fig. 7(b)) gives a straight line with a slope of 1/n.
The value of K was calculated from the intercept
value. The values of K, 1/n, and the linear regression
correlation (R?) for the Freundlich model are given in
Table 2.

The results indicate that the adsorption intensities
were derived from the Freundlich coefficient, where
the 1/n values of Zn?*, Ni**, and Cd** were 0.141,
0.137, and 0.099, respectively, less than one which
indicates a normal Freundlich isotherm. The adsorp-
tion of Zn**, Ni**, and Cd** was reasonably explained
by the Langmuir and Freundlich isotherms. However,
the Langmuir model yielded the best fit, as the R?
values were relatively high (close to unity). This is
confirmed by the high value of R? for Zn**, Ni**, and
Cd?" in the case of Langmuir which were 0.982, 0.989,
and 0.992, respectively, with that of Freundlich, which
were 0.947, 0.905, and 0.931, respectively.

Although, the Freundlich isotherm model has
lower values of R? for Zn?*, Ni**, and Cd?*, similar
trend (Zn®*>Ni**>Cd*” of Freundlich empirical
constants, k and 1/n, were obtained for all metals (see
Table 2). Larger values of k mean greater capacities of
adsorption [48]. Therefore, sorption capacity and
sorption intensity of OSAC for the studied metal ions
seem to be Zn*'>Ni**>Cd*". The results obtained
agreed with the works by Shukla and Pai [44] which
reported the following order for the sorption of metals
onto peat: Cu** > Zn** > Ni*". The next, by Shukla and
Pai, [44] found a similar order of affinity: Cu®*>7Zn**
>Ni** when investigated with jute fibres. Another, by
Igpal et al. [50], examined petiolar felt-sheath of palm,
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Fig. 7. Langmuir isotherm and Freundlich isotherm for Zn%*, Ni**, and Cd** adsorption onto OSAC (contact time, 3 h;
shaking speed, 200 rpm; initial pH, 5; initial concentration, 20 mg/L): (a) Langmuir isotherm and (b) Freundlich isotherm.

Table 2

Langmuir and Freundlich isotherm parameters for the adsorption of Zn**, Ni** and Cd** onto OSAC

Langmuir isotherm model

Freundlich isotherm model

Parameter Q (mg/g) b (L/mg) i2 K (mg/g) (L/mg)"/" 1/n R?

Zn 11.14 7.184 0.982 8.83 0.1414 0.947
Ni 8.42 5.094 0.989 6.41 0.1373 0.905
cd 7.80 3.793 0.992 6.09 0.0989 0.931

and found a slight difference order of affinity: Pb** >
Cd** >Cu®>Zn**>Ni**. Séiban et al. [51] also
reported the following order for wood sawdust: Cu**
>Zn**>Cd*.

Table 3 lists the comparison of Zn%*, Ni**, and
Cd** adsorption for various ACs. The results obtained
in the present work were comparable with the works
reported in the literature. The variation in the Zn*",
Ni**, and Cd** adsorption might be due to the differ-
ent precursors as well as the activation methods and/
or conditions used to prepare the ACs.

3.7. Adsorption kinetics

Adsorption kinetics are of great significance to
evaluate the performance of a certain adsorbent and
gain insight into the underlying mechanisms [52].
Hameed [53] indicates that the kinetic modeling was
usually used to investigate the mechanism of adsorp-
tion and the potential rate-controlling processes such
as mass transfer and chemical reaction. In this study,
the modeling of the kinetics of adsorption of Zn**,
Ni** and Cd** on OSAC was investigated by two
common models, namely, pseudo-first-order model
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Table 3
Comparison of the biosorption capacity of different biosorbents

Adsorption capacity (mg/g)

