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a b s t r a c t
Azo dyes with a complex aromatic structure released into the environment by various industries 
and make the main concern for humans. In this study, nanoparticles of magnetic Fe3O4 were synthe-
sized with co-precipitation method and employed as an activator for persulfate (PS) for degradation 
of Sunset Yellow (SSY) molecules in the presence of ultrasound irradiation (US). Decolorization 
tests were carried out as a control test with different processes (Fe3O4, Fe3O4/PS, Fe3O4/PS/US, zerov-
alent iron (ZVI)/PS/US, US, and PS). Adsorption study before the oxidation experiments showed 
that the maximum adsorption occurred at an initial 30 min and then reached the equilibrium at 
60 min. In addition, the oxidation experiments revealed that the maximum degradation rate was 
obtained at acidic pH, 0.4 g/L of catalyst dose and 4 mM of persulfate so that at a reaction time of 
120 min, 97.4% of dye with the initial concentration of 20 mg/L was removed. The effect of vari-
ous anions showed that anions especially carbonate acted as a radical scavenger and decreased the 
degradation of dye molecules. Also, the enhancement factor (R = 1.08) indicated that the synergetic 
effect that occurred at Fe3O4/PS/US system and catalytic activity can critically affect the removal 
rate of SSY. The Fe3O4/PS/US system as a promising method could be considered as an efficient and 
effective technique for the degradation of dye molecules of wastewater.
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1. Introduction

Synthetic dyes can be produced and released into the 
environment by various industries such as textiles, paper, 
food and pharmaceutical, and leather and cause concern for 
the environment and human health [1,2]. Azo dyes have a 
complex aromatic structure, which has been widely used for 

different purposes, these types of dyes can be recognized 
with two nitrogen atoms (N=N) and create allergy, skin irri-
tation and enhance mutation and cancer in human beings 
[3,4]. The individual structure of these dyes causes them to 
make them non-biodegradable in aerobic treatment and gen-
erate more hazardous compounds in anaerobic treatment 
[5,6]. Therefore, these compounds should be removed from 
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aqueous solutions with appropriate techniques [7]. In the 
last years, many methods have been taken for dye removal 
from aqueous solutions. These techniques are adsorption, 
advanced oxidation processes (AOPs), photocatalysis, coag-
ulation, and chemical oxidation and membrane filtration 
[3,8]. These methods suffer from some disadvantages such as 
inefficiency for removing pollutants completely, expensive, 
and unavailability in some areas [9]. Adsorption can be con-
sidered as a single, easy operating, and cost-effective pro-
cess for the treatment of dye wastewater. [10]. Among adsor-
bents such as natural zeolite and activated carbon, magnetic 
nanoparticle due to having characteristics such as large 
surface area and high reactivity have been widely used for 
pollutant purification. A combination of new adsorbent with 
strong oxidants could enhance the activation of the persul-
fate (PS) and degradation of resistant compounds [11]. There 
are many experiences about the application of the oxida-
tion process for dye removal. AOPs can accelerate the deg-
radation of toxic and recalcitrant contaminants with the 
generation of reactive hydroxyl (HO•) and other radicals. 
Persulfate (S2O8

2–) is a strong oxidant, which redox potential 
of it is 2.01 V [12–14]. This oxidant is quickly decomposed 
and generates sulfate radical which redox potential of it is 
2.6 V and has a long lifetime (30–40 µs) and higher selectivity 
for the oxidation of contaminants, that can degrade most of 
the organic compounds from aqueous solution at wide pH 
range. Mostly, persulfate can activate with various meth-
ods like transition metals, heat, heterogeneous catalysts, 
and UV irradiation according to Eqs. (1)–(3) [11,12].

