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ABSTRACT

Herein, granular activated carbon (GAC) was modified chemically with sodium dodecyl sulfate
(SDS) to prepare MGAC as an efficient adsorbent for removal of Co(II) ion from aqueous solution.
The effect of different SDS concentrations and modification time on the adsorption performance was
examined. The as-prepared adsorbent was characterized by FESEM and FT-IR techniques. Moreover,
some parameters affecting the adsorption efficiency like solution pH, contact time, adsorbent dos-
ages, initial metal ion concentrations, temperature and agitation speed on the adsorption efficiency
were evaluated in a batch environment. Under same operational conditions, MGAC showed a much
greater adsorption rate than GAC, due to synergistic effect between GAC and SDS. The equilib-
rium time was 90 min and the maximum adsorption capacity based on the Langmuir was found to
be 51 mg/g. Experimental data were in good agreement with Langmuir and pseudo-second-order
models. The mechanism of Co ion adsorption on MGAC followed ion-exchange and mono layer
chemical adsorption. The adsorption process showed better performance at neutral pH and higher
temperatures. Under optimized conditions, complete removal of 20 mg/L of Co(II) was obtained
in the presence of 1.2 g/L of MGAC. Thermodynamic studies indicated the adsorption process was
endothermic and spontaneous in nature.
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1. Introduction

Development of industrial activities and consequently
increasing discharging contaminants from industries have
undesirably affected both environmental resources and
human health. Heavy metals have been known as highly
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toxic and hazardous elements which are main proportion
of contaminants end up to the soil and water resources by
these activities [1,2]. Heavy metals can be found in high
concentrations in industrial, domestic, agricultural and
medical waste waters. Cobalt (II) as one of the most dan-
gerous pollutants is introduced into the water media at
remarkable concentrations by various manufactures [3].
In the last several years, environmentalist attention has
been attracted considerably on efficient removal of heavy
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metals before discharging into the natural environment,
because of some characteristics such as bio accumulation
and toxicity even in low concentrations. In this regards,
several treatment technologies including chemical pre-
cipitation, filtration, adsorption, ion exchange, mem-
brane and coagulation-flocculation have been widely
applied [4-7]. However, most of them suffer from several
draw backs like high energy and chemicals consumption,
higher operational and capital costs as well as problems
regarding sludge disposal [8,9]. Adsorption process has
been introduced as a most applicable and favorable tech-
nique for decontamination of waste waters, due to the
easy operation, high efficiency at wide range of contam-
inant concentration, operational feasibility, easily regen-
eration of applied sorbent and cost-effectiveness [10,11].

During the past few years, a wide number of adsorbents
(zeolite, carbon materials, silica, agricultural waste biomass,
metal oxides, resins and etc.) has been employed for treat-
ment of Co(Il) contaminated-water [3,12]. However, most
of these sorbents have low specific surface area and adsorp-
tion capacity for removal of metal ions. In contrast, the
carbonaceous materials, especially activated carbon (AC),
showed satisfactory results for effective removal of heavy
metals which is associated with huge surface area, the pres-
ence of wide spectrum of surface functional groups, high
adsorption capacity, plentiful micro and meso porous and
pore texture [13-15]. However, some carbon nano materials
including carbon nano tubes and graphene-based compos-
ites suffer from several serious operational problems such
as difficult and costly synthesis, causing turbidity in efflu-
ent and need for centrifuges, which totally restricted their
potential in the practical applications [11,15,16].

Lots of researchers have paid high attentions on
the application of granular activated carbon (GAC) for
removal of metal ions, since it can be separated easily from
aqueous media and does not cause turbidity in the treated
water, compared to powdered form. However, GAC pos-
sess lower surface area, in comparison with the powdered
form. To overcome this problem, chemical modification of
GAC surface has been reported as an effective approach
for enhancement of the adsorption capacity of GAC. In
this regards, sodium dodecyl sulfate (SDS), as an anionic
surfactant, has been widely applied for enhancement of
the adsorption capacity of various adsorbents through
changes of surface functional groups, as reported in the
literature.

Therefore, the aim of this work is improvement of the
adsorption properties of GAC via chemical modification
by SDS, for treatment of heavy metal-contaminated aque-
ous solution. To the best of our knowledge, no study has
been carried out on the application of SDS modified GAC
(MGAC) for the removal of Co(Il) ions from aqueous
media. The adsorbent was characterized by using various
techniques and its potentials were evaluated for removal of
Co(Il). The adsorptive performance of MGAC was evalu-
ated as a function of SDS loading, solution pH, contact time,
temperature and different concentrations of adsorbent and
metal ions by a series of batch adsorption tests. Experi-
mental data were fitted via different equilibrium models.
Moreover, the rate kinetics and thermodynamics of the
adsorption process was performed.

