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ABSTRACT

In recent years, the adsorption process has been introduced as an effective method for dyes removal
from aqueous solutions. In the present work, grape waste was used as a precursor for the prepa-
ration of a low-cost activated carbon through chemical activation. Then, to develop a solid-phase
extraction process assisted by a magnetic field, magnetic adsorbent have produced by loaded
zero-valent iron (Fe°) on the powdered activated carbon. The physical and chemical properties of the
AC/Fe’ adsorbent were characterized using Brunauer—-Emmett-Teller, scanning electron microscopy
and Fourier transforms infrared. The design of experiments was carried out based on the response
surface methodology to evaluate the effects of variables including pH, contact time, initial concen-
tration of methylene blue (MB) and adsorbent dosage. Analysis of variance results presented a high
R? value of 80% for MB removal. The optimum condition was obtained at pH 11, adsorbent dosage
12.5 g/L, MB concentration 100 mg/L and contact time 90 min. To determine the adsorption kinetics,
pseudo-first-order and pseudo-second-order models were investigated. The isotherm and kinetic
studies showed that data were fitted to the Langmuir adsorption and pseudo-second-order mod-
els, respectively. The synthesized sorbent showed that the adsorption capacity of MB based on the

Langmuir isotherm was found to be 44 mg/g.
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1. Introduction

With the trend of population growth and urbaniza-
tion, the production of different types of wastewaters such
as domestic and industrial wastewaters has increased.
Among wastewaters, industrial wastewater due to a high
concentration of pollutants such as nitrogen components
[1,2], organic carbon [3], heavy metals [4,5], dyes and
other contaminants attracted more attention of research-
ers to apply suitable methods for treatment [6]. Discharge
of untreated wastewater containing dye from different
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sources such as dyes stuff manufacturing, dyeing, print-
ing, food plants, and textiles into the aqueous environment
can cause problems such as damage the esthetic nature of
the environment, creating anaerobic conditions, reducing
the sunlight penetration, cancer and allergy [7]. Therefore,
researchers have applied various technologies to remove dye
from water and wastewater, such as Flocculation, anaerobic
biological treatments, sonolysis, membrane separation, oxi-
dative destruction via UV/ozone treatment, photocatalytic
degradation. The aforementioned dye removal methods are
effective but they are not cost-effective [8]. Adsorption as a
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simple and efficient technology with ease of operation and
low initial cost has been widely used for dye removal from
aqueous solutions [9]. However, activated carbon (AC) as an
adsorbent has been applied for dye removal in bench-scale
and full scale because of high adsorption capacity, but some
shortcomings such as high cost and difficult way to separate
from treated water-limited wide usage of AC. Researches
during the last decades have attempted to find out cheap
and efficient martial and also easy and rapid methods for
the separation of adsorbents from solution. Recently, agri-
cultural wastes have been studied for the development of
cheap and more effective adsorbents [10-15]. Another dis-
advantage of using AC is that it has high usage costs. This
has led researchers to search for natively available and cheap
adsorbents, which make the process economically feasible
[16]. The natural adsorbents have been used in the adsorp-
tion such as exhausted coffee ground [15], rice husk [11],
oil palm fruits [12], pumpkin seed hull [10], apple wastes
[13] and calcined eggshell [14]. On the other hand, the mag-
netic separation technique as an easy and fast method for
separating magnetic adsorbents from aqueous solution has
been performed in many research works [17-20]. In recent
years, the combination of adsorption techniques and mag-
netism separation techniques has been widely used in the
treatment of pollutants. Thus, combining the advantages
of AC and magnetic particles as a promising way to over-
come the shortcomings of conventional adsorbents and open
new potentials for the achievement of effective magnetic
adsorbent is an ongoing study [21].

This study has been carried out to remove methylene
blue (MB) from aqueous solution using supported zero-
valent iron on the activated carbon prepared by grape waste.
The effects of main variables (pH, contact time, initial con-
centration of MB and adsorbent dosage) and their interaction
on the process have been investigated. Furthermore, statistical
analysis and modeling of data have been developed.

2. Materials and methods
2.1. Materials

All chemicals that have been used in this research were
obtained from Merck Company, Germany without fur-
ther purification. Methyl blue (C, H,CIN.S; 319.85 MW)
whit the chemical structure that is shown in Fig. 1 has been
used as a cationic dye. H,PO, (85 wt.%) has been used for
chemical activation of carbon. Magnetic activated carbon car-
ried out using Ferrous sulfate heptahydrate (FeSO,-7H,O).
The pH of solutions adjusted by sulfuric acid (0.1 N) and
NaOH solutions (0.1 N).
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Fig. 1. Chemical structures of MB.

