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Abstract—This study evaluated the efficiency of the heterogeneous Fenton process using magnetic activated carbon
catalyst produced from date palm waste in removing direct dye from aqueous solutions. The experimental runs and
optimal conditions for the effect of contact time, solution pH, catalyst dose, and persulfate dose were determined based
on the Box-Behnken design under response surface methodology (RSM). FTIR, FESEM, XRD, EDS, BET, and VSM
analyses were used to investigate the characteristics of the catalyst. The analysis of variance (ANOVA) verified that the
selected statistical model with R* 0.95, p-value<0.0001, and F-value 58.67 was significant. The results of optimal condi-
tions showed that at a dye concentration of 50 mg/L, catalyst dose 0.96 g/L, persulfate dose 9.7 mM, pH 7 and contact
time 84 min, maximum removal efficiency of DR80, DB80, DBw103 and COD was 92.69, 97.07, 73.85, and 60%,
respectively. After five cycles of catalyst regeneration, the results showed that the catalyst could be utilized several times

effectively for dye removal.

Keywords: Box Behnken Design, Direct Dye Removal, Heterogeneous Fenton Process, Magnetic Activated Carbon Cata-
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INTRODUCTION

Environmental pollution caused by the discharge of effluents con-
taining organic dyes into water has become a global issue that seri-
ously endangers human health [1]. The textile industry can be
considered one of the industries in which wastewater has a signifi-
cant potential for pollution [2]. About 10% of the dyes used in
these industries are discharged into the environment [3]. Azo dyes
are the largest group of synthetic dyes [4-6], and 70-60% of the total
consumption of available dyes is related to them [7].

Azo dyes are toxic due to the presence of aromatic amine groups
in their structure and have harmful effects on human health and
the environment [8,9]. Most direct dyes, such as Direct Red 80
(DR80) used in the present study are azo dyes commonly used in
the textile industry [10]. Azo dyes are widely used in the textile,
paper, food, leather, and cosmetic industries [11,12]. Some dyes can
lead to severe damage to humans such as kidney dysfunction [13],
central nervous system damage [14] and prolonged contact causes
damage to the respiratory system and skin allergies (dermatitis)
[5:8,13] as well as Tachycardia (rapid heartbeat) and eye burns [13].
Their excretion into the hydrosphere, even at very low concentra-
tions, disrupts photosynthesis [1] and adversely affects aquatic life
[2].

Various methods for dye removal have been applied to reduce
its impact on the environment, including coagulation, filtration, ion
exchange, biological treatment, electrolysis, activated sludge, and sol-
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vent extraction [4,7]. Problems due to these methods are high cost,
disposal of toxic by-products, lack of effective dye reduction [15],
the unwanted odor of the fermentation process and production of
large amounts of sludge [14], relative inefficiency and time-consum-
ing [16]. So, textile wastewater treatment is still a major constraint.

Recently, advanced oxidation processes (AOPs) due to the pro-
duction of highly potent oxidizing species (OH', SO}, O5) and their
ability to degrade highly emerging contaminants have been consid-
ered [16-19]. Fenton oxidation is a simple process of advanced cat-
alyst-based oxidation. Compared to other AOPs, Fenton processes
have a wide range of applications, simple operation, degradation and
rapid mineralization [15], high performance, simplicity and non-
toxicity [20].

To overcome the disadvantages of the homogeneous Fenton pro-
cess, such as limited optimal pH (2-4) [21], high operating costs,
production of large amounts of iron sludge [22-24] and problems
in catalyst recycling [16,20], heterogeneous Fenton processes have
been developed in recent years. Sreej et al. investigated homogeneous
and heterogeneous photo-Fenton processes for textile wastewater
treatment. The heterogeneous process showed the highest removal
efficiency under the optimum conditions with COD and dye removal
(62% and 85%, respectively). Also, for the homogeneous photo-Fen-
ton process, COD and dye removal reached 47% and 82%, respec-
tively [25].

H,0, has long been utilized in Fenton systems to generate (-OH")
radicals. However, there are drawbacks to this system [18]; H,O, is
a costly and dangerous chemical [26], high performance in lim-
ited pH (2-4), instability of H,O, during transportation and stor-
age, and high consumption of H,O, during work [18]. Sulfate-based
AOPs (SR-AOPs) are increasingly being considered a suitable alter-
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native to H,0,-based Fenton due to their many advantages over
hydroxyl radical-based (-OH) processes. Recent studies show that
sulfate radicals are more effective than hydroxyl radicals in remov-
ing dyes in the aqueous system [27].