M S O SO SO Mn n+ − −• − +( )++ → + +2 8
2

4 4
2 1  (1)

UV S O SO+ →− −•
2 8

2
42  (2)

heat S O SO+ →− −•
2 8

2
42  (3)

There are many studies, which investigate the effect 
of transitional metals on the activation of persulfate. Iron 
is a special transitional metal among other metals due to 
it is naturally abundant, low expenses, and environmen-
tally friendly [11,15]. On the other hand, Fe2+ could rapidly 
convert to Fe3+ and cause to enhance the reaction rate and 
radical production because divalent iron could consume 
the sulfate radical and consequently decrease the oxida-
tion efficiency [13]. Therefore, Fe3O4 as a nanoparticle was 
used to accelerate radical production as a novel approach. 
In this study, the effect of Fe3O4 as an adsorbent and Fe3O4 
in combination with persulfate and persulfate/ultrasound 
(US) was investigated. Moreover, the effect of competitive 
anions, scavenger, recovery of adsorbent, mineralization, 
and kinetic and isotherm study was studied.

2. Material and methods

2.1. Materials

Iron(II) chloride tetrahydrate (FeCl2·4H2O) and Iron(III) 
chloride hexahydrate (FeCl3·6H2O ≥ 98.0%),  sodium hydrox-
ide (NaOH, ≥98.0%), hydrogen peroxide (H2O2, 35%), hydro-
chloric acid (HCl, ≥98.0%), ethanol and the other chemicals 

were purchased from Merck (Darmstadt, Germany). Sunset 
Yellow FCF (SSY) (96% purity, molecular weight 452.36 g/
mol, formula: C16H10N2Na2O7S2), was provided from 
Alvan Sabet Company, Hamadan, Iran. All chemicals were 
analytical grade and used without further purification.

2.2. Synthesis of magnetite nanoparticle (Fe3O4)

Fe3O4 magnetic nanoparticles were synthesized based 
on the co-precipitation method. In this method, ferric and 
ferrous salts were used in the presence of nitrogen gas. 
Summerly, FeCl2·4H2O, and FeCl3·6H2O with a molar pro-
portion of 1:2 (0.6 and 1.17 g, respectively) were dissolved 
at deionized water and agitated for 60 min at 70°C. Then, 
NaOH, 2 M was added to the mixture and agitated as vigor-
ous stirring for 30 min in the presence of N2 gas to achieve 
chemical precipitation (final pH:10) [16,17]. The resulted 
precipitates were separated with an external permanent 
magnet and washed several times with deionized water 
and ethanol solution. Ultimately, magnetic iron nanoparti-
cles (Fe3O4) were dried at 60°C overnight in the oven. The 
synthesis reaction of nanoparticles could be presented 
as Eq. (4) [17]:

Fe Fe OH Fe O H O3 2
3 4 28 2+ + −+ + → +  (4)

2.3. Characterization of Fe3O4

The crystal structure of magnetic nanoparticles was 
determined using X-ray diffraction (XRD) analysis with 
(model PW1730, Philips, Holland). The region of 2θ range 
for  analysis  was  10°  to  70°  with  the  Cu  Kα  radiation 
(λ  =  1,  54051 Å).  The  size  and morphology  of  nanoparti-
cles were recorded with field emission-scanning electron 
microscopy (FE-SEM) (model Mira III, TESCAN, Czech 
Republic). Infrared spectra were employed for determining 
the molecular structure of magnetic nanoparticles through 
Fourier-transform infrared (FTIR) spectroscopy (AVATAR, 
USA). The surface area was determined with Brunauer–
Emmett–Teller (BET, model: BELSORP MINI II, Japan). 
Energy-dispersive X-ray spectroscopy (EDS) analysis was 
applied for determining the composition of adsorbent and 
the magnetic property of nanoparticle was provided with 
vibrating sample magnetometers (VSM, model MDKFD, 
Iran).

