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AbstractSunset yellow (SY) dye removal from aqueous solution was assessed by ultrasound/peroxymonosulfate/
CuFe2O4 nanoparticles. CuFe2O4 nanoparticles were synthesized and their properties were well determined by several
advanced techniques. The effects of pH, catalyst dosage, peroxymonosulfate (PMS) concentration, and ultrasound (US)
intensity were investigated on the decolorization. The best results (95.8% removal) were observed at pH=7, CuFe2O4=
25 mg/L, PMS=1.5 mM, US=200 W and 30 min. Nitrite and bicarbonate ions demonstrated high inhibition effect on
the decolorization. PMS depicted high activity in the presence of CuFe2O4 compared to S2O8

2 and H2O2. Around 40%
reduction in the decolorization was observed in reusability experiments. Sulfate and hydroxyl radicals were the major
species of SY degradation based on quenching experiments. A mineralization of 50% was obtained only in 30 min
reaction time. This process can be effective for the destruction of organic dyes in colored wastewater.
Keywords: Azo Dyes, Sulfate Radical, Peroxymonosulfate, Copper Ferrite, Ultrasound

INTRODUCTION

The emission of wastewater from different industries contain-
ing various toxic chemical into the soil and water resources results
in serious impacts [1]. Dyes are synthetic organic compounds ap-
plied in textile, leather, pharmaceutical, plastic, paint, and food indus-
tries. The largest class of synthetic dyes, with a variety of color and
structure, are azo dyes (N=N) [2]. The solubility of most of azo
dyes in water is so high which is easily absorbed by human body.
Discharge of the dyes into the environment causes harmful effects
on the ecosystem and humans. Thus, the removal of these dyes is
necessary, prior to discharging into water resources [3,4]. There are
several methods to remove dyes from industrial wastewater, includ-
ing biological, physical and chemical processes. Biological meth-
ods are limited for the treatment of dye solutions due to toxicity of
the dyes for microorganisms. Physical and chemical processes include
coagulation and flocculation, ozonation, reverse osmosis, adsorp-
tion, and membrane filters [4]. However, these classic methods often
lead to the production of high volume of sludge that has disposal
and treatment problems. Furthermore, the operating cost of these
methods is relatively very high. Advanced oxidation processes (AOPs)
are efficient for the degradation of organic contaminants in aque-
ous media, producing highly reactive oxygen species (ROS), such
as hydroxyl radicals (•OH) and sulfate radicals (SO4

•) [5,6]. They
destruct organic pollutants into harmless organic products and min-
eral matters. Sulfate radical (SO4

•), in comparison with hydroxyl
radicals (•OH), represents higher performance in contaminant deg-

radation, because of the higher oxidative potential (2.5-3.1 V), lon-
ger half-life period (30-40 s) and high performance in wider range
of pH (3-9) [7-9]. Sulfate radical (SO4

•) is usually generated from
persulfate (PS) and peroxymonosulfate (PMS) anions by different
activators, such as heat [10], transition metals [11], UV [12], car-
bon-based catalyst [13] and ultrasound [14]. Compared to PS, PMS
can be easily activated by transition metals, due to the asymmetric
molecular structure. Therefore, PMS has exhibited a higher activa-
tion efficiency for most organic pollutants [15]. SO4

•-based AOPs
using PMS with a catalyst have emerged as a promising technique
for the degradation of azo dyes [16]. Up to know, different hetero-
geneous catalysts have been synthesized and evaluated for the acti-
vation of PMS that are usually classified into metal oxide (Co3O4,
CuFe2O4, Fe2O3 etc.) and supported metal oxide (Co3O4/MnO2,
MnFe2O4/graphene) catalysts [17].

Of those metal oxide catalysts, CuFe2O4 is a suitable activator
for PMS with magnetic properties [18]. Spinel ferrites are known
as MFe2O4 (M=Mn, Co, Ni, Mg), are the groups of magnetic sub-
stances which have been extensively applied in electronic purposes.
They can be easily separated from the solution using magnetic fields.
Ferrites have been applied for the activation of peroxygens in AOPs,
thanks to their high hydroxyl surface groups and magnetic prop-
erties [18,19].