Activated carbon is one of the options considered by research-
ers due to its porous structure, high specific surface area, abundance
of surface functional groups and high adsorption capacity for pol-
lutant removal [1,3,7]. However, the cost of producing activated
carbon is very high. Hence, agricultural waste is known as a suit-
able alternative for the production of cost-effective activated car-
bon [3,4,7]. Agricultural waste from readily available sources such
as barley husk, wheat straw; almond gum, garlic straw [4], and rice
husk [16], has been successfully applied to remove dyes from aque-
ous solutions. Iran is the third-largest producer of dates in the world.
Only 5 percent of the waste produced by date palm trees is used
beneficially in Iran; the rest is burned or disposed of in the envi-
ronment, which is an environmental challenge [28]. Changing
date palm waste to valuable products such as activated carbon and
its application for pollutants removal from the aqueous solution
will reduce the related environmental problems.

One of the most important disadvantages of using activated car-
bon (AC) is its difficult separation and removal from the water after
the experiments. The use of magnetic nanoparticles for wastewa-
ter treatment in addition to their potential to treat large amounts
of wastewater in a short duration has been considered due to the
easy preparation and easy separation [29], as well as the possibil-
ity of reusing the catalyst during the experiment [26].

The aim of this study was to investigate the efficiency of the het-
erogeneous Fenton process using magnetic activated carbon cata-
lyst produced from date palm waste in direct dye removal from
aqueous solutions, which has not been considered till now. Also,
the most important operating parameters, including contact time,
solution pH, catalyst dose, and persulfate dose optimized by statis-
tical models and the interaction effect of the parameters, were inves-
tigated.

MATERIALS AND METHODS
1. Materials

Materials required in this study included phosphoric acid (H;PO,)
with 85% purity, hydrochloric acid (HCI), potassium persulfate

Table 1. Properties of direct Red 80
Dye C. L Direct Red 80
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Molecular weight (g/mol) 1,373.07
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Table 2. Properties of direct Blue 80

Dye C. I Direct Blue 80
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Chemicalstructure 9 d Il o B
emical structure N \
NaO;S  OH N Q
. Y
SO3Na
Chemical formula C;,H,,Cu,N,Na,O,S,
Amax (nm) 570
Molecular weight (g/mol) 1057.8

Table 3. Properties of direct brown 103
Dye C. L. Direct Brown 103

Cl OH
HQ
N, SO3Na
Chemical structure N a:> N

NaOs¢
Chemical formula C,sH,sCIN;Na;O,;S;
Amax (nm) 430

Molecular weight (g/mol) 806.04

(K,S,04), ferrous sulfate (FeSO,-7H,0), ferric chloride (FeCl,-
6H,0), sodium hydroxide (NaOH), and ethanol were from Merck
Co, Germany. COD vial (150 mg/L) provided from HACH, USA.
Direct Red 80 (DR80) (Table 1), Direct Blue 80 (DB80) (Table 2),
and Direct Brown 103 (DB103) (Table 3) were purchased from
CHT/BEZEMA Co.
2. Synthesis of Activated Carbon from Date Palm Tree Wastes

Date palm tree fibers, after collection, were washed several times
with water to remove dust and contaminants, then crushed and
placed in the oven at 120 °C for 2 hours, until completely dry. Then,
in a ratio of 1: 1, concentrated phosphoric acid was added to the
fibers and placed at 120 °C for 12 hours, then placed in a furnace
at 500 °C for 90 min under nitrogen gas until activated. After that,
hydrochloric acid 0.1 M was added to the activated carbon and
boiled on the heater for 20 min, then removed from the heater and
the activated carbon was separated and rinsed several times with
hydrochloric acid 0.1 M and then rinsed repeatedly with distilled
water to remove CI ions from the activated carbon and neutralize
the pH. The product was finally placed in the oven at 120 °C for
12 hours to dry [30]. Fig. 1 shows the changes from date fibers to
activated carbon.
3. Magnetic Activated Carbon