2.4. Experiments

All experiments were done at room temperature (25°C ± 
2°C) and batch system including the glass flasks with 
250 mL, which was contain the 100 mL sample. The adsorp-
tion tests were carried out with a variety of effective fac-
tors pH (3–10), initial dye concentration (5–50 mg/L), Fe3O4 
nanoparticle (0.2–0.6 g/L) and contact time (0–60 min). The 
pH of the solution was adjusted with the addition of HCl 
(0.1 M) and NaOH (0.1 M). The mixture was agitated at 
250 rpm for achieving the uniform solution. In addition, 
the oxidation process in the presence of a catalyst (Fe3O4) 
was done at 250 rpm to provide a uniform mixture of 
reagent and solution. Samples were regularly withdrawn 
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from oxidation reactors at a given interval time, quenched 
with Na2S2O3 (0.2 M) quickly, and consequently analyzed 
to determine the residual of dye concentration. The con-
centration of persulfate oxidation at all experiments was 
between 0.5 to 6 mM. During the experiments, ultrasound 
power with 200 W was irradiated to the solution. Also, the 
effect of competition anions (nitrate, sulfate, chloride, and 
carbonate), and scavenger (ethanol) was investigated on the 
removal of dye. In addition, the results of this study (Fe3O4/
PS/US) was compared with the Fe3O4/H2O2/US process. 
Decolorization tests were carried out as a control test with 
different processes (Fe3O4, Fe3O4/PS, Fe3O4/PS/US, zerov-
alent iron (ZVI)/PS/US, US, and PS). Finally, the recovery 
and mineralization tests were done at optimum conditions.

The recovery tests were conducted at optimum con-
ditions on the Fe3O4 nanoparticle for four steps. The cat-
alyst was separated from the mixture after each step, then 
washed with distilled water and was dried for used at the 
next step. The removal efficiency of dye was computed 
according to Eq. (5):

Removal efficiency %( ) = −







×

C C
C

t0

0

100  (5)

where C0 and Ct refer to initial dye concentration and dye 
concentration at time t, respectively. To determine the 
maximum of adsorption wavelength by the dye in this 
study, the adsorption spectrum of dye, in dye concentra-
tion of 100 mg/L, and the wavelength range 200–600 nm 
by spectrophotometer UV/Vis (DR-6000 HACH model, 
USA) was investigated. In this experiment, it observed that 
the maximum absorption spectrum was in the visible area 
(400 nm). So, the wavelength of 400 nm was selected as the 
maximum wavelength.

2.5. Mineralization tests

Mineralization test was carried out based on the degra-
dation of total organic carbon (TOC). TOC was measured 
using a TOC analyzer (Shimadzu VCHS/CSN, Japan). The min-
eralization rate was done at the optimum condition of the 
oxidation process [1].

2.6. Isotherm and kinetic study

The most important models for the evaluation of kinetic 
(pseudo-first-order and pseudo-second-order model) and 
isotherm (Langmuir and Freundlich model) were evalu-
ated for achieving the optimum condition of the adsorption 
process.

3. Results and discussion

3.1. Catalyst characteristics

Fig. 1a shows the XRD pattern of Fe3O4 nanoparticles. 
The  peaks  of  nanoparticles  (2θ  value)  were  changed  from 
0° to 70°. The peaks of 30.37°, 31.9°, 35.62°, 43.44°, 45.7°, 
57.3°, and 62.7° could be contributed to 319.4; 885.4; 1,220.7; 
321.9; 5,513; 334.5 and 447.7 and inverse cubic spinal struc-
ture of magnetic nanoparticles, respectively. These results 
were similar to previously found data for magnetic Fe3O4 

nanoparticles [18]. The sharp and good peaks of Fe3O4 indi-
cated that the nanoparticles synthesized were appropriately 
crystallized and were in a narrow size distribution [16].

FE-SEM could characterize the morphology and size 
of magnetic nanoparticles. Based on the FE-SEM image 
(Fig. 1b), the synthesized magnetic nanoparticles have a 
uniform and semi-spherical morphology. In addition, the 
FE-SEM images present, in which the average size of Fe3O4 
nanoparticle was 31 to 40 nm. Also, the FE-SEM images 
showed that the external surface of magnetic nanoparti-
cles is enough rough to provide more available active sites 
for improving the catalytic reaction for the degrading of 
dye molecules. [1,17]. EDS analysis of Fe3O4 nanoparti-
cles presents some peaks, which related to the Fe and O.  
These results indicated the magnetic Fe3O4 has been 
successfully synthesized in an appropriate form (Fig. 1c).