2.2. AC/Fe® preparation

To prepare the adsorbent from grape waste, the leaves
of the grapevine were harvested from Kermanshah vine-
yards, Iran. Then it was washed with water to remove any
impurities such as toxins, dust. All prepared materials have
been dried at 50°C for 3 h. After drying, the waste was cut
into small pieces. At the first step of the activation phase,
grape wastes were immersed in H.PO, with a 1/10 mass ratio
for 24 h. The chemical activated materials were placed at
700°C for 2 h. At the end of physicochemical activation, pre-
pared AC was powdered using a mortar and passed through
the sieve mesh size 50. The powder was mixed with distilled
water and neutralized with sodium hydroxide and sulfuric
acid 0.1 N. Finally, it was dried at 140°C for 4 h. The product
was kept in a glass bottle to prevent moisture penetration.
The co-precipitation method was used to synthesize of AC/
Fe’. First, FeSO,-7H,O (100 mL) was added into AC (5 g),
the solution was placed in a stirrer at 200 rpm for 30 min
under nitrogen gas to remove oxygen in the environment.
The obtained product was dried at 80°C. In the next step,
NaBH, as a reducing agent was added to the solution
to reduce the Fe(Il) to zero iron. Finally, the AC/Fe” imme-
diately washed with distillation water and acetone after has
been separated from aqueous solution by a magnet, and
dried under nitrogen gas for 2 h.

2.3. Magnetic adsorbent characterization

The physicochemical properties of AC/Fe’ have been
carried out by methods of Brunauer-Emmett-Teller (BET),
scanning electron microscopy (SEM) and Fourier transform
infrared (FTIR) using Quanta Chrome Corporation, USA,
JEOL JSM 840A, Japan and ShimaDZU IR Prestige, Japan
model, respectively.

2.4. Adsorption study

The adsorption study was conducted by mixing the
desired amount of AC/Fe® with 100 mL at different values
of variables; initial MB concentration, initial pH, and contact
time in Erlenmeyer flasks of 200 mL. After adjusting the pH
of the solution using a pH-meter (WTW, Germany) all flasks
have been shacked using a shaker (Orbital Company, Iran)
at 200 rpm. At certain times, 3 mL of sample withdrawn and
the MB residue was determined using a UV-Vis spectropho-
tometer (Jenway 6305, Germany) at 665 nm. The removal
efficiency of MB (%) was calculated using the following
equation:

Dye removal (%) = (C0C7—C,) x 100 1)

0

where C; is the initial MB concentration and C, is the
final MB concentration.

2.5. Experiment design and data analysis

The experimental design and statistical analysis of
data have been carried out by DOE software (version 8.00)
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through response surface methodology (RSM) and analy-
sis of variance (ANOVA). ANOVA is very crucial in vali-
dating the significance and adequacy of the model [22].
The standard RSM design called central composite design
has the ability to minimize experiments and predict the
effects of factors individually and in combination with each
other. Furthermore, modeling and optimization of data can
be developed based on variables [23]. Four factors were
selected as independent variables viz. adsorbent dosage
(0.25, 3.25, 6.25, 9.25, and 12.25 g/L), initial pH (3, 5, 7, 9,
and 11) initial MB concentration (100, 200, 300, 400, and
500 mg/L), and contact time (10, 30, 50, 70, and 90 min). The
values of independent variables have defined at 5 levels
with three replications in 78 run (Table 1). The confidence
level of more than 95% (P < 0/05) has been used to study
the significance of analysis data and the developed model.

Table 1
Experimental conditions for MB removal

No. A:time B: C: adsorbent  D: MB Removal
(h) pH  (g/L) (mg/L) (%)
1 90 3 12.25 100 94
2 10 3 0.25 500 0.4
3 90 3 12.25 500 35.6
4 50 7 6.25 300 453
5 90 3 0.25 500 0.8
6 90 11 0.25 100 38
7 10 3 0.25 100 9
8 50 5 6.25 300 37
9 10 11 12.25 500 9.8
10 50 7 6.25 400 32.2
11 10 3 12.25 500 5.4
12 10 11 12.25 100 49
13 90 11 0.25 500 1.6
14 50 7 6.25 200 55.5
15 30 7 6.25 300 24.3
16 10 11 0.25 100 14
17 90 11 12.25 500 39
18 10 11 0.25 500 0.8
19 50 7 9.25 300 68
20 90 11 12.25 100 97
21 50 9 6.25 300 56.3
22 90 3 0.25 100 11
23 70 7 6.25 300 50.6
24 10 3 12.25 100 35
25 50 7 3.25 300 19
26 90 3 12.25 500 35
27 50 9 6.25 300 55.3
28 50 7 6.25 300 453
29 50 7 6.25 300 46.6
30 50 7 6.25 300 43.6
31 50 7 6.25 300 47
32 50 7 6.25 300 47.1
33 50 7 6.25 300 44.6