First, 0.92 g of FeCl,-6H,O and 0.7 g of FeSO,-7H,0 was dis-
solved in distilled water separately and the prepared solutions were
placed under nitrogen gas. The above solutions were added to a
flat bottom balloon and mixed together for 30 min on a mechani-
cal stirrer (MIXT250M, Sanat Ceram, Iran). After that, 1 g of the
synthesized activated carbon was added to distilled water and placed
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Fig. 1. Changes in date palm fiber during the production of acti-
vated carbon, (a) Palm fiber, (b) Phosphoric acid and palm
fiber, and (c) Activated carbon (AC).

under sonication (TI-H-5, Elma, Germany), then added to the above
solution and stirred for 30 min. After this step, about 10 mL of 10 M
NaOH was added dropwise to the above solution to bring the pH
above 10. After that, it was left for an hour to cool down and reach
ambient temperature. At this stage, the magnetic-activated carbon
particles were separated by a magnet and rinsed frequently with dis-
tilled water to bring the pH dlose to neutral. Finally, the particles were
dried in an oven at 50 °C overnight [31].
4. Catalyst Specifications

To study the functional groups of particles Fourier transform
infrared spectroscopy (FTIR, AVATAR, USA) was applied. The size
and morphology of particles using a field emission scanning elec-
tron microscope (FE-SEM, MIRA III, TESCAN) were determined.
The specific particle surface area was ascertained by BET analysis
(BET, BELSORP MINI II, Japan), and the chemical composition of
the particles by X-ray diffraction analysis (XRD, PW1730, PHILPS,
Netherlands) was determined. Energy-dispersive X-ray spectros-
copy (EDS, MIRA III SAMAX detector, TESCAN, Czech Republic)
was applied for elemental analysis of the catalyst and the magnetic
properties of particles were analyzed by a vibrating sample magne-
tometer (VSM, LBKFB, Meghnatis Daghigh Kavir Co, Iran).
5. Heterogeneous Fenton Experiments

The stock solution was prepared from direct dye at a concentra-
tion of 1,000 mg/L by mixing the dye powder with distilled water,
and from this solution, the required concentrations were prepared.

To start each experiment, 100 mL of a sample with a specified
concentration of DR80 was poured into a 250 cc Erlenmeyer flask
and the catalyst dose was carefully weighed by a digital scale (HR200,
A&D, Japan) and added to the sample. To adjust the pH, 0.1 M
NaOH solution and 0.1 M H,SO, solution were used and the pH
was measured by a pH meter (L2012, Labtoron, Iran). Then a spe-
cific amount of persulfate (PS) was added to the solution. The sam-
ples were mixed on an incubator shaker (INNOVA 40, Eppendorf,
Germany), and at the specified time, 10 mL of the sample was taken
and ethanol was added to stop the reaction, then the catalyst with

the magnet was removed from the solution and the DR80 residue
was read by spectrophotometer (DR6000, HACH, USA) at 528
nm. Under optimal conditions, COD removal efficiency was also
measured. From the initial concentration and residual concentra-
tion of dye and COD in each step, the percentage of dye and COD
removal in that experiment was calculated by Eq. (1).

C —
%R:( "C %XIOO (1)

0

In this equation, C, represents the initial concentration of DR80
dye or COD, and C represents the final concentration of dye or COD
at any time, %R is the percentage of removal.

6. Experimental Design

Box-Behnken design under response surface methodology (RSM)
was used to determine the number of experiments and to con-
sider the effect of combining independent variables on the depen-
dent variable and data analysis. Experiments based on the range of
each variable including pH (3, 5.5, and 8), catalyst dose (0.2, 0.6,
and 1 g/L), activator dose (1, 5.5, and 10 mM) and contact time (2,
46, and 90 min) was identified. Variables ranges were selected based
on literature review and expert knowledge relevant to the hetero-
geneous Fenton process and used for the dye removal. After the
optimal conditions were determined, the effect of temperature (at
20, 30, 40, and 50 °C) and dye concentration (10, 25, 50, and 100
mg/L) on dye removal efficiency under optimal conditions were
investigated.