2. Materials and methods
2.1. Materials and reagents

In this work, analytical reagent-grade chemicals were
used without further purification. GAC (1.5 mm extra pure),
SDS (CH,(CH,),,SO,” Na*, > 85 %) and cobalt standard
stock solution were purchased from Merck (Darmstadt,
Germany). pH of samples was adjusted by adding 0.1 M
hydrochloric acid (HCI) and sodium hydroxide (NaOH)
solutions. All the reagents were prepared with de-ionized
water (DI-water) and kept in a refrigerator at 4°C, prior to
experiments. Co(II) solutions with desired concentrations
were prepared by diluting the stock solution with DI-wa-
ter. The concentrations of metal were measured by atomic
absorption spectrophotometry (AAS, Analytikjenavario 6,
Germany) at wavelength 240.7 nm. All measurements were
performed in an air/acetylene flame. The lamp current and
slit width were 2.0 mA and 1.2 nm, respectively. The instru-
mental settings of the manufacturer were followed. The
instrument was calibrated with a standard solution within
a linear range and a high correlation coefficient (R?>> 0.99)
was obtained.

2.2. Modification of GAC by SDS

Herein, GAC modification experiments were conducted
at different concentrations of SDS (1-5 mol/L) for varying
contact times(1-8 h). First, GAC was washed sequentially
with DI-water to improve its purity under room tempera-
ture. After filtration, GAC was dried in an oven at 70°C for
24 h and stored in a desiccator under dry conditions for next
use. Thereafter, 0.5 g prepared GAC was dissolved in 50
mL SDS solution with a certain concentration. The mixture
was stirred by a shaker for an appropriate period of time
at a rate of 200 rpm under constant temperature (25 + 1°C).
The solid materials were collected using a What man filter
(0.45- ym), washed at least three times with DI-water and
then dried at 70°C for 5 h. Finally, modified GAC (MGAC)
was stored in a brown sealed bottle under dry conditions
for characterization and future use.

2.3. Characterization of adsorbents

The surface and morphological characteristics of
GAC and MGAC before and after Co(II) adsorption were
analyzed using field emission scanning electron micros-
copy (FESEM, Mira 3-XMU), at 10 keV. Fourier transform
infrared spectroscopy (FTIR) spectra of the samples were
obtained using BRUKER’s Vertex 70 model to determine the
functional groups present on the adsorbents surfaces.

2.4. Adsorption experiments procedure

All experiments were carried out in 250 mL flasks filled
with 100 mL Co(II) solution at 250 rpm agitation speed in a
batch system. Initially, the effect of different concentrations
of SDS in the range of 0.5-5.0 mol/L and modification time
ranging 1-8 h on Co(II) ions removal performance by mod-
ified GAC was evaluated to determine the best adsorbent
with maximum efficiency. Afterwards, batch adsorption
experiments were performed as a function of solution pH
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(2.0-8.0), adsorbent dosage (0.4-1.5 g/L), agitation speed
(100-400 rpm), initial Co(II) concentrations (20-100 mg/L),
contact time and temperature (25-40°C). Therein, pH of
samples was adjusted using 0.1 M HCI and 0.1 M NaOH
solutions and then a certain amount of adsorbent was put in
the aqueous solution having a fixed concentration of metal
ions. The flasks were agitated well for a known period of
time to reach adsorption equilibrium conditions. During
experiments, at defined time intervals, 2 mL of the solution
was periodically taken from each flask and then the sam-
ples were subjected to solid-liquid separation. Thereafter,
the residual concentration of Co(II) ions in the solution was
measured according to the ASTM using a AAS instrument
[17]. The adsorption capacity of MGAC for the Co(Il), g,
(mg/g), and the removal efficiency were determined using
the following equation:

S CE} M

w

Adsorption capacity (g,, mg/g) = [

CO_Ce

0

Removal efficiency (Re%) = |: :' %100 (2)

where C and C, are the initial and equilibrium concentra-
tions of Co(Il) (mg/L), W is the ratio of adsorbent quantity
to the solution volume (g/L) and g, is the adsorption capac-
ity (mg/g).

Under above-mentioned conditions, all tests were con-
ducted with three replications and mean values, whose
standard deviation never exceeded 5%, were reported as
final results. All flasks were rinsed with a 5% HNO, solu-
tion which was followed by deionized water and then
oven-dried. During experiments, a series blanks containing
Co(II) solution without the adsorbent was run in parallel
and agitated concurrently to establish accuracy, reliability
and reproducibility.

2.5. Adsorption kinetics

Kinetic models mainly are employed for evaluation
of mechanism of the adsorption process. Kinetic study is
important for prediction of the absorbent uptake removal
rate from aqueous solutions in order to design an appro-

Table 1

priate adsorption unit. In this work, four widely—used
adsorption isotherm models (e.g., pseudo-first-order (PFO),
pseudo-second-order (PSO), intra particle diffusion (IP),
and Elovich) were applied for modeling the adsorption pro-
cess. The non-linear and line are quations along with con-
stants regarding these kinetic models are presented in Table
1. k. (1/min) and k, (mg/g min) are the rate coefficients for
PFO and PSO kinetic models, respectively. Also, g, and g,
(mg/g) are the adsorption capacities at equilibrium and at
time t, respectively. As reported in the literature, [P model is
mostly utilized to understand the adsorption process mech-
anism. K, (mg/g min®) is the rate constant of IP, and C,,
(mg/g) is the constant depicting the boundary layer effects.
For Elovich model, o (mg/g min) and B (g/mg) parameters
denote the initial adsorption rate and activation energy for
chemical adsorption, respectively.