The three-dimensional and two-dimensional graphs have
been applied to demonstrate the variable effects. A poly-
nomial regression model based on independent factors
according to Egs. (2) can predict the efficiency of the process
at different variable conditions [24].

Y =a,+ D ax+ ) ax+ Y axx @)

where Y is the predicted response, a, a4, and a, are respec-
tively the regression coefficients for linear, quadratic effects
and the coefficients of the interaction variables.

3. Results and discussion
3.1. AC/Feé’ characterization

The BET surface area of AC/Fe’ was 503.57 m?/g that
indicates that most of the pores were blocked by the loaded
Fe® particles (Fig. 2). Fig. 3 demonstrates SEM images of
AC/Fe® composite. It is seen that the pores formed in vari-
ous sizes and shapes. This structure has a large number of
pores, and there is a good possibility for trapping of dye by
adsorbed into the pores. It can be seen that the Fe° parti-
cles with the particle size are nearly 700-2,000 nm in length
dispersed over the AC matrix. The FTIR spectrum is a sig-
nificant instrument to detect important functional groups
present on the surface of materials that are capable of
adsorbing organic pollutants. Fig. 4 demonstrates the FTIR
spectra of AC/Fe® composite. The characteristic adsorption
bands of Fe-O were shown at 600 cm™ which confirmed the
presence of Fe® [25]. The bands at about 600-700 cm™ can
be assigned to C—C stretching. The presence of a band at
1,414 cm™ belongs to C-H symmetric bending. The band at
about 1,025 cm™ identifies the C=O groups [13]. The results
of determining zero-point charge (pHzpc) show that it is 4.6
for AC/Fe® that AC has been activated with phosphoric acid.
This means that the surface charge of carbon for pH > 4.6
is negative and pH < 4.6 is positive. This value is in close
agreement with the previous researches [26-28].

3.2. Process analysis and modeling

To study the relationship between response value and
four parameters including initial pH, initial concentration
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Fig. 2. BET plot of AC/ Fe° composite.
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of MB, contact time, adsorbent dosage a multiple regression
analysis was used. Values of model terms Prob > F < 0.0500
indicate that factors are significant under selected condi-
tions [29]. The model for yield revealed that A, B, C, D, AC,
AD, CD are significant model terms. Initial concentration
of MB and adsorbent dosage imposed the most signif-
icant effect on the MB removal, this was shown by their
largest F-values as shown in Table 2. There is a good cor-
relation between the experiment and predicted data with
a correlation coefficient R? of 0.80 [30]. The best conditions
for the responses yield were determined with the model
predictor (Eq. (3)).

Dye removal = 33.90 + 12.32A + 4.23B + 19.03C — 14.68D +
8.73AC - 6.08AD - 5.50CD 3)

Det WD — 20pm
SE 1117

Spot Magn
50 1000x

Fig. 3. SEM of AC/Fe° composite.
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Fig. 4. FTIR spectra of AC/Fe’ composite.

The negative and positive signs in the equation depict
antagonistic and synergetic effects of the respective vari-
ables respectively [31]. Residual vs. predicted response is
shown in Fig. 5a. The plot should be a random scatter with a
constant range of residuals across the graph. The adequacy
of the model was confirmed by the normal probability
plot of the residuals as represented in Fig. 5b. The pertur-
bation plots for MB removal is shown in Fig. 5c. As can
be seen, the pH curve shows a slow curvature indicating
that this parameter has a slight effect on the MB removal.
On the other hand, the remarkably steep curvatures in ini-
tial dye concentration and AC dosage curves indicate that
the dye removal efficiency was sensitive to these variables.