RESULTS AND DISCUSSION

1. Characterization of the Catalyst

Fourier transform infrared (FTIR) spectroscopy (Fig. 2) in the
spectral range of 400 to 4,000 cm™" was utilized to identify the bonds
and determine the functional groups at the catalyst. According to
Table 4, the peaks of 2,922.68 cm™' and 2,854.59 cm™" are related
to the C-H bond and the peak at 1,586.22 cm™" was ascertained to
be the C=0 bond. The peak at 3,440.17 cm™" is related to the O-H
bond. Peaks of 2,922.68 cm™" and 2,854.59 cm™" indicate the pres-
ence of C-H functional groups on the surface of the AC/Fe;O, cat-
alyst. Peak 1,078.93 cm™" belongs to the C-O group [31]. The peak
of 581.42 cm™" is attributed to the Fe-O bond, which confirms the
presence of Fe;O, in the structure of the catalyst [31,32].

The image and size of the magnetic particles were examined by
field emission scanning electron microscopy (FE-SEM). As can be
seen in Fig. 3, the Fe;O, nanoparticles on the surface of AC have a

Table 4. Functional groups of AC/Fe;O,

Functional groups Wavenumber (cm™)

Literature [33]

O-H Stretching 3,300-3,600 3,440.17
C-H Stretching 2,850-2,970 2,854.59-2,922.68
C=0 1,540-1,800 1,586.22
O-H Bending 1,500-1,600 1,586.22
C-O 1,050-1,330 1,078.93
Fe-O 500-610 581.42

Korean J. Chem. Eng.(Vol. 40, No. 11)
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Fig. 2. FTIR spectrum of AC/Fe;0, catalyst.
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Fig. 3. FE-SEM images of AC/Fe;O,.

spherical shape and size in the range of 52-87 nm. The morphol-
ogy of the AC surface is a solid that is heterogeneous but domi-
nated by small particles that tend to be spherical [33].

The magnetic properties of AC/Fe,0O, magnetic activated carbon
particles were evaluated by a vibrating sample magnetometer (VSM),
and the results were plotted as a function of the magnetic field. As
shown in Fig. 4, AC/Fe;O, particles have a magnetic saturation level
of about 17 emu/g. According to the results, AC/Fe;O, particles have
very good magnetic properties and can be easily separated by an
external magnetic field, which indicates that AC/Fe;O, has a high
magnetic sensitivity. Overall, it is clear that AC/Fe;O, can be easily
and quickly separated from the solution and as a recyclable magnetic
catalyst [32] used in aqueous solutions to remove contaminants.

To identify the crystal structure of the catalyst, X-ray diffraction
(XRD) spectroscopy was performed at an angle of 26=10-80. The
highest peaks (Fig. 5) in XRD analysis at 26=30.31, 35.81, 4346,
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54.26, 57.31, and 62.96 degrees, confirm the presence of Fe;O, nano-
particles in AC/Fe;0O, [32]. Also, a peak at the angle of 28.06 degree,
indicates that the carbon is amorphous [33].

Specific surface area, volume and average pore diameter on AC/
Fe,0, were measured by BET analysis, and the results (Table 5)
showed that the specific surface area of magnetic particles was
1,220.8 m’/g. The pore volume at relative pressure (P/P,) 0.990 was
0.8064 cm’/g. According to the TUPAC dlassification, (micropore
(d<2 nm), mesopore (2<d<50 nm) and macropore (d>50 nm), the
average pore size of catalyst in BET analysis is equal to 2.642 nm

Table 5. BET and structural specifications of AC/Fe;O,

a, per 1,220.8 (m*/g)
Total pore volume (P/Py=0.990) 0.8064 (cm’/ 2)
Mean pore diameter 2.6422 (nm)
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Fig. 4. VSM diagram of AC/Fe;O, particles.
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Fig. 5. XRD pattern for AC/Fe;0,.

and in the range of mesopores [34,35]. The pore size of magnetic
activated carbon produced from palm kernel shell has been reported
3.39 nm, which is in the range of mesopore size [36].

EDS analysis was used to determine the elements in the synthe-
sized catalyst structure. The results of the AC/Fe,O, catalyst analy-
sis indicate (Fig. 6) the presence of elements such as iron and oxygen,
both of which are the main elements of the process of magnetiza-
tion of activated carbon [32,37]. Also, the weight percentage of ele-
ments in the catalyst structure showed that the amount of carbon,
oxygen and iron was 26.17, 28.76 and 45.07%, respectively, and the

elements were well dispersed according to the EDS maps (Fig. 7).
Similar findings have been observed for magnetic activated car-
bon prepared from chestnut shell waste [38].