In addition, the FTIR spectra of Fe3O4 nanoparticles is 
shown in Fig. 2. The FTIR spectroscopy is illustrated some 
adsorption peaks, which were 3,429; 1,608 and 537 cm–1. The 
clear peaks at 3,429 and 1,608 cm–1 are related to the O–H 
stretching vibration and H–O–H bending, respectively. Also, 
the peak of 537 cm–1 could be associated with Fe–O bonds 
[1,19].

The surface analysis of the Fe3O4 nanoparticles was car-
ried out with BET analysis. This analysis was done using 
the adsorption–desorption method by N2 which the results 
of them are shown in Table 1. The specific area of magnetic 
Fe3O4 nanoparticles (as) was 36.07 m2/g. Adsorption/desorp-
tion isotherm of N2 on Fe3O4 nanoparticles and Barrett–
Joyner–Halenda (BJH) pore size distribution is shown in 
Fig. 3a. The image and results of BET analysis (Table 1) 
could be presented in the presence of a hysteresis loop and 
mesoporous structure according to the International Union 
of Pure and Applied Chemistry category [20]. VSM analysis 
could present the magnetic characteristic of obtained Fe3O4 
nanoparticles. The magnetization curve of synthesized 
nanoparticles is shown in Fig. 3b. Based on the results, the 
saturation magnetization of synthesized Fe3O4 nanopar-
ticles in this study was reported to be about 50 emu/g. 
Furthermore, no remanence, coercivity, and magnetic hys-
teresis loop indicated that Fe3O4 had super-paramagnetic 
properties and could be separated from the solution with 
an external magnet [1].

3.2. Isotherm and kinetic of adsorption

The adsorption experiments were employed before 
the oxidative tests due to the determination of the adsorp-
tion process on the dye removal, achieve the equilibrium 
time of SSY adsorption onto magnetic Fe3O4 nanoparticles. 
The results of the adsorption study at various contact time 
for the SSY adsorption is shown in Fig. 4. According to the 
obtained results, the maximum adsorption occurred at an 
initial 30 min and then reached the equilibrium at 60 min. 
In other words, at the first stages of the reaction, there is a 
great number of active adsorption sites on the surface of 
the adsorbent, but these active sites may be saturated after 
30 min by dye molecules and the equilibrium condition of 
the process has been observed [1,20]. In addition, isotherm 
and kinetic studies were carried out to explain the interactive 
behavior of the Fe3O4 nanoparticles and SSY, anticipate the 
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capacity of adsorbent, modeling, and designing the reac-
tions in the reactor. These studies also prepared further 
information related to the adsorption mechanism of SSY 
onto Fe3O4 nanoparticles which are required for predicting 
the rate of adsorption of the SSY onto adsorbent [21,22]. 
Therefore, the most important of isotherm (Langmuir and 
Freundlich models) and kinetic (pseudo-first-order and 
pseudo- second-order models were evaluated based on the 
experimental data, which the results of these models are 
shown in Table 2. Based on the results and correlation coef-
ficient (R2), the Langmuir isotherm can appropriately fit 
with data obtained from experimental data (R2: 0.99). Thus, 

this isotherm could employ for determining the capacity of 
adsorbent and mutual behavior of SSY onto magnetic Fe3O4 
nanoparticles [23]. According to the Langmuir model, the 
adsorption capacity was 58.1 mg/g which shows dye mole-
cules could be adsorbed moderately on the Fe3O4 nanopar-
ticles. On the other hand, the experimental data adherence 
significantly to the pseudo-second-order kinetic model 
(R2: 0.98) to describe the rate of reaction and also uses for 
designing and modeling the reaction occurred in the reac-
tor [22,24]. Moreover, the experimental qe was closer to 
the calculated qe obtained from the pseudo-second-order 
kinetic model, which indicates the results of the kinetics and 

  

 

 

Element Weight (%) 

Fe 70.07 

O 29.93 

a
 

b  c  

Fig. 1. (a) XRD pattern, (b) FE-SEM analysis, and (c) EDS of synthesized magnetic Fe3O4 nanoparticle.
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accuracy of the modeling. Also, the pseudo-second-order 
kinetic model could resound the mechanism of the adsorp-
tion process was chemisorption and exchange the electron 
between Fe3O4 nanoparticles and SSY.