2.6. Correctness of kinetic models

Herein, the accuracy of kinetic models,apart from cor-
relation coefficient (R?), was also evaluated via the relation-
ship between the predicted and actual values of g, based
on adjusted R? (R’ j) and error analysis (F, ). The values
of R?, R?adj and F, (%) were determined using Egs. (3),
(4) and (5), respectively. It was well-known that the higher
values of R? and R?, 4 a8 well as the smaller F, (%) values
suggest the most appropriate model that could be present
more accurate estimation of corresponding g, values.

2 n

Z(qp Toep) = Doy ~eca)

R? _ * %100 6)
Z (qe,exp - ﬁe,exp )
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R =1-(1-R%). (n” ] 4)
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The constants and equations of kinetic and isotherm models studied for Co(II) adsorption onto MGAC

Kinetic/isotherm
models

Equation

Linear equation

Plot Parameters

Kinetic models

Pseudo-first order dq/dt =k, (q,-9,)

In(q~q,)=Inq~kt

In(q~-q,) vs. t q.(mg/g), k (min™)

Pseudo-second order  dq/dt = k,(q,-q,)* t/q,=t/q,+ 1/k,q2 t/q, vs. t q,(mg/g), k,(min™)
Elovich q,= B In(afpt) q,= B In(ap) + B Int g,vs. Int o (mg/g min), P (g/mg)
Intra-particle diffusion ¢,=k t0.5+C, 9,=k,t05+C, q,0s.t0.5 k, (mg/g min0.5), C, (mg/g)

Isotherm models

Freundlich q,=K.(C)1/n Ing,=In K, +n-1InC, Ing,vs.InC, K, (mg/g(Lmg)1/n), n
Langmuir 9.= (@ K,CH1+KC) Cla,=Cla,+1/Kyz, (C/a)vs.C, 9,0mg/g), K (L/mg)
Temkin q,=B,n(K.C) q,=B,nK, + B, InC, g,vs.InC, q,(mg/3), K,

Redlich-Peterson q,= (AR,,CE)/(I—BRPCKg)

Inl(A,C/q)7"] =gInC, +nB,,

Lnl(A,C/q)vs. InC, g, By, (I-mg™), A, (I-mmol™)
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where g, , (mg/g) and g, (mg/g) are the theoretically and
experimentally determined g, respectively. p is the number of
parameters of the fitted model and n,is the number of tests.

2.7. Adsorption equilibrium isotherms

In adsorption processes, the equilibrium studies is neces-
sary and critical to predict the behavior of pollutant adsorp-
tion onto the sorbent surfaces. To this purpose, Langmuir,
Freundlich, Temkin and Reddish-Peterson isotherm models
were used. The equations and parameters related to equilib-
rium models are given in Table 1. K, (L/mg) is an empirical
constant of Langmuir model which is related to energy or
enthalpy of the adsorption. The parameters K, and 1/n are
constants of the Freundlich model, which denote adsorption
capacity and intensity, respectively. Langmuir and Freun-
dlich models describe the homogeneous (single-layer) and
heterogeneous (multi-layer) adsorption of the adsorbate onto
the adsorbent, respectively. Temkin isotherm model is based
on indirect interactions of the adsorbate and the adsorbent.
It demonstrates that the heat of the adsorption decreases
linearly. Therein, B, = RT/T, R is the universal gas constant
(8.314 J/mol K), T is the temperature (K) and b T is the Tem-
kin constant related to the heat of the adsorption (J/mol). k.
(L/mg) is the equilibrium binding constant corresponding to
the maximum binding energy. Isotherm model of Redlich-
Peterson equation consists of both features of Langmuir and
Freundlich isotherm models. K, a,, and g in the Redlich-Pe-
terson isotherm are model constants. K, is the solute adsorp-
tivity (L g™), a,, related to adsorption energy (L mg™) and g is
the heterogeneity constant (0 < g < 1) [18-20].

3. Results and discussion
3.1. Characterization of MGAC

The morphological and textural features of GAC and
modified GAC, before and after metal ions adsorption,
were analyzed using FESEM technique. FESEM images of
samples are illustrated in Fig. 1. As observed, the external
surface of GAC (Fig. 1a) is more porous than MGAC before
using in adsorption process (Fig. 1b). Compared to GAC,
the external surface of MGAC is relatively flat and has
lower roughness and irregularities. Their regular surface
of GAC can be associated with the presence of pores and/
or distribution of active sites on its surface. It is noticeable
that some pores and the clump cavities still present in the
MGAC structure after modification, which could provide
more reactive sites as well as high potential for MGAC to
adsorb pollutants. However, MGAC surface roughness
was decreased significantly after loading Co(II) ions during
the adsorption process as shown in Fig. 1c. Decreasing the
roughness of MGAC can be attributed to the pore filling by
metal ions during the process of adsorption. Results con-
firmed that Co(Il) ions were adsorbed effectively on the
MGAC surface and the adsorption process took place in an
efficient way.