Jafari et al. studied removing tetracycline by the AC/Fe,O,/PS
system in the Fenton-like process; they used VSM analysis to find
the magnetic properties of AC/Fe;O,. The results showed that the
magnetic saturation level in AC/Fe;O, was around 6.6 emu/g. How-
ever, observations showed that the magnetic response was good
when the catalyst was placed near the magnet. XRD analysis was
performed in the range of 10-70°. The results for Fe,O, showed sharp

Korean J. Chem. Eng.(Vol. 40, No. 11)
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Fig. 7. EDS mapping: (a) Catalyst surface, (b) Iron, (c) Oxygen, and (d) Carbon.

peaks with 26 values of 30.07 (220), 35.44 (311), 43.15 (400), 54.6
(422), 56.99 (511) and 62.6 (440) degrees in accordance with the
standard (JCPDS No 19-0629) the cubic structure of Fe;O, nano-
particles was confirmed [37].
2. Box-Behnken Design

Based on the Box-Behnken design, 29 experiments were per-
formed to assess DR80 dye removal by heterogeneous Fenton pro-
cess using magnetically activated carbon catalyst, and the results
are presented in Table 6.
3. Statistical Analysis

The analysis of variance results are presented in Table 7. The P-
value less than 0.0001 and the Lack of fit above 0.05 [39] and the
high F-value of 58.67 indicate the model is statistically acceptable
[40,41]. Also, the value of R* (R-Squared) is high and close to one.
According to Table 7, the regression coefficient R of the model was
0.951, which is an acceptable result [42]. In the table, codes A, B,
C, and D represent the independent variables of pH, catalyst dose,
activator dose, and contact time, respectively.

The data obtained from the experiments were analyzed and the
dye removal efficiency in different conditions was estimated by a
second-order polynomial model according to Eq. (2):

November, 2023

Removal (%)=+53.12+1.57*A+16.80*B+12.45*C+16.52*D
+4.02% A*C+4.77*B*C—3.94*B*D—3.95*C )

In this equation, the effect of each variable is denoted by a posi-
tive sign (+) or a negative sign (—). A, B, C, and D represent the
coded value of independent variables, such as pH, catalyst dose,
activator dose, and contact time, respectively. According to the results,
all studied independent variables have a positive effect on dye re-
moval. Based on the results, the optimum conditions to reach the
highest dye removal efficiency were catalyst dose 0.96 g/L, activator
dose 9.7mM, pH 7 and contact time 84 min. At this condition,
maximum dye removal was 92.69%, which was very close to the
predicted value of 93% by the model. To show the power of the
heterogeneous Fenton process (activator+catalyst) for dye removal,
at the optimum condition, the dye removal efficiency was evalu-
ated in two states: the absence of the catalyst and another in the
absence of the activator. In the absence of the catalyst and activator,
the dye removal efficiency was 7.93 and 13.22%, respectively. These
results indicate the catalyst in the presence of activator during the
heterogeneous Fenton process can remarkably remove direct dye
as high as 92.69%.
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Table 6. Results for DR80 removal

Catalyst ~ Activator ~ Time  Dye removal
Run pH .
(g/L) (mmol) (min) (%)
1 55 1 10 46 84.64
2 8 1 55 46 70.81
3 55 0.6 5.5 46 49.54
4 5.5 1 5.5 90 78.21
5 3 1 5.5 46 65.58
6 55 1 1 46 55.06
7 55 0.6 55 46 51.33
8 5.5 0.6 5.5 46 50.25
9 55 0.2 10 46 36.53
10 55 0.6 10 90 78.36
11 3 0.6 1 46 36.95
12 3 0.2 5.5 46 28.85
13 3 0.6 10 46 55.47
14 5.5 1 5.5 2 55.37
15 8 0.6 10 46 70.12
16 5.5 0.2 55 90 59.60
17 8 0.6 55 90 72.47
18 8 0.2 5.5 46 36.03
19 5.5 0.2 5.5 2 21.02
20 5.5 0.6 5.5 46 58.71
21 55 0.2 1 46 26.02
22 8 0.6 55 2 36.70
23 55 0.6 1 90 47.12
24 3 0.6 5.5 2 38.04
25 5.5 0.6 10 2 44.62
26 3 0.6 5.5 90 77.93
27 8 0.6 1 46 35.54
28 5.5 0.6 1 2 19.66
29 5.5 0.6 5.5 46 52.64