3.3. Effect of initial MB concentration

The results of the present study confirm the effect of
dye concentration on the adsorption process. Figs. 6a and
b show the MB removal as a function of the initial concen-
tration of MB and adsorbent dosage at the constant value
of initial pH (7) and contact time (50 min). Generally, the
percentage of dye removal increased with decreasing of
initial dye concentration, it might be explained that at low
concentrations of MB, the ratio of the available surface
to initial number of dye molecules is higher and at higher
concentrations of MB, the ratio of initial number of the exist-
ing surface to dye molecules become low [32]. Yagub et al.
[33] studied the MB removal by using AC prepared by Pine
leaves and described dye removal efficiency decreased by
increasing the initial dye concentration. Namasivayam et al.
[34] investigated Congo red removal using AC prepared by
coir pith, the results show that the amount of dye adsorption
increased with increasing the initial dye concentration [34].

3.4. Effect of adsorbent dosage

The 3D response surface plot contour plot of MB removal
as a function of adsorbent dosage and initial concentration
of MB at constant initial pH (7) and contact time (50 min)
are shown in Figs. 6a and b. The results show that the dye
removal efficiency from the solution increased by increasing
adsorbent dosage from 0.25 to 12.25 g/L. The reason is that
by increasing adsorbent dosage, because of the increase in
active sites on the surface of AC/Fe’, more adsorbent surface
was existing for adsorption, then making it easier for the

Table 2

Results of statistical analysis
Source Sum of squares daf Mean square F-value p-value
Model 43,877.00 7 6,268.14 39.98 <0.0001
A-Time 7,511.01 1 7,511.01 4791 <0.0001
B-pH 884.13 1 884.13 5.64 0.0203
C-Dosage 17,932.25 1 17,932.25 114.38 <0.0001
D-C 10,665.61 1 10,665.61 68.03 <0.0001
AC 3,655.78 1 3,655.78 23.32 <0.0001
AD 1,775.12 1 1,775.12 11.32 0.0012
CD 1,453.10 1 1,453.10 9.27 0.0033
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Fig. 6. (a) 3D response surface plot and (b) contour plots of MB removal efficiency as a function of adsorbent dosage and MB concen-

tration at initial pH (7) and contact time (50 min).

adsorbate to penetrate the adsorption sites [32]. A similar
result was previously shown for the MB removal by various
adsorbents [34-37]. Senthilkumar et al. [36] found that dye
adsorption increased by increasing adsorbent dosage from
0.02 g/50 ml to 0.20 g/50 ml. Also, Sen et al. [37] found that the
amount of MB dye removal by pine cone was increased from
62.9% to 97.2% with the increase of adsorbent mass from 0.01
to 0.05 g.

3.5. Effect of initial pH

The pH value has a significant effect on the adsorption
process due to the control of the protonation of the func-
tional groups. The adsorption study was carried out by
changing a pH range from 3 to 11. The 3D response sur-
face plot and contour plot of the combined effect of initial
pH and contact time on the removal of dye at constant

initial MB concentration (100 mg/L) and adsorbent dosage
(6.25 mg/L) are shown in Figs. 7a and b. The results show
that an increase in the initial pH of the solution causes to
increase MB removal. This reason was maybe the static elec-
tricity mutual action between AC and dye which was con-
trolled by pH value [38]. A similar observation was reported
for MB removal from aqueous solutions in some of the pre-
viously published studies [39,40].

3.6. Effect of contact time

To determine the equilibrium time for maximum
MB removal in the adsorption process, the contact time
(10-90 min) between the dye and the adsorbent prepared,
was investigated. The results are shown in Figs. 7a and b.
According to Figs. 7a and b, the adsorption rate of MB
increased with increasing the contact time from 10 to 90 min.
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Fig. 7. (a) 3D response surface plot and (b) contour plots of MB removal efficiency as a function of contact pH and contact time at

MB concentration (100 mg/L) and adsorbent dosage (6.25 g/L min).

The fast adsorption at the initial stage also may be because
a large number of surface sites are available for adsorption
but after a lapse of time, the remaining surface sites are dif-
ficult to be occupied [41,42]. The amount of dye removal
increases with increasing contact time at all initial dye con-
centrations as reported by previous researchers [37,43,44].

3.7. Optimization

The graphical optimization represents the area of feasi-
ble response values in the factors space as shown in Fig. 8.
The optimum region was identified based on MB removal.
From Fig. 8, the optimum region is covered by contact time
90 min, initial MB 100 mg/L, AC dosage 12.25 mg/L and
initial pH 11.