3.3. Effect of experimental parameters

3.3.1. Effect of pH of the solution

Solution pH could influence the characteristics of con-
taminants, the surface of the adsorbent or catalysts, the 
reaction rate and activity also solubility of the oxidant and 
ionization of the oxidants and contaminants. Therefore, this 
parameter can affect the removal efficiency of heteroge-
neous catalytic degradation of the organic compounds and 
dye molecules [25]. The results of the effect of solution pH 
on the removal of SSY is shown in Fig. 5a. In light of the 
figure, the decolorization efficiency of the Fe3O4/PS/US sys-
tem was very fast and decreased critically with an increase 
in pH. As, the removal efficiency of SSY was significantly 
decreased from 90.5% to 42.4%, when the pH enlarged 

from 3 to 10, respectively. At high pH, more degradation of 
SSY occurred at the first 30 min and final removal was at 
120 min. The SSY and persulfate agents are as negative ion 
at the aqueous solution, therefore alkaline pH could have a 
negative effect on the surface charge of activator. This phe-
nomenon could prevent the interaction of magnetic Fe3O4 
nanoparticle and SSY and oxidant agent and then decrease 
in the generation of active radicals and removal efficiency 
of pollutants. Furthermore, a non-radical pathway of per-
sulfate through the self-dissociation process would increase 
at alkaline pH and consequently result in the reduction 
of degradation of dye molecules [22,26].

3.3.2. Effect of Fe3O4 dosage

Catalyst dosage and active sites on the catalysts could 
have a significant effect on the degradation of pollutants 
through catalytic oxidation. More dosage and active sites 
could make a further available surface for oxidation agents to 
decomposed and generation of radical and then improve the 
degradation of pollutants [27]. Furthermore, a high amount 
of catalysts could lead to an increase in the adsorption rate 
of SSY molecules on the surface of the Fe3O4 nanoparticles, 
and then the degradation rate of SSY enhanced via surface 
reactions. The results of Fe3O4 dosage as a catalyst for the 
degradation of SSY (Fig. 5b) present this phenomenon. 
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Fig. 3. (a) Adsorption/desorption isotherm of N2 on Fe3O4 nanoparticles (insert: BJH pore size distribution) and (b) VSM image for 
Fe3O4 nanoparticles for dye degradation.

Fig. 2. FTIR of the synthesized Fe3O4 for dye degradation.

Table 1
BET analysis of magnetic Fe3O4 nanoparticles for dye removal

Parameters Value

Vm (cm3 (STP) g–1) 8.2886
as,BET (m2 g–1) 36.076
C 120.93
Total pore volume (p/p0 = 0.990), (cm3 g–1) 0.2139
Mean pore diameter (nm) 23.714
Pore structure Mesopore
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It can be observed that the degradation and reaction rate 
of SSY accelerated with an increase in catalyst dose [28]. 
The degradation of SSY increased from 52.8% to 90.5%, as 
catalyst dosage increase from 0.2 to 0.4 g/L, respectively. 
However, it can be seen that when the catalyst dosage was 
enhanced from 0.4 to 0.6, the degradation of SSY decreased 
from 90.5% to 82%, respectively. The reason for that could 
be the production of aggregates (self-binding of catalyst 
magnetic nano-particles), recombination of sulfate radical 
at a high dosage of catalysts, and the reaction between extra 
catalysts and sulfate radical according to Eq. (6) [3,22].

Fe SO Fe SO2
4

3
4
2+ • + −+ → +  (6)

In addition, the presence of a further amount of Fe2+ 
ions could cause to occur the scavenging circumstance of 
hydroxyl radicals at high catalyst dosage and reduction of 

the excessive number of reactive radicals without reaction 
with SSY molecules. These reasons could cause to decrease in 
the degradation of SSY removal at a high dosage of magnetic 
nanoparticles [1].