In order to characterize the functional groups on the
surfaces of the samples and to determine the binding mech-
anism of the pollutants, FTIR spectra of GAC and MGAC,
before and after adsorption of metal ions, were prepared in
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Date(m/dly): 11/16/14

SEM HV: 10.0 kV
View field: 129 pm
SEM MAG: 989 x
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Fig. 1. FESEM images of GAC (a), MGAC (b) and MGAC after
Co(II) adsorption (c).
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the range of 400-4000 cm™ which are shown in Figs. 2a—c.
Results of FTIR analyzes revealed some absorption peaks
belonging to various functional groups or different vibra-
tion modes. For GAC spectra (Fig. 2a), the broad bonds
at 3415 cm™, 3742 cm™ and 3840 cm™ can be assigned to
O-H and N-H bonds stretching [1,21]. The absorption peak
at 1695 cm™ was belonged to stretching vibration of C=0
bond. The bounds observed in the range of 1690-1760 c¢cm™
indicated the presence of -COOH groups on GAC surface
[22]. In addition, the absorption peaks at 1520 cm™ and
1134 cm™! were corresponded to N-O bond and C-O bond,
respectively [22]. Almost all peaks related to GAC were
also observed with little changes in the spectrum of MGAC
before Co(Il) adsorption, as shown in Fig. 2b. However, some
other peaks were appeared in the spectrum of GAC when
it was modified with SDS. The absorption bonds at wave
number (v) values ~2880 and ~1646 cm™ can be attributed
to —CH, and C=C bonds, respectively. Herein, -CH, group
is due to the alkane groups which comes from SDS [22].
Moreover, the peaks at around 1350-1450 cm™" and 700-900
cm™ can be apportioned to the S=O and S-O-C bonds,
respectively. Results clearly certificated that SDS was suc-
cessfully encapsulated into the GAC structure. For MGAC
after Co(II) adsorption (Fig. 2c), functional groups such
as -CH, (1646 cm™), N-O (1520 cm™) and C-O (1132 cm™)
were affected by metal ions adsorption. Furthermore, the
intensity absorption of peak of 2880 cm™ which assigned to
C-H bond was reduced remarkably after adsorption Co(II)
ions. As presented in Fig. 2c, the absorption peaks belonged
to 5=0 and S-O-C bonds were not appeared in the MGAC
spectra after adsorption process. As compared to GAC
spectrum, the absorption peak at 1132 cm™ (attributed to
C-0 bond) was broader after Co(Il) adsorption, indicating
that the adsorption of metal ions was affected by these func-
tional groups.

3.2. Effect of SDS concentration

To obtain the maximum adsorption capacity for GAC, it
was modified by different concentrations of SDS in the range
of 0.5-5.0 mol/L within contact time of 8 h. Fig. 3 exhibits
the comparison removal efficiencies of Co(II) ions by GAC
and GAC modified by various loadings of SDS. As observed,
for all studied concentrations of SDS except 5.0 CMC, the
adsorption efficiency of MGAC was higher than that GAC.
This means that the adsorptive performance of GAC was
improved by modification with SDS. As can be seen from
Fig. 3, the removal percentage of metal ion increased with
increasing SDS loading from 0.5 to 1.5 CMC, then followed
by a significant decrease with further loadings of SDS. So
that, the removal rate enhanced from 56.3 to 72.4% when SDS
loading on GAC was enhanced from 0.5 to 1.5 CMC, respec-
tively, during 8 h adsorption. However, the adsorption rates
were dropped substantially and reached 71 and 0.0 % for 2.0
SDS and 5.0 CMC concentrations, respectively. A possible
reason for this phenomenon may be related to the blockage
of GAC pores and reduction of surface area of GAC at higher
loadings of SDS. From Fig. 2, it is also found that there is not
remarkable changes between the adsorption percentage in
contact times of 6 and 8 h for SDS of 1.5 CMC, respectively.
Therefore, 1.5 CMC and SDS and 6 h contact time were cho-
sen as favorable values for optimum modification of GAC,
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Fig. 2. FTIR spectra of GAC (a) and MGAC before (b) and after
(c) adsorption of Co(II) ions.

because of adsorption maximum of Co(II) ions was obtained
under these conditions. In the following, this MGAC was
applied for all the subsequent adsorption tests.

3.3. Adsorption studies of Co(II)
3.3.1. Effect of solution pH

In adsorption processes, pH of aqueous solution plays
an important role,due to the significant effect on solubil-
ity and speciation of the metal ions, adsorbate ionization
degree, surface charge of the adsorbent as well as functional
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Fig. 3. Effect of various concentration of SDS on the adsorption
performance of Co(II) ions by MGAC.