Nowadays, the combination of two or three activators has received
great attraction for the application of AOPs in wastewater treat-
ment [4]. In this way, the presence of US along with heterogeneous
catalyst can be a new approach for enhanced degradation of organic
pollutants. Indeed, ultrasonic waves in the presence of CuFe2O4 can
accelerate PMS activation to produce sulfate radicals (SO4

•). There
is little information about the combination of US and spinel fer-
rites for PMS activation to treat organic pollutants.
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Hence, the main goal of this study was the assessment of sun-
set yellow (SY) dye removal from aqueous solution by US/PMS/
CuFe2O4 process. At first, nanoparticles were simply synthesized and
their properties were determined. Influential factors, including pH,
catalyst dosage, PMS concentration, US intensity on dye removal,
were investigated. Reusability and stability of the catalyst and mecha-
nism were also studied. The ideal goal of each chemical process for
the elimination of organic compounds is the oxidation of mother
molecule to mineral compounds. Hence, total organic carbon (TOC)
has been often determined for this purpose. In this way, TOC re-
moval and UV-vis spectrum were investigated to study mineral-
ization degree.

MATERIALS AND METHODS

1. Chemicals
Oxone salt (KHSO5·0.5KHSO4·0.5K2SO4) was purchased from

Sigma-Aldrich Inc. Sodium persulfate (Na2S2O8), sodium chloride
(NaCl), sodium nitrate (NaNO3), sodium nitrite (NaNO2), sodium
sulfate (Na2SO4), sodium bicarbonate (NaHCO3) were provided
from Samchun Inc. Hydrogen peroxide (35%), sulfuric acid (98%),
ethanol (EtOH) and tert-butyl alcohol (TBA) were purchased from
Merck Co. Sunset yellow (C16H10N2Na2O7S) was supplied from
Alvan Sabet Company (Iran) with 99% purity. The chemical struc-
ture and characteristics of sunset yellow dye are given in Table 1.
2. Preparation of CuFe2O4 Nanoparticles

CuFe2O4 was synthesized according to co-precipitation method
[20]. In brief, Cu(NO3)2·3H2O (0.025 M) and Fe (NO3)3·9H2O (0.05
M) were dissolved in 100 mL distilled water, which was followed
by slow addition of 75 mL NaOH (4.0 M) into solution and heat-
ing at 90 oC and finally the stirring was stopped. Then, the suspen-
sion was kept in quiescent conditions during 2 h at 90 oC. After
cooling, filtration and washing using distilled water were con-
ducted followed by drying at 80 oC overnight.
3. Characterization of CuFe2O4 Nanoparticles

The morphology of the copper ferrite was examined by field
emission scanning electron microscopy (FESEM) (Mira 3-XMU)
equipped with an energy dispersive X-ray spectrometer (EDS). X-
ray diffraction (XRD) pattern was obtained using a Quantachrome/
NOVA 2000X-ray diffractometer with a graphite monochromatic

Cu K radiation (=1.54 Å) at the accelerating voltage 40 kV and
the current 30 mA over the 2 scanning range of 10-80o. The
Brunauer-Emmett-Teller (BET) surface area was measured by N2

adsorption–desorption isotherm analysis at 77 K (TriStar II Plus,
USA). UV-Vis diffuse reflectance spectroscopic (DRS) study was
obtained under atmospheric conditions using a UV-vis spectro-
photometer (UV3010, Hitachi) in the range of 190 nm to 800 nm.
A vibrating sample magnetometer (VSM, 7400, Lakeshare, USA)
was applied for measuring the magnetization at room tempera-
ture (25±1 oC).
4. Experimental Procedures

A standard beaker was used as a reactor vessel for all experiments.
The experiments were at atmospheric temperature and pressure.
100 mL dye solution was added into reactor. 1 N sodium hydrox-
ide and sulfuric acid solutions were applied for adjusting solution
pH. Constant amounts of catalyst CuFe2O4 and PMS were added
to 100mL of dye solution. Afterwards, these suspensions were placed
in an ultrasound apparatus. The ultrasonic irradiation was pro-
vided using a laboratory homogenizer ultrasonic 0-400 W (Ultra-
sonic Technology Development Company, Iran). The experiments
were also carried out at the different pH levels to explain the influ-
ence of solution pH on the decolorization of SY. Also, tests with
catalyst doses (0 to 200 mg/L), PMS (0 to 2 mM), and the effect of
ultrasound power (100 to 400 W) were performed to determine
the optimal conditions for SY removal. The CuFe2O4 was collected
from the solution using a magnet.
5. Analytical Method

Residual dye concentrations were determined using a UV/Vis
spectrophotometer (DR-5000, HACH, USA) at the absorbance
peak wavelength of 482 nm. The removal efficiency of SY (%) was
obtained with Eq. (1):

(1)

where C0 is the initial SY concentration, Ct is the SY concentra-
tion at times. A TOC analyzer instrument (Shimadzu VCHS/CSN,
Japan) was applied for the measurement of total organic carbon
(TOC). Iron and copper leaching were measured by an atomic
absorption spectrometer (Analytik Jena AG, Jena, Germany).