Fig. 8 was drawn to determine the accuracy of the model. Accord-
ing to Fig. 8(a), the observed values and the predicted values (by

Table 7. ANOVA results for dye removal efficiency

the model) of direct red 80 dye removal have a high correlation.
Fig. 8(b) shows the distribution of residuals. The data distribution
is normal and the data is well distributed around a straight line.
Fig. 8(c) shows the random distribution of the residuals in the range
of —3 and 3, which shows the good quality of the model in pre-
dicting removal efficiency.
4. Influence of Heterogeneous Fenton Process Parameters on
Dye Removal Efficiency

Three-dimensional diagrams show the interaction effect of inde-
pendent parameters on dye removal at the heterogeneous Fenton
process. Fig. 9((a) to (f)) shows the interaction of pH and catalyst
dose, pH and activator dose, pH and contact time, catalyst dose and
activator dose, catalyst dose and contact time, and activator dose
and contact time, respectively.
5. Effect of pH on Removal Efficiency

This study investigated the removal efficiency of DR80 by per-
sulfate-based heterogeneous Fenton process at different pHs in the
range of 3 to 8. In contrast to homogeneous Fenton, whose perfor-
mance is limited to low-range pH, persulfate-based heterogeneous
Fenton showed good efficiency in a wide range of pH and the results
revealed that pH variation had a slight effect on DR80 removal effi-
ciency. Zhang et al. used the heterogeneous Fenton process to
degrade tetrabromo bisphenol A by Fe;0,@B-CD/MWCNT nano-
composite. The results show that the degradation efficiency of bisphe-
nol A increases with decreasing pH [22]. In Zhang et al’s study,
they applied the heterogeneous Fenton process to remove fluco-
nazole with Cu-V bimetallic catalysts. The results showed that the
degradation efficiency decreased with increasing pH. At pH 3 for
60 min, the contaminant was completely removed. However, at
pH 5, 7, and 9 the fluconazole oxidation efficiency remained above
90% and the wide pH adaptation to the CuVOx/H,O, system
may be attributed to vanadium due to the formation of multiple
active centers on the catalyst surface [43]. Note that in this study,
potassium persulfate was used to activate the heterogeneous Fen-
ton process, which may be an influential factor in the pH of the
neutral range.
6. Effect of Catalyst Dose on Removal Efficiency

The effect of AC/Fe;O, catalyst dose on DR80 removal effi-

Sum of

Degree of

Mean

Source F-value p-Value Status
squares freedom square

Model 8,879.65 8 1,109.96 58.67 <0.0001 Significant

A 29.67 1 29.67 1.57 0.2249

B 3,387.55 1 3,387.55 179.05 <0.0001

C 1,859.78 1 1,859.78 98.30 <0.0001

D 3,275.59 1 3,275.59 173.13 <0.0001

AC 64.48 1 64.48 341 0.0797

BC 90.92 1 90.92 4.81 0.0404

BD 61.94 1 61.94 3.27 0.0855

c 109.72 1 109.72 5.80 0.0258

Residual 378.40 20 18.19

Lack of fit 324.62 16 20.29 1.51 0.3731 Not significant

Cor total 9,258.04 28

Korean J. Chem. Eng.(Vol. 40, No. 11)
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Fig. 8. Actual DR80 removal values versus predicted values (a), Normal probability (b), and Random distribution (c).

ciency was investigated and based on ANOVA results, AC/Fe;O,
catalyst dose is the most effective parameter on dye removal. The
dye removal efficiency increases with increasing catalyst dose from
0.2 to 1 g/L. Zhang et al. used the heterogeneous Fenton process to
degrade tetrabromobisphenol A by Fe;0,@B-CD/MWCNT nano-
composite. The results showed that by increasing the catalyst dose
from 0.2 to 0.5 g/L, the degradation efficiency of TBBPA improved
from 44.1 to 89.7% [44]. Yang et al,, on the degradation of 4-chlo-
rophenol (4-CP) with Zn,-CNTs-Fe;O, catalyst in the heterogeneous
Fenton process, showed that increasing the dose of Zn,-CNTs-Fe;O,
from 0.5 to 2g/L efficiency enhanced and the highest removal
efficiency of 99% was observed after 20 min with a catalyst dose of
2g/L [20].
7. Effect of PS Dose on Removal Efficiency

The effect of PS dose on DR80 dye removal efficiency was investi-
gated and the results showed that DR80 removal efficiency increased
with increasing PS dose from 1 to 10 mM. Persulfate is a source of
sulfate radicals and more sulfate radicals are produced at higher
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doses of persulfate according to Egs. (3) and (4).