groups of adsorbent [5,23]. Since hydroxide form of metals
can be formed at higher pH values, so the study of the influ-
ence of solution pH on adsorption process was performed
in the range of 2.0-7.0. Hence, the adsorption experiments
were carried out successfully without metal precipitation.
Fig. 4 shows the effect of initial solution pH on the removal
efficiency of Co(II) ions by MGAC. Results illustrate that
the adsorption rate of metal ions is highly dependent on
the initial pH of solution. So that, the uptake of metal ions
was improved from 12.3 to 93.6% as solution pH raised
from 2.0 to 7.0, respectively, for 30 mg/L Co(Il) concentra-
tion and 2 g/L adsorbent during 60 min agitation time. In
highly acidic media, low adsorption is associated with the
strong competition between protons (H*) and metal cat-
ions (Co(Il)) for the adsorption sites, which consequently
decreased the adsorption rate [1,24]. Under these condi-
tions, moreover, the surface of the adsorbent is positively
charged and so, electrostatic repulsion happens between
cations and protons for the adsorption on active sites. On
the other hand, decreasing the adsorption rate at strong
alkaline conditions can be attributed to the formation of
metal hydroxides [14,25]. Therefore, it expected that the
maximum adsorption occurred at neutral environments. As
seen from Fig. 4, the adsorption of Co(Il) ions on MGAC
was favored at neutral pH values, which is probably due
to the changes of surface properties of both adsorbate and
adsorbent. Our results were consistent with those of pre-
vious studies for several sorbent-Co(II) sorption processes
[26-29]. In the literature, it has been reported that when
solution pH enhanced, the number of negatively charged
sites was enhanced, accordingly led to the promotion of
the attraction forces between heavy metals and these beads
surface [30]. Furthermore, Lingamdinne et al., who studied
the Cd?** adsorption on graphene oxide demonstrated that
the numbers of competing hydrogen ions are lower when
pH value is 7.0 and more ligands are exposed with nega-
tive charges, resulting in greater Co(II) ions sorption [26].
Therefore, considering the maximum removal of Co(II), pH
= 7.0 was selected as an optimal value for further adsorp-
tion experiments, which would be able to remove Co from
wastewater without pre-adjustment of pH.

100 50

90 A

80 4 —e—Removal (%)
70 A —— (e (mg/g)
60 A
50 A

40 A

Removal (%)

30

Initial pH solution

Fig. 4. Effect of initial solution pH on the adsorption capacity
and adsorption percentage of Co(II) by MGAC during 60 min
(experimental conditions: 1.2 g/L adsorbent, 30 mg/L Co(II),
200 rpm and 20 = 1°C).

3.3.2. The effect of adsorbent dose

Amount of adsorbent as an operating parameter can
also affect the performance of adsorption process. The influ-
ence of variation of adsorbent dosage on the removal effi-
ciency of Co(II) ions and also adsorption capacity of MGAC
is depicted in Fig. 5. As observed, the equilibrium concen-
tration in solution phase was decreased substantially with
enhancing the adsorbent quantity, whereas the adsorption
capacity was reduced significantly. According to Fig. 5, by
raising adsorbent amount from 0.4 to 1.5 g/L, the uptake
of metal ions was increased from 51.3 to 95 %, while the
adsorption capacity was decreased from 38.5 to 19 mg/g,
respectively. It is well known that increasing adsorbent
dosage provides the additional active sites and/or greater
surface area for the adsorption at a fixed initial solute con-
centration [1,31]. In case of the adsorption capacity, how-
ever, the decrease can be explained by some convincing
reasons: i) either the split in the flux or the concentration
gradient between solute concentration in the Co(II) concen-
tration in solution and the Co(II) amount in the sorbentsur-
face, ii) unsaturation and/or lower exploitation of active
sites on adsorbent at higher dosages and iii) increasing par-
ticle interactions and the formation of aggregates and con-
sequently self-binding of adsorbent particles may reduce
the amount of pollutant adsorbed per adsorbent mass unit
[20,32,33]. As shown in Fig. 5, the uptake of Co(II) for dos-
ages 1.2 and 1.5 g/L was almost same and no significant dif-
ference was observed between them. Thus, we considered
the adsorbent dosage 1.2 g/L as an optimum amount for
conducting the subsequent tests, because the remarkable
change is not observed by further increase.

3.3.3. Effect of contact time

Effect of contact time on the adsorption performance
was examined at a period of 4 h under optimum conditions
for 30 mg/L Co(Il) and results are illustrated in Fig. 6. As
can be seen, the adsorption rate of Co(II) on MGAC was ini-



316 B. Kakavandi et al. / Desalination and Water Treatment 111 (2018) 310-321

43
100 A
L 40

30 r3s

60 L

Removal (%)

=

—&—Removal (%)
20 4
—— e (mg/e)

0.2 0.5 0.8 1.1 14

Adsorbent dose (g/L)

Fig. 5. Effect of different dosages of MGAC on the adsorption ca-
pacity and adsorption percentage of Co(II) by MGAC during 60
min (experimental conditions: pH 7.0, 30 mg/L Co(II), 200 rpm
and 20 + 1°C).

tially fast and increased rapidly during the first 60 min and
then slowed down and reached to equilibrium state after
90 min. It can be noted that the adsorption percentage was
improved significantly from 0.0 to 97.4% when contact time
reached 180 min, which more than 99% it occurred during
the first 90 min. The rapid increase in the adsorption capac-
ity in the initial stages might be associated to the abundance
of surface reactive sites that were occupied by the adsorbate
molecules. With increasing reaction time, the accessibility of
metal ions to unoccupied active sites on the adsorbent sur-
face decreased; and these sites ultimately became saturated
when the process reached to equilibrium state. The equi-
librium state derived from saturation of the vacant surface
reactive sites and diminishing the driving force [10,34]. The
equilibrium state is known as a condition that the adsor-
bate concentration in the aqueous media is in the dynamic
balance with the interface. Based on these observations,
therefore, 90 min was chosen as an equilibrium time for the
future experiments.