RESULTS AND DISCUSSION

1. Characterizations of CuFe2O4 Nanoparticles
Fig. 1(a) shows the FESEM image for CuFe2O4 nanocatalysts.

According to Fig. 1(a), CuFe2O4 has an erratic morphology with
rough cubic form with high agglomeration. The average particle
size diameter of nanocatalyst was in range of 14-26 nm, confirm-
ing that copper ferrite particles were in nanoscale. The appearance
of Cu and Fe with 1 : 1.8 ratio in EDS analysis was close to the
1 : 2 theoretical ratio in CuFe2O4 structure, confirming high func-
tion of co-precipitation method. In addition, no impurity peaks
were observed in EDS spectrum (Fig. 1(b)), demonstrating high
purity of synthesized nanocatalyst. The purity of CuFe2O4 is illus-
trated in the XRD spectrum, which is in line with the patterns of
standards based on their JCPDS cards. According to Fig. 1(c), six
peaks were observed at 2 of 18.5o, 30.2o, 35.8o, 43.03o, 57.05o and

SY removal %   
C0  Ct

C0
---------------- 100

Table 1. Chemical structure and characteristics of sunset yellow
Dye Sunset Yellow

Commercial name E110

Systematic name Disodium6-hydroxy-5-[(4- sulfophenyl)azo]
2-naphthalenesulfoate

Chemical structure

Formula C16H10N2Na2O7S2

Molecular weight 452.36 g·mol1

Color index no. 15985
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62.8o which can be related to the cubic phase of CuFe2O4 (JCPDS
no. 25-0283), from planes (111), (220), (311), (400), (511) and (440),
respectively [21]. The high degree of crystallization of copper fer-
rite was marked by narrow and strong diffraction peaks. The aver-
age size of 16.7 nm was obtained for CuFe2O4, according to Debye-
Scherrer formula. The pore size distribution of CuFe2O4 obtained
by N2 adsorption/desorption is shown in Fig. 1(d). A mesoporous
structure along with a hysteresis loop was observed for copper fer-
rite using typical Langmuir type IV isotherms. Results showed that
average of pore size of CuFe2O4 was 2.6nm. The mesoporous struc-
ture of CuFe2O4 nanocatalysts caused larger BET surface (201.89
m2/g) and total pore volume (0.19 cm3/g) (Table 2). The meso-
porous structure and larger surface area provide a larger number
of reactive sites, which improves the ability of catalysts to surface
reaction with PMS and SY.

The ferromagnetic characteristics of CuFe2O4 was displayed by
magnetic hysteresis loops (Ms=33.2 emu/g), indicating that CuFe2O4

can be simply separated by a magnet (Fig. 1(e)). According to UV-
visible spectrum of CuFe2O4 nanocatalyst (Fig. 1(f)), a large amount
of absorption was seen between UV and visible region, which was
in agreement with another study [22]. Accordingly, a shift was ob-

served in the CuFe2O4 nanocomposite absorption peaks between
190 and 800 nm range. As can be seen, copper ferrite showed the
ability of absorption of light energy in UV and visible regions, which
can be an advantage in terms of photo-activity.
2. Effect of operating parameters on the PMS/CuFe2O4/US
Process

One of the most important factors in the degradation of dye
during the oxidation reaction is solution pH. Heterogeneous AOPs

can be operated on a broad pH range, but always have a better
performance in slightly acidic or neutral conditions [23,24]. The
influence of initial solution pH on the performance on US/PMS/
CuFe2O4 for SY degradation was examined under the conditions
of SY concentration 50 mg/L, CuFe2O4 100 mg/L, PMS 1.0 mM,
and US 200 W (Fig. 2(a)). The results showed that the highest effi-
ciency of SY removal was at pH=7.0 in the PMS/CuFe2O4/US
process. At this pH, after 30 min reaction time, the removal effi-
ciency was 88.5%. In high acidic conditions (pH=2.0), a decrease
was observed in decolorization (66% removal efficiency); this cir-
cumstance has been previously reported in some studies. Theoret-
ically, high proton concentrations (H+) scavenge sulfate radicals
based on Eq. (2) [4,25].