S,07 +Fe** >80 +SOZ +Fe™* (3)

(O]

In the study of Lie et al,, the decolorization efficiency of AO7 in
the Fe™'/H,A/PS system increased from 67.8 to 92.5% by increas-
ing the concentration of persulfate from 2 to 2.5mM [45]. These
results are consistent with the results presented in other articles [46,
47]. The rise in sulfate radical activity compared to hydroxyl radi-
cals is due to its longer lifespan; this increase in lifespan increases
the effective collision between pollutant molecules and sulfate rad-
icals compared to hydroxyl radicals [48].
8. Effect of Contact Time on Dye Removal Efficiency

The contact time varied between 2-90 min and the DR80 removal
efficiency was enhanced with increasing contact time. Also, the
decolorization efficiency was measured under optimal conditions
during different contact times to study the kinetic of the reaction.

SO; +Fe*—>80; +Fe’
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Fig. 9. Interaction of (a) Catalyst dose and solution pH, (b) Activator dose and solution pH, (c) Reaction time and solution pH, (d) Catalyst
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The results showed that by increasing the contact time, the decol- the sulfate radicals are longer in contact with the contaminant, and
orization efficiency improved from 37.1 to 92.69%. This is because the efficiency enhances [46,47]. Also, the results followed pseudo-
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Fig. 10. Second-order kinetic plot in the optimal condition of the
heterogeneous Fenton process.

second-order kinetic (R 0.96) according to Fig. 10 and the kinetic
rate constant was 0.0027.
9. Effect of Temperature on Dye Removal Efficiency

Under optimal conditions, the effect of temperatures of 20, 30,
40 and 50 °C was investigated on dye removal. According to Table
8, with raising temperature from 20 to 50 °C, the efficiency increased
from 87 to 98%, but with increasing temperature from 40 °C to
50 °C, no significant change was observed. The lifespan of persul-
fate and consequently sulfate radicals is relatively short at high tem-
peratures [49]. Also, the effect of temperature on dye removal in
the heterogeneous Fenton process can be explained by the two main
processes involved: oxidation and coagulation. High temperature
increases the kinetic energy and collision frequency of particles,
which favors the rate of oxidation [50]. In the study of Kartal et al.
in the temperature range of 45-60 °C with 2 mM Na,S,0; and the
RR239 dye concentration of 40 mg/L, the degradation efficiency
increased with raising of temperature up to 55 °C and no increase
in efficiency was observed at higher temperatures [51].
10. Effect of Dye Concentration on the Removal Efficiency

At optimal conditions, by increasing the dye concentration from
10 to 25 mg/L, the efficiency was enhanced from 93 to 96%. How-
ever, by increasing the dye concentration from 25 to 100 mg/L, the
process efficiency decreased from 96 to 69%. The rise in removal
efficiency with increasing the initial dye concentration from 10 to
25mg/L is mainly due to the increased effective collision between
free radicals and dye molecules [52]. In a study by Hadi et al. for
the removal of MB by heterogeneous Fenton-like process with

100 +

80 -

60 -

40

20 -

0 ~ i i i i ™~
1 2 3 4 5

Cycle

DR80 dye removal (%)

Fig. 11. Reuse of AC/Fe;O, magnetic activated carbon catalyst for
dye removal (catalyst dose 0.96 g/L, activator dose 9.7 mM,
PH 7, and contact time 84 min).

persulfate activator, the results showed that with increasing MB
concentration, the degradation efficiency decreased. High MB con-
centrations are likely to play an inhibitory role and reduce the amount
of SO; radicals [47]. In AOPs, as the dye concentration increases,
the various intermediates formed by the degradation of the pri-
mary dye may interfere with the desired oxidation. Such an event
will be more obvious in the presence of a high level of degrada-
tion mediators caused by increasing dye concentration [53].