3.3.4. Effect of initial Co(II) concentration

In adsorption processes, the adsorbate concentration
has a significant role on pollutants adsorption. Effect of
different initial pollutant concentrations was evaluated at
initial Co(II) concentrations ranging from 20 to 100 mg/L
under optimized conditions. Fig. 7 shows the effect of var-
ious concentrations of Co(ll) on adsorption efficiency and
the adsorption capacity. Having a closer look to Fig. 7, it is
clear that with increasing the initial Co(II) concentrations, its
removal efficiency declined substantially, while the adsorp-
tion capacity showed an increasing trend. Results demon-
strated that increasing initial concentration of metal ions
was unfavorable for enhancing the removal and verified
that the adsorption performance was significantly depen-
dent on the concentration of adsorbate. Under these condi-
tions, when initial Co(II) concentration increased from 20
to 100 mg/L, the values of adsorption percentage dropped
from 98.2 to 49% and the adsorption capacity raised from
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Fig. 6. Effect of contact time and kinetic models of Co(II) adsorp-
tion on MGAC (experimental conditions: pH 7.0, 1.2 g/L adsor-
bent, 30 mg/L Co(II), 200 rpm and 20 + 1°C).

16.4 to 40.8 mg/g, respectively. Decreasing adsorption
rate, therein, can be expressed by the fact that at low ini-
tial adsorbate concentrations, since the number of vacant
surface reactive sites is high, the capability of adsorbent for
the adsorption of all adsorbate molecules is high [11,16,35].
Moreover, at higher adsorbate concentrations, all molecules
cannot be adsorbed when the number of active sites on the
adsorbent is constant, as reported in the literature [13,15].
It was well-known that the ratio of the initial number of
adsorbate to the available sorption sites of the adsorbent is
decreased at lower initial concentration of adsorbate, and
consequently the fractional adsorption of pollutant by the
adsorbent becomes independent of its initial concentration.
On the other hand, at higher initial concentrations of adsor-
bate, the available adsorption sites of the adsorbent become
fewer and the removal percentage of metal ions is depen-
dent upon the initial concentrations [16,36].

However, the enhancement of adsorption capacity at
higher concentrations of adsorbate can be attributed to
increasing force of concentration gradient and also improv-
ing the interaction between the adsorbent and Co(II) ions.
Meanwhile, at higher initial concentrations of adsorbate in
the solution, the amounts of adsorbed molecules per unit
mass of adsorbent increase effectively. Several authors
[23,37] illustrated that the enhancement of both the resid-
ual concentration of adsorbate in the aqueous solution and
metal ions driving force to facilitate adsorption can propose
as most possible reason for the difference between adsorp-
tion capacity and removal efficiency affected by initial con-
centration of metal ions.

3.3.5. Effect of agitation speed

In this study, the influence of agitation speed on the
adsorption rate of Co(ll) ions onto MGAC was investi-
gated in the range of 100-250 rpm under optimum opera-
tional conditions and the results are presented in Fig. 8. As
observed, there is no significant change on the adsorption
process efficiency for different agitation speeds. Almost, the
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Fig. 7. The changes of the adsorption capacity and removal effi-
ciency regarding the adsorption process of Co(II) on MGAC at
various concentrations of metal ions during 90 min (Experimen-
tal conditions: pH 7.0, 1.2 g/L adsorbent, 200 rpm and 20 + 1°C).

uptake rate of Co(Il) ions by MGAC was higher than 99% at
all the studied agitation speeds. This means that Co(Il) ions
adsorption on MGAC is not dependent on the mixing rate.
Similar observations have also been reported previously

by other researchers for metal ions adsorption on various
adsorbents [38].

3.4. Adsorption kinetic studies

The experimental data of study of the effect of contact
time provide critical information about the adsorption pro-
cess kinetics. The values of kinetic models parameters of
Co(II) adsorption onto MGAC are listed in Table 2. Herein,
the best model was chosen based on the lowest F,_, as well
as highest amount of R?  and R*. As compared with other
models, the highest values of R?and R? , as well as lowest
values of F, were belonged to PSO model, suggesting the
highest ability of PSO for describing the adsorption behav-
ior Co(II) ions onto MGAC. Based on the values of R?, R?, g
and F, , PFO, IP and Elovich kinetic models showed the
poor performance to fit the adsorption process as given in
Table 2. Furthermore, for PSO model, it is also strongly ver-
ified that the calculated g, value is closer to the experimental
g, value, in comparison with other models, demonstrating
this model could better fit the experimental data of Co(II)
adsorption, than the other models. The confirmation of this
model implies that the rate-limiting step in this adsorption
system may be chemisorption involves valences forces
thereby electron exchange between the binding sites of the
Co(II) ions and MGAC [11,39]. Also, it suggests that the
concentrations of both adsorbent and adsorbate are associ-
ated with the rate determining step of the adsorption pro-
cess. Fig. 6 exhibits the fitness of PSO model with studied
adsorption process as well as good agreement between plot
of PSO model and the experimental data. In the previous
conducted studies, the same model showed a very good
fit for the adsorption of Co(Il) ions on various adsorbents
[26,37,40].
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Fig. 8. The changes of the removal efficiency of Co(II) by MGAC
as a function of agitation speed within 90 min (experimental con-
ditions: pH 7.0, 1.2 g/L adsorbent, 20 mg/L Co(II) and 20 + 1°C).