3.3.3. Effect of dye concentration

The concentration of dye could highly affect the degrada-
tion efficiency of magnetic Fe3O4 nanoparticles/PS concentra-
tion. Degradation of a high concentration of dye molecules 
at aqueous solution needs a high number of free radicals, 
which could be achieved at a high concentration of persul-
fate agents. The effect of dye concentration (5–50 mg/L) on 
the degradation of SSY molecules is shown in Fig. 5c. Based 
on the results, a high concentration of SSY had a low deg-
radation rate at constant catalyst and PS concentration. This 
was due to a low amount of persulfate and hydroxyl radical 
available for the degradation of dye molecules [3,29].

3.3.4. Effect of PS concentration

The results of various concentration of persulfate agent 
on the removal of SSY is shown in Fig. 5d. It can be observed 
from Fig. 5d, which the degradation rate of SSY molecules 
at initial times with the increase in PS concentrations from 
0.5 to 4 mM sharply was increased and from 79.1% reached 
97.4%. However, as PS concentration increased from 4 to 
6 mM the degradation rate of SSY molecules was decreased 
and reached 95.6%. The high concentration of persulfate as a 
source of produced free radicals of sulfate in the US/Fe3O4/
PS process could generate a high number of sulfate radicals 
[30]. Anyway, the sulfate and hydroxyl radicals would be 
consumed at an excess amount of persulfate concentration 
through following Eqs. (7)–(9):

SO SO S O4 4 2 8
−• −• −+ →  (7)

S O OH S O OH2 8
2

2 8
− • −• −+ → +  (8)

SO S O SO S O8 2 8 4 2 82−• − − −•+ → +  (9)

  

Fig. 4. Results of adsorption studies in removal of SSY (pH: 5; 
dye concentration: 30 mg/L; Fe3O4 = 0.4 g/L).

Table 2
Results of adsorption isotherm and kinetic models used in the study

Isotherm/kinetic type Equation Constants Value

Freundlich q K Ce f e
n=
1

KF (mg/g(L/mg)1/n) 30.1
n 3.4
R2 0.958

Langmuir q
Q K C
K Ce

m L e

L e

=
+1

Qm (mg/g) 67.56
KL (L/mg) 1.26
R2 0.998

Pseudo-first-order
dq
d

k q qt

t
e t= −( )1

qe,cal (mg/g) 46.7
k1 (min–1) 0.0024
R2 0.983

Pseudo-second-order
dq
d

k q qt

t
e t= −( )1

2
qe,cal 54.34
K2 (g/mg)(min)–1 0.0012
R2 0.988
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On the other hand, the number of active sites on the 
catalyst is another limiting factor. When the amount of cat-
alyst was fixed, the number of active sites could be deter-
mined by the amount of radical generated [26,31].

3.4. Comparison between Fe3O4/PS/US and Fe3O4/H2O2/US

In order to evaluate the decolorization rate of SSY in 
the process used in this study and Fe3O4/H2O2/US process, 
the experiments conducted at fixed pH and initial dye con-
centration. The results of the comparison between Fe3O4/
PS/US and Fe3O4/H2O2/US processes for dye molecules deg-
radation is shown in Fig. 6. The results of this comparison 
showed that the degradation rate of both processes was 
closed to each other; however, the decolorization rate of 
Fe3O4/PS/US (98.5%) was a little more than Fe3O4/H2O2/US 
process (96.8%). This means that a persulfate oxidant could 
be considered as an efficient agent for the degradation of 
organic compounds [1,30].

3.5. Effect of various anions on the decolorization of SSY

Effect of various anions including nitrate, sulfate, chlo-
ride, and carbonate for simulation of real wastewater has 
been investigated on the decolorization rate of Fe3O4/PS/US 
process at optimum condition. The results of various anion 
effects (with a concentration of 10 mM) on this process are 
shown in Fig. 7. It can be seen that the effect of carbonate 
and sulfate anions was much higher than chloride and 
nitrate. The decolorization rate of Fe3O4/PS/US process in 
the presence of nitrate, chloride, sulfate, and carbonate was 
97.7%, 95.7%, 88%, and 75.15%, respectively. Anions could 
act as a radical scavenger and compete with anion dye mol-
ecules and convert to the weaker form of radicals such as 
Cl2