3.8. Kinetic studies

Predicting the rate of adsorption is one of the most
important factors in the design of the adsorption system.
To study the mechanisms of adsorption, different kinetic

models have been proposed [45]. In present work, the
adsorption kinetics was studied with the pseudo-first-order
and the pseudo-second-order models. The non-linear form
of pseudo-first-order equation can be calculated using Eq. (4):

log(q, —q,) =logg, )

K,
2.303
where g, and g, are the amounts of dye adsorbed (mg/g) at
time ¢ (min) and equilibrium, respectively and k, is the rate

constant of adsorption (min?).
The pseudo-second-order equilibrium adsorption model
[31] is given as (Eq. (5)):

N . 5)
9, ka4,

where k, (g/mg min) is the rate constant of second-order
adsorption. In recent years, a pseudo-second-order expres-
sion has been successfully used to the adsorption of dyes,
metal ions, oils, herbicides, and organic substances from
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aqueous solutions [46]. According to Fig. 9, the pseudo-
second-order kinetic model (R? = 0.993) has a good fit with
experimental data.

3.9. Equilibrium adsorption isotherm

The study of adsorption isotherms can provide infor-
mation about the adsorbate distribution between the solid
phase and the liquid phase when the adsorption process
reaches equilibrium. Various mathematical models are
used to describe the experimental data for adsorption iso-
therms. The equilibrium characteristics of this adsorption
study were investigated with Freundlich and Langmuir equa-
tions. The Langmuir isotherm model assumes monolayer

(a) 4 -
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%
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£ .
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Fig.9. (a) Pseudo-first-order and (b) pseudo-second-order kinetic
plots for the adsorption of MB onto the prepared adsorbent.

coverage of adsorbent and adsorption occurs over specific
homogenous sites on the adsorbent [47]. The linear form of
the Langmuir isotherm model can be expressed as Eq. (6):

c. Cc 1
=+

9. 4, 9.%K,

(6)

where C, (mg/L) is the equilibrium concentration of MB in
solution, g, and g, are the monolayer adsorption capacity
(mg/g), and amounts of MB (mg/g) adsorbed on adsorbent
respectively. K, is the Langmuir binding constant [48]. A
plot of g, against C, gave a fitted curve, and the Langmuir
constants were generated from the plot of sorption data.
The linear form of the Freundlich isotherm is given as
Eq. (7) [49]:

Ing, :1nkf+llnCy (7)
n

The n and K, parameters in the Freundlich isotherm show
adsorption intensity and the adsorption capacity of the sys-
tem. Also, the value of 1/n shows the desirability of the sor-
bent/adsorbate systems.

The Langmuir and Freundlich isotherms obtained in
the present work are shown in Fig. 10. The parameters
obtained from Fig. 10 are summarized in Table 3. The results
show that the constant equilibriums of dye removal are con-
formed to Langmuir isotherm with correlation coefficient
R?=0.97, so, monolayer type adsorption was obtained. The
Langmuir isotherm model fits the data very good maybe
because active sites are homogeneously distributed on the
surface of the adsorbent. The coefficient of separation param-
eter R, is one of the parameters of the Langmuir equation
that describes the type of adsorption process. The type of
isotherm was determined by the amount of R,. In differ-
ent amount of R, including R, =0,0<R, <1,1=R,1<R,
the type of adsorption is irreversible adsorption, favorable
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Fig. 10. Isotherm plots (a) Langmuir and (b) Freundlich and
for MB adsorption onto the prepared adsorbent.

Table 3
Langmuir and Freundlich parameters for MB adsorption on the
AC/Fe®

Langmuir Freundlich
LS q,(mg/g)  B(L/mg) R K, 1/n
0.9723 44.075 0.0167 0.57 16.64 8.94

adsorption, linear adsorption, and unfavorable adsorption,
respectively [50]. According to the study of adsorption iso-
therms, the amount of R, for MB adsorption is calculated to
be 0.16, which indicates the MB is well absorbed on AC/Fe®
composite.

4. Conclusion

The AC/Fe’ adsorbent was prepared by loading nanoscale
Fe® onto AC and its performance for MB removal from aque-
ous solution was investigated by batch adsorption experi-
ments. To obtain the optimal conditions for dye adsorption
the effect of adsorption dosage, initial concentration MB, ini-
tial pH, and contact time on dye removal were investigated
by RSM. The results showed that the adsorbent produced
from grape waste has a good effect on the MB removal from
aqueous solution. Also, the results show that the adsorp-
tion process follows the pseudo-second-order equation and
adsorption data was well matched to the Langmuir models.
This study provided a feasible approach for dye removal by
magnetically separable adsorbent.
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