SO4
•+H++eHSO4

• (2)

This hybrid process illustrates high efficiency in a wide range of
pH (4.0-11.0), proving that the process can be used for the treat-
ment of a variety of industrial effluents. Similar results have been
reported in lopromide removal using CuFe2O4 activated PMS sys-
tem [26]. Thus, pH of 7.0 was selected as an optimum pH for the
next experiments.

The effect of catalyst dosage on the SY degradation was studied
by US/PMS/CuFe2O4 (Fig. 2(b)). To optimize catalyst dosage, the

Fig. 1. Characteristics of CuFe2O4 (a) FESEM, (b) EDS, (c) XRD patterns, (d) N2 adsorption-desorption isotherms, (e) magnetic hysteresis
loops and (f) UV-Vis absorption spectra.

Table 2. Physiochemical properties of CuFe2O4

Characteristics Values
SBET (m2/g) 201.89
Total pore volume (cm3/g) 0.19
Average pore diameter (nm) 2.6
Pore structure Mesoporous
Color Black
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CuFe2O4 dosage was varied between 25, 50, 100 and 200 mg/L.
According to Fig. 2(b), although the increase of catalyst loading
from 25 mg/L to 50, 100 and 200 mg/L enhanced the decoloriza-
tion rate, desirable decolorization (92%) was obtained at the low-
est level (25 mg/L) during 30 min reaction time. The increasing
dosage of CuFe2O4 supplied more active sites on the surface of
CuFe2O4, that could expedite reactions to produce more free radi-
cals, causing an enhancement in removal efficiency. In addition,
the lower degradation efficiency for higher copper ferrite dosage
(200 mg/L) would be explained by insufficient consumption of
PMS due to agglomeration of catalyst at a large amount of copper
ferrite [27]. Hence, the optimum catalyst dosage was selected as
25 mg/L for the dye degradation.

The effect of PMS concentrations (0-2 mM) on process perfor-
mance was evaluated in US/PMS/CuFe2O4 system for the degra-
dation of SY (Fig. 2(c)). Results clearly showed that the enhancement
of dye removal efficiency was observed, by an increase in PMS
concentration. The highest SY removal in US/PMS/CuFe2O4 pro-
cess (97.20%) was seen at PMS=2 mM after 30 min of reaction
time. It could be deduced that PMS is the main origin of the reac-
tive sulfate radicals increasing the generation of reactive species at
high PMS dosages. It has been reported that by increasing the oxi-
dizing dosage concentration, higher radicals were produced, lead-
ing to higher dye removal [16,28]. However, the performance of
the process in 1.5 mM PMS was similar to 2 mM PMS. These

outcomes showed that excessive PMS did not result in scavenging
effect.

The influence of different ultrasonic power (100 to 400 W) on
the performance of US/PMS/CuFe2O4 was examined for the deg-
radation of SY under the conditions of SY 50 mg/L, CuFe2O4 25
mg/L and PMS 1.5 mM (Fig. 2(d)). By an increase in ultrasonic
power between 100 and 200 W, an improvement was observed in
removal efficiency from 85% to 95%. However, additional enhance-
ment in ultrasonic power up to 400 W did not lead to improve-
ment of dye degradation efficiency. It could be deduced that at
high ultrasonic power, a portion of ultrasonic power would be con-
sumed and converted to heat, because of the existence of scattering
effect [29]. Therefore, US power 200 W was a suitable condition
for US/PMS/CuFe2O4 process.
3. Degradation of SY in the Different Systems

Fig. 3 shows the degradation of SY at different systems. Results
indicated that in a control test with only ultrasound, almost negli-
gible (1%) color removal was obtained after 30 min, which can be
ascribed to the lack of formation of HO•. In the control test with
only CuFe2O4 (25 mg/L), about 5.88% dye removal was obtained
after 30 min owing to the adsorption on the catalyst surface. The
application of PMS alone (1.5 mM) induced about 12% dye removal
as a result of direct oxidation by PMS. By simultaneous applica-
tion of ultrasound and PMS, the degradation of dye was enhanced
(39%) based on following equations. In fact, US can destruct O-O