•, But the effect of carbonate was much more than other 
anions due to increasing the pH of the solution and the 
decreasing the oxidation potential of agents as mentioned 
above [32]. The reaction between sulfate and hydroxyl 
radicals and carbonate anion could lead to producing the 
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Fig. 5. (a) Effect of pH (dye concentration: 20 mg/L; Fe3O4 = 0.4 g/L; PS: 2 mM; US: 200), (b) effect of catalyst dose (dye concentration: 
20 mg/L; pH: 3; PS: 2 mM; US: 200), (c) effect of dye concentration (Fe3O4 = 0.4 g/L; pH: 3; PS: 2 mM; US: 200), and (d) effect of PS 
concentration (Fe3O4 = 0.4 g/L; pH: 3; dye concentration: 20 mg/L; US: 200).
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radicals of CO3
• and HCO3

–• which are less active than sul-
fate and hydroxyl radicals. The chloride could react with 
hydroxyl, sulfate radical, and generate free chlorine radi-
cals, which are weaker radicals than sulfate and hydroxyl. 
In addition, anions could be adsorbed on the catalyst sur-
face and occupied the active sites. Therefore, anions could 
act as a scavenger, occupy the active sites of catalysts, and 
increase the pH of the solution, and finally decrease the 
degradation rate of the process [1].

3.6. Effect of scavenger

Ethanol was used as a scavenger agent for detecting the 
free radical at Fe3O4/PS/US process for dye degradation at 
optimum conditions. Fig. 8 can depict the effect of ethanol 
as a scavenger with a concentration of 10 mM on the SSY 
degradation with Fe3O4/PS/US process. As seen, the degra-
dation of SSY molecules declined as ethanol as a scavenger 
was added to the solution. The decolorization rate of SSY 

decreased from 97.4% to 92.4% when scavenger was added 
to the solution of reaction over the 120 min. This means 
that Fe3O4 could adsorb persulfate agents and generate the 
sulfate and hydroxyl radicals (heterogeneous reactions) 
and the reaction between Fe3+ and persulfate molecules in 
the solution could also produce the free radicals (homoge-
neous reactions) [1,33]. These phenomena might accelerate 
the generation of free radicals and then reaction between 
dye molecules and radicals and improve the decoloriza-
tion rate of solution. In addition, trivalent iron could react 
with the excess amount of persulfate and generate the diva-
lent iron and less reactive radicals such as O2

• and HO2
• and 

decrease the degradation rate of dye molecules [34].

3.7. Synergistic effect

The comparison between the efficiency of the various 
process was carried out through some experiments as a 
control test and the synergetic effect of different processes 
was determined. Thus, the removal efficiency of the com-
bined process (Fe3O4/PS/US) was compared with individual 
processes at the same conditions and the synergetic effect 
was calculated with Eq. (10) [35]:

R =
SSY removed with combined process

SSY removed with sum of individuaal process
 (10)

where R represents the enhancement factor. The enhance-
ment factor (R) higher than 1 indicates that the synergetic 
effect takes place in the process and R-value less than 1 
represents that the antagonistic effect could have occurred 
in the study Fig. 9, clearly shows the degradation of SSY 
molecules with various processes at the same conditions. 
As seen, the decolorization of the US and PS alone was 
minimum lower than other processes. This means that per-
sulfate and the US alone could not degrade the dye mole-
cules. However, the removal efficiency of magnetic Fe3O4 
alone was 71.1%, which mainly is related to the adsorption 
process. The decolorization rate of Fe3O4/PS and zerovalent 

 