Table 2
Parameters of four kinetic models of Co(II) adsorption on
MGAC
Kinetic models Constants Value
Doy (mg/g) 10.16
Pseudo-first- order
q,.,(M8/8) 16.23
k , (min™) 0.052
R? 0.9576
R?, 0.945
F, .. 2.89
Pseudo-second-order
Doear 24.8
k,(g/mg)(min)™ 0.011
R? 0.995
R, 0.99
ror 091
Intraparticle Diffusion
k., (mg/gmin0.5)  1.24
C,(mg/g) 10.1
R? 0.6468
R, 0.635
ror 47
Elovich
o 7.85
p 3.03
R? 0.9006
R?, 0.882
F 342

error

In adsorption process, the study of IP kinetic model

suggested for understand whether the intra-particle dif-
fusion model is the main step in controlling the adsorp-
tion process. It was also employed for determination of
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the diffusion mechanisms and discerning the plausible
rate controlling step which has a significant influence on
adsorption kinetics [5,41]. Based on this model, the adsorp-
tion rate would be in charge of intra-particle diffusion when
the value of intercept of the model equation (C,) is zero.
According to Table 2, the values of C, was > 0.0, indicating
that the intraparticle diffusion is a part of the adsorption,
but not the only rate-controlling step in this process. Low
correlation coefficient of IP model (R?< 0.7) also depicts that
the adsorption process poorly fits with this model, and pore
diffusion was not the rate-limiting step [42]. Hence, it can
be stated clearly that the other mechanisms including either
complexes or ion-exchange had a significant effect in con-
trolling the adsorptive removal of metal ions on MGAC.

3.5. Adsorption isotherm studies

The equilibrium data provide the critical results to
develop adsorption modeling and can be applied as a most
paramount factor for designing the adsorption systems. In
this work, the adsorption isotherms were evaluated as a
function of solution temperature. In this regards, a series
tests was performed at different initial concentrations of
Co(Il) (20-100 mg/L) and various solution temperatures
ranging from 20-40°C, when the other operational param-
eters were set at optimum values. The values and coeffi-
cients of related to four studied isotherm models of Co(II)
adsorption onto MGAC are summarized in Table 3. Based
on comparison between presented R? values, Langmuir iso-
therm model yields a much better fit than the other models
in describing the experimental data. According to R? val-
ues, the adsorption isotherm models fitted the experimen-
tal data in accordance to the following order: Langmuir >
Freundlich > Redlich-Peterson > Temkin. Fig. 9 also reveals
the best fit for Langmuir model with experimental data,
implying that this model is better for describing the adsorp-
tion process. Similar observations have also been reported
previously by other researchers [40,43]. Langmuir model
suggests a monolayer sorption with homogeneous func-
tional sites that are distributed uniformly on the surfaces of
adsorbent and the adsorption of Co(Il) ions onto energeti-
cally equivalent sites of the MGAC [44].

The desirability of the adsorption process was also
investigated in terms of “R,”, a dimensionless separation
factor related to Langmuir model which referred to as an
equilibrium parameter (R, = (1/(1 + C/,K)))). The amount of
this factor could vary between zero and one (0 < R, > 1.0),
which used to determine the type of adsorption. So that,
unfavorable, linear, irreversible and favorable adsorption
are assigned to R, >1, R, =1, R, =0 and 0 < R, < 1, respec-
tively [45]. Considering this category, the favorable behav-
ior of adsorption of Co(II) ions on MGAC can be confirmed
from the values of R, factor in Table 3, which were obtained
between 0 and 1 at both studied temperatures. In addition,
the value of 1/n (less than unity) in Freundlich isotherm
model depicts on the favorable adsorption of Co(Il) ions
onto MGAC.

In Redlich-Peterson equation, the parameter of ‘g’ fell in
the range of 0 to 1, so that, if ‘g” is close to zero Freundlich
isotherm, and if it is closer to one the Langmuir isotherm is
preferable. Based on the results of Table 3 and the values of
’q” (0.208 and 0.472), it can be concluded that the Freundlich

Table 3
Characteristics of the equilibrium models of adsorption of
Co(II) on MGAC under different temperatures

Isotherm models Temperature (°C)