Sorbent Zn Ni Cd Co pH Ref.
Cashew nut shells - - 14.29 40 6.0-6.5 [41]
Coir 1.83 2.51 - 74 5.0-6.6 [42]
Oxidised coir 7.88 4.33 - 74 5.0-6.0 [42]
Bagasse fly ash - 1.12 1.24 12-14 6.0-6.5 [43]
Turkish fly ashes 1.19 0.48 - 25 6.0 [44]
Peanut hull pellets 9 - 6 65 - [45]
Sphagnum moss peat - 2.15 - 25 5.0 [46]
Mangosteen shell - - 3.15 50 5.0 [32]
Tea waste - 18.42 - 200 4.0 [47]
Olive stone - - 1.85 15 6.0 [48]
Jute fibres 3.55 3.37 - 75 55 [33]
Petiolar felt-sheath of palm 6.89 6.0 10.8 100 5.0 [39]
Clinoptilolite (zeolites) 2.7 0.90 3.7 10 4.0-5.0 [49]
Dye loaded groundnut shell 9.57 7.49 - 73 5.0 [33]
Olive stone 11.14 8.42 7.80 20 5.0 This work
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Fig. 8. Kinetic models for Zn%*, Ni**, and Cd** adsorption onto OSAC (shaking speed, 200 rpm; initial pH, 5; and initial

concentration, 20 mg/L): (a) pseudo-first-order kinetic model, and (b) pseudo-second-order kinetic model.
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Table 4
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Pseudo-first order and pseudo-second order kinetic model parameters for the adsorption of Zn**, Ni** and Cd** onto

OSAC at 20 mg/L concentration

Pseudo-first order model

Pseudo-second order model

Parameter Qe, exp (MG/8) K; (1/h) e, cal (Mg/g) R? K, (g/mgh) Qe, cal (Mg/g) R?

Zn 6.584 1.306 2.903 0.953 1.111 6.831 0.999
Ni 6.515 1.309 5.443 0.955 0.354 7.179 0.995
Cd 6.299 0.935 6.443 0.993 0.155 7.675 0.989

and pseudo-second-order model. The pseudo-first-
order model is illustrated as follows [54]:

Kyt

2.303 Z

log(ge — g1) = log(qe) —

A pseudo-second-order model is described as follows
[55]:

t 1 t
E:@_Fi (8)

where g, and g; (img/g) are the amounts of adsorbate
adsorbed at equilibrium and at any time, t (h), respec-
tively, and k; (1/h) is the adsorption rate constant.
The linear plot of log (g.—4g;) vs. t provides a slope of
ki and intercept of log g, as shown in Fig. 8(a). The
values of k; and R® obtained from the plots for
adsorption of Zn**, Ni**, and Cd*" on the adsorbent
are reported in Table 4. It was noticed that the R?
values obtained for the pseudo-first-order model did
not show high values. Besides, the experimental g, val-
ues did not agree with the calculated values obtained
from the linear plots. This shows that the adsorption
of Zn?*, Ni%*, and Cd?* on the adsorbent does not fol-
low a pseudo-first-order kinetic model.

The linear plot of t/q; vs. t gave 1/, as the slope
and 1/kxq.” as the intercept. Fig. 8(b) shows a good
agreement between the experimental and the calcu-
lated g, values. From Table 4, all the R? values
obtained from the pseudo-second-order model were
close to unity, indicating that the adsorption of Zn**,
Ni?*, and Cd?** on OSAC fitted well into this model. A
similar result was reported for the adsorption of
heavy metals from aqueous solution onto AC from
agricultural waste [42].

4. Conclusion

In the present study, the adsorption efficiency of
7Zn?*, Ni**, and Cd** from synthetic wastewater was

studied using OSAC. The adsorption of metals was
found to increase with increase in OSAC dosage,
contact time, and shaking speed. Solution pH>5 was
proved to be more favorable for adsorption of metals
on the OSAC. The experimental results showed that
99.03% of Zn**, 97.34% of Ni**, and 94.88% of Cd**
were removed at pH 5. Adsorption equilibrium data
were fitted to the Langmuir and Freundlich isotherm
models and the kinetics data were fitted to the
pseudo-second-order kinetics models. The results
obtained show that olive stone waste, which has a
very low economic value, may be used for the treat-
ment of wastewaters contaminated with heavy metals.
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