Fig. 6. Comparison between Fe3O4/PS/US and Fe3O4/H2O2/US 
(Fe3O4 = 0.4 g/L; pH: 3; dye concentration: 20 mg/L; US: 200, PS, 
and H2O2 = 4 mM).
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Fig. 8. Effect of scavenger (Fe3O4 = 0.4 g/L; pH: 3; dye concen-
tration: 20 mg/L; PS: 4 mM).
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Fig. 7. Effect of various anion competition concentration 
(Fe3O4 = 0.4g/L; pH: 3; dye concentration: 20 mg/L; US: 200; PS: 
4 mM).
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iron (ZVI)/PS/US process was 79.5% and 82.6%, respec-
tively. This means that the removal efficiency of the Fe3O4/
PS/US process was significantly higher than both other 
processes. The comparison between different processes 
could disclose that degradation and the adsorption process 
removed concurrently with the organic molecules in this 
process. Therefore, it could have resulted in adsorption 
capacity of adsorbent that could directly affect the removal 
and degradation rate of contaminants through adsorp-
tion of oxidation agents and adsorbate. Nevertheless, the 
enhancement factor (R = 1.08) indicated that the syner-
getic effect occurred at the system and catalytic activity 
can critically affect the removal rate of SSY [22,35].

3.8. Reusability and stability tests

The stability and reusability of the catalyst at various 
conditions is one of the important factors for using that 
catalyst. In order to evaluate the reusability and stability 
factor of Fe3O4 nanoparticle as a catalyst, the experiments 
were repeated for four consecutive tests at optimum con-
ditions with no chemical additives. The results of the 
reusability and stability of the catalyst used in this study 
shown in Fig. 10. As seen, the catalytic activity of Fe3O4 was 
decreased after four cycles and the efficiency of the removal 
of SSY reached 32.2%. This may be because destroying 
of active sites on the surface of catalyst with consecutive 
washing and drying, which cause blocking pores of cata-
lyst surface and reduction of active sites available on the 
magnetic Fe3O4 nanoparticles [1,22]. In addition, the sta-
bility tests were carried out with measuring the leaching 
of iron in the aqueous solution at acidic conditions (HCl, 
1 M). The results showed that the amount of iron leach-
ing was insignificant and magnetic Fe3O4 nanoparticles 
could not generate the secondary pollutant in the aqueous 
solution [22].

3.9. Mineralization tests

The mineralization of SSY molecules in the Fe3O4/PS/
US system could be determined with the change of TOC 
values. The results of the mineralization of SSY is shown in 
Fig. 11. Based on the obtained results, the TOC removal was 

72.3% after 120 min of reaction. This means that Fe3O4/PS/
US system could significantly degrade the SSY molecules, 
but about one-third of intermediates are resistant to degra-
dation and need much more time for mineralization. It was 
found in previous studies [36].

4. Conclusions

Degradation of SSY as an azo dye was conducted in the 
heterogeneous Fe3O4/PS/US system. In this system, magnetic 
Fe3O4 nanoparticles could act as both adsorbent and cata-
lyst of persulfate agents and generate sulfate and hydroxyl 
radicals for degrading the dye molecules onto environmen-
tally friendly compounds. Dye molecules could completely 
remove from aqueous solution with Fe3O4/PS/US system 
and more than two-thirds of dye molecules mineralized at 
optimum conditions. The utilization of the catalyst at vari-
ous conditions showed that the catalyst has good reusability 
and stability for degrading the SSY to inorganic compounds. 
The value of the enhancement factor (R) represented that the 

Fig. 9. Control of different process (Fe3O4 = 0.4 g/L; pH: 3; dye 
concentration: 20 mg/L; PS: 2 mM; ZVI: 0.4 g/L).
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Fig. 10. Recovery (Fe3O4 = 0.4 g/L; pH: 3; dye concentration: 
20 mg/L; PS: 4 mM).

0

20

40

60

80

100

0 30 60 90 120 150

)
%( lavo

me
R

Time (min)
 

Fig. 11. TOC removal efficiencies by Fe3O4/US/PS process 
(Fe3O4 = 0.4 g/L; pH: 3; dye concentration: 20 mg/L; PS: 4 mM).



411A. Takdastan et al. / Desalination and Water Treatment 197 (2020) 402–412

synergetic effect occurred at the system and Fe3O4 nanopar-
ticles can be used as an efficient heterogeneous catalyst in 
the oxidation process for degradation of dye molecules. 
The effect of competitive anions showed that carbonate ions 
had more effect on dye degradation due to increasing the 
pH of the solution and decreasing the oxidation potential 
of agents.
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