Fig. 2. (a) The effect of initial solution pH on SY removal in PMS/CuFe2O4/US process (SY=50 mg/L, CuFe2O4=100 mg/L, PMS=1 mM, US=
200 W), (b) The effect of catalyst dose on SY removal in PMS/CuFe2O4/US process (SY: 50 mg/L, pH=7, PMS=1 mM, US=200 W),
(c) the effect of PMS on SY removal in PMS/CuFe2O4/US process (SY=50 mg/L, PMS=1.5 mM, CuFe2O4=25 mg/L, pH=7, US=200
W) (d) the effect of ultrasonic power on SY removal in PMS/CuFe2O4/US process (SY=50 mg/L, PMS=1.5 mM, CuFe2O4=25 mg/L,
pH=7).
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bond of PMS to generate free radicals. Moreover, hydrogen radi-
cal as a powerful reductive agent (E0=2.3 V), which is produced
from sonolysis of water, can activate PMS for the generation of
sulfate radical (Eq. (5)) [25].

HSO5
+USSO4

•+HO• (3)

H2O+)))HO•+H• (4)

HSO5
+H•SO4

•+H2O (5)

When catalyst was combined with the US, only little dye removal
(12%) was obtained after 30 min, because small quantities of reac-
tive radicals were generated in the absence of PMS. PMS/CuFe2O4

could degrade 38% of SY after 30 min reaction time. In fact, Fe(III)
and Cu(II) were the main agents of PMS activation to produce
sulfate radical. 96% of SY was abated by PMS/CuFe2O4/US, indi-
cating that the combination of US and CuFe2O4 for PMS activa-
tion was an effective method. In this way, CuFe2O4 can activate PMS
through following reactions [30]. Ternary system (PMS/CuFe2O4/
US) indicated that concurrent use of two activators was a synergis-
tic manner for free radical production from PMS decomposition.

Cu(I)+HSO5
Cu(II)+OH+SO4

• (6)

Cu(II)+HSO5
Cu(I)+H++SO5

• (7)

Fe(III)+HSO5
Fe(II)+SO5

•+H+ (8)

Fe(II)+HSO5
Fe(III)+SO4

•+OH (9)

Moreover, US can regenerate Cu(II) and Fe(III) to lower valances
of them (Cu(I) and Fe(II)) to accelerate sulfate radical production
based on Eq. (10).

Cu(I)+Fe(III) Cu(II)+Fe(II) (10)

Moreover, US irradiation has demonstrated that is a cleaning agent
for the surface of catalysts. Indeed, US irradiation can remove impu-
rities formed on CuFe2O4 nanoparticles to prevent deactivation [31].
4. Comparison of PMS with Persulfate and Hydrogen Peroxide

Hydrogen peroxide (HP), persulfate (PS) and PMS have been
extensively used for the degradation and treatment of several organic
pollutants and contaminated water in recent years [32]. SY removal
was studied in PMS/CuFe2O4/US, PS/CuFe2O4/US, HP/CuFe2O4/
US systems (Fig. 4(a)). Although previous studies reported that
CoFe2O4 could decolorize methylene blue at 4 mL HP in 120 min
[33]; however, in the current study, HP/CuFe2O4/US showed almost
no SY removal. The activation of HP on CuFe2O4 may occur during
the long reaction time and high dosage of HP. Therefore, it is
obvious that H2O2 cannot be activated completely on CuFe2O4

surface. PS was also ineffective for SY removal in current system.
It is apparent that HP and PS cannot be activated completely on

US

Fig. 3. Degradation of SY in the different systems (CuFe2O4=25 mg/L, pH=7, PMS=1.5 mM, US=200 W and time=30 min).

Fig. 4. The effect of different peroxides on the CuFe2O4/US process (a) decolorization (b) rate constants (SY=50 mg/l, pH=7, PMS=1.5 mM,
US: 200 W).
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CuFe2O4 surface. Symmetrical structure of HP and PS can be a
rational reason for resistance to the activation. In fact, the dissocia-
tion of O-O bond is more difficult in PS and HP compared to
PMS. Similar findings have been reported by Anipsitakis and Dio-
nysiou [34].