20 40
Langmuir
Q, (mg/3) 415 51
K, (L/mg) 0.472 0.616
R? 0.9903 0.9907
R, 0.02-0.095 0.016-0.075
Freundlich
K, (mg/g(L/mg)"" 21.12 255
n 6.21 5.74
R? 0.9483 09767
Temkin
K, 152.8 186.57
B, 4.3 5.21
R? 0.9382 0.9519
Reddish-Peterson
g 0.428 0.781
B, (I-mg™) 11.87 259
ARP(l~mmol‘1) 2.6 2.56
R? 0.95 0.96
1.4
12 387
¥=0.024x+0.051 .~
Bi=0.000
1 4
o 0.8 4 .
E’p “o4oeC
“ 06 A A ¥=0.019%+0.031
B =0.000
04
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Fig. 9. Accordance of experimental data and Langmuir mod-
el for Co(II) adsorption on y-MGAC at different temperatures
(experimental conditions: pH 7.0, 90 min contact time, 1.2 g/L
adsorbent, 20-100 mg/L Co(II) and 20-40 + 1°C).

model is preferred. From Table 3, it is noticeable that increas-
ing temperature from 25 to 40°C led to enhancing adsorption
capacity of Langmuir model from 27 to 30.1 mg/g. This indi-
cates that the adsorption of Co(II) ions on MGAC is more
favorable at higher temperatures, which is in good agree-
ment with results reported in the literature [41,46].

Table 4 shows the monolayer maximum adsorption
capacity (g,) of MGAC and the other adsorbents for the
removal Co(II). According to Langmuir isotherm model, the
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Table 4
Maximum adsorption capacities of different adsorbents reported in the literature and optimal operational conditions for Co(II)
removal
Adsorbent pH Isotherm Kinetic q, (mg/g) References
Graphene oxide 5.5 Freundlich Pseudo-second-order 21.8 [26]
Natural hemp fibers 5.0 Langmuir Pseudo-second-order 13.58 [40]
Lemon peel 6.0 - Pseudo-second-order 22 [42]
Raw rice straw 6.3 Langmuir Pseudo-second-order 28.5 [46]
Modified rice straw 6.3 Langmuir Pseudo-second-order 32.3 [46]
Magnetic chitosan nanoparticle 5.5 Langmuir - 274 [47]
Area shell biomass 4.0 Langmuir Pseudo-second-order 11.53 [48]
Bone char 7.0-8.0 Freundlich Pseudo-second-order 108.7 [49]
MGAC 70 Langmuir Pseudo-second-order 51 Present work

value of g, obtained 51 mg/g, which was much greater than
that of reported for the other adsorbents. This means that
MGAC would be used as one of the efficient adsorbents for
the effective adsorption of C, ions from aqueous solutions.
The observed differences in the adsorption capacities for
the listed adsorbents can be associated with structural, tex-
tural and morphological characteristics, particle size distri-
bution, surface area and the properties of functional groups
in each adsorbent. Although some adsorbents showed the
g,, values higher than MGAC for Co ions, majority of them
have various operational restrictions such as expensive syn-
thesis and preparation. Nevertheless, further studies can be
expected to conduct on efficient modification methods of
GAC for increasing the surface area and changing func-
tional groups.

3.6. Adsorption thermodynamics

To determine thermodynamic parameters of Co(II)
adsorption on MGAC, the effect of solution temperature
(25-40°C) on the adsorption efficiency was examined under
optimum conditions. The thermodynamic parameters
including enthalpy change (AH®), entropy change (AS°) and
Gibbs free energy change (AG°) were determined using the
following equations:

InK, = AST_AH (6)
R RT
AG° =—RTIn(K,) @)

where, R is the gas constant (8.3145 J/mol K), and K| is the
distribution coefficient at temperature T. The values of AH®
and AS° were calculated from the slope and intercept of
van’t Hoff’s plots of 1/T versus In K, respectively.
According to the results presented in Table 5, the val-
ues of AH®, AS° and AG® were positive, positive and nega-
tive, respectively. The positive values of AH® also depicted
that there was a strong chemical bond between the adsor-
bate molecules and the external surfaces of adsorbent
molecules [46]. The positive values of AS® confirmed an
increased randomness at solid-liquid interface during the
adsorption process and affinity of the adsorbent for Co(II)

Table 5
Thermodynamic parameters of adsorption process of Co(II) on
MGAC under optimum conditions

T (K) 298 313
AG (KJ/mol) 297 -751
AS (KJ/mol K) -0.32

AH (KJ/mol) 28.05

ions [37]. An increasing trend in the amount of AG® with
increasing temperature indicated that the C, ions adsorp-
tion onto MGAC becomes more favorable at higher tem-
peratures, which is consistent with the results of isotherm
studies (Table 3) [42].

4. Conclusion

In this work, GAC was modified chemically by SDS to
enhance its adsorption capacity for removal of Co(II) ions.
The effect of several operational parameters such as solu-
tion pH, contact time, adsorbent dosages, initial metal ion
concentrations, temperature and agitation speed on the
adsorption performance was examined in a batch system.
Results depicted that the adsorption ability of GAC was
improved significantly after modification, due to synergis-
tic effect. The experimental data were found to be best-fit-
ted with Langmuir isotherm and pseudo-second-order
kinetic models. The performance of adsorption process
was favorable at neutral pH and higher temperatures. The
equilibrium time was also 90 min. In conclusion, the mod-
ification of GAC with SDS can be introduced as a promis-
ing approach and MGAC can be utilized effectively in the
treatment of heavy metal-contaminated waters
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