11. Reusability of AC/Fe;0, Catalyst

In this study; the regeneration process was conducted in five cycles
and the DR80 removal efficiency in each cycle was measured and
presented in Fig. 11. According to the findings, DR80 dye removal
efficiency in the heterogeneous Fenton process decreased from
92.69 to 55% after 5 cycles. These results indicate that AC/Fe;O, can
be used for several consecutive cycles with recyclability, as well as
the ability to reuse the catalyst reduces the operating costs of waste-
water treatment plants. However, the decrease in DR80 removal
efficiency can be attributed to the mass loss of AC/Fe;O, during
the regeneration process. In addition, the reduction in removal effi-
clency in the regeneration process could be due to the loss of cata-
Iytic active sites in the washing stages of the catalyst. The DR80
removal efficiency after several regeneration cydes of the AC/Fe;O,
catalyst is shown in Fig. 11.

Khodadadi et al. investigated the reusability of FeNi,@SiO,/H,0,
catalyst in the heterogeneous Fenton process by measuring the
removal efficiency of tetracycline (TC) in five cycles. Due to the
loss of catalyst mass during washing and regeneration, the TC degra-
dation efficiency decreased from 87 to 77% [54]. In a study by

Table 8. Effect of temperature under optimal conditions on dye removal efficiency (catalyst dose 0.96 g/L, activator dose 9.7 mM, pH 7, and

contact time 84 min)
Run Temperature H Catalyst Activator Contact Dye removal
(°C) P (g/L) (mM) time (min) efficiency (%)
1 20 7 0.96 9.7 84 87.07
2 30 7 0.96 9.7 84 92.74
3 40 7 0.96 9.7 84 98.63
4 50 7 0.96 9.7 84 98.71
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Fig. 12. Effect of heterogeneous Fenton process under optimal conditions on direct dyes removal (catalyst dose 0.96 g/L, activator dose
9.7 mM, pH 7, and contact time 84 min): (a) DR80, (b) DB80, and (c) DB103.

Table 9. Efficiency of various catalysts used for dye removal

Catalyst Dye Dye removal efficiency (%) Reference
MnFe,O,-GO Rhodamine B 97 [55]
Vermiculite Ponceau SS 92.4 [56]
Fe;O, nanoparticles Methyl orange 86.6 [57]
Fe,0,/rGO Reactive red 195 93.3 [58]
AC/Fe;O,/PS Direct blue 80 97.07 This study

Kakavandi et al. to remove tetracycline from the AC/Fe;O,/PS sys-
tem in a Fenton-like process, catalyst reuse was performed in five
cycles and the efficiency decreased from 99.8 to 93.2% [37].

12. Removal of Different Direct Dyes

This study demonstrates the effective removal efficiency of DR80
using the AC/Fe,O,/PS system. To generalize the results of this study
the effect of the heterogeneous Fenton process under optimal con-
ditions on direct blue 80 and direct brown 103 dye removal was
investigated. The removal efficiency of direct blue 80 and direct
brown 103 under optimal conditions (catalyst dose 0.96 g/L, acti-
vator dose 9.7 mM, pH 7 and contact time 84 min) was 97.07 and
73.85%, respectively, and the results show that the heterogeneous
Fenton process with AC/Fe;O,/PS system has good performance
in removing other direct dyes (Fig. 12). The difference in dye deg-
radation behavior is probably attributed to the different molecular
structures of the dyes.

The results from this study were compared with the efficiency
of different catalysts in the removal of various dyes using heteroge-
neous Fenton process, and the data given in Table 9. From this table,
it is clear that the AC/Fe;O, catalyst has significantly reduced the
DRSO dye.

CONCLUSION

AC/Fe;0, catalyst was successfully synthesized through a sim-
ple method. The heterogeneous Fenton process with magnetic
activated carbon produced from date palm waste in the presence
of persulfate has a high potential to remove direct dyes from aque-
ous solution. 92.69, 97.07, and 73.85% of Direct Red 80, Direct
Blue 80, and Direct Brown 103 were removed at optimal condi-
tions of catalyst dose 0.96 g/L, activator dose 9.7 mM, pH 7, and
contact time 84 min. Analysis of variance (ANOVA) showed the

accuracy of the proposed model for the degradation of DR80 dye
by the heterogeneous Fenton process (R* 0.951). AC/Fe;0, as a
reusable catalyst not only has a good ability to remove pollutants
but also is also environmentally friendly. After five cycles of cata-
lyst regeneration, the results demonstrated the high ability of the
catalyst for dye removal. It also has good properties such as high
surface area, and good magnetic properties which led to improved
performance.
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