The reaction rate of SY decolorization was studied using a first-
order kinetic model according to Eq. (11):

(11)

where, SY0 and SYt represent the concentrations of SY at time 0
and t, respectively. k is the reaction rate constant and t is reaction
time. k value is obtained from calculation of line slop resulting
from plot of ln (SY/SY0) vs t (Fig. 4(b)). The rate constant (k) val-
ues for PMS/CuFe2O4/US, PS/CuFe2O4/US, HP/CuFe2O4/US were
obtained 0.1041, 0.0147 and 0.0082 min1 respectively. As can be
seen, the rate constant of PMS process was ten times higher than
that of PS and HP processes.
5. The Effect of Co-existing Anions on the PMS/CuFe2O4/US
Process

The presence of different anions may affect the efficiency in sul-
fate radicals-based advanced oxidation processes (SR-AOPs) by scav-
enging effect. Therefore, in this study, we examined the effects of
several inorganic anions (Cl, NO3

, NO2
, HCO3

 and SO4
2) on SY

degradation in PMS/CuFe2O4/US process. As shown in Fig. 5, the
presence of anions led to the inhibition of SY degradation. In the
presence of anions, the decolorization rate followed from this order:
SO4

2HCO3
<Cl<NO3

<NO2
.

Bicarbonate ions have been identified as inhibition agents in
AOPs. Rate constants of bicarbonate ions with sulfate and hydroxyl
radicals are relatively high [35]. Hence the presence of bicarbon-
ate ions can eventuate a competition for reaction with free radi-
cals. Moreover, it has been reported that the reaction of PMS with
bicarbonate ion can lead to the formation of peroxymonocarbonate
anion (HCO4

). Chloride ions can reduce the efficiency of SR-AOPs
through two ways: scavenging of hydroxyl and sulfate radicals; and
by direct reaction with PMS according to Eqs. (12) and (13) [36,37].

Cl+HSO5
SO4

2+HOCl (12)

2Cl+HSO5
+H+SO4

2+Cl2+H2O (13)

In the presence of nitrate ions, nitrate radical (NO3
•) can be pro-

duced based on Eq. (14) in which sulfate and hydroxyl radical were
scavenged by nitrate ions in aqueous solution.

NO3
+SO4

•NO3
•+SO4

2 (14)

Nitrite ion has been well-known as a reducing and strong scaveng-
ing agent in chemical oxidation processes. As can be seen, high
inhabitation effect occurred in the presence of nitrite ion in which
45% decolorization was obtained. Besides the role of scavenging of
nitrite ion, nitrite ion can directly react with PMS. Hence, PMS as
precursor of free radicals is eliminated from chain reactions of the
activation by US and CuFe2O4 (Eq. (15)). The higher inhibition
degree in SY degradation in the presence of NO2

 may be due to
the competition between nitrite and SY, NO2

 acts as free radical
scavenger for reaction with the oxidizing species hindering the
degradation of SY [38].

NO2
+HSO5

NO3
+HSO4

 (15)

6. Quenching Experiments in PMS/CuFe2O4/US System
Ethanol (EtOH) and tert-butyl alcohol (TBA) were used as rad-

ical scavengers to identify the oxidizing radical species in PMS/
CuFe2O4/US system. Ethanol reacts with HO• and SO4

• at the rate
constants of 1.6-7.7×107 M1s1 and 1.2-2.8×109 M1s1, respectively.
TBA is a particular scavenger for HO• with a rate constant of 7.6×
108 M1s1, while its rate constant with sulfate radical is 4×105 M1

s1, which is one-thousand times less than hydroxyl radical [4,25,
39]. A series experiments were conducted on SY removal by PMS/
CuFe2O4/US system in the presence of TBA and EtOH (100 mM)
and their rate constants are presented in Fig. 6. The results clearly
indicated that EtOH markedly inhibited the dye degradation rate
(k=0.0274 min1) by PMS/CuFe2O4/US, demonstrating that both
sulfate and hydroxyl radical were major agents of dye degrada-
tion. On the other hand, TBA had an inhibitory effect on dye de-
colorization rate (k=0.0475 min1). Regarding the results of scav-
enging experiments with EtOH and TBA, it can be claimed that
both hydroxyl and sulfate radicals had the same role in the degra-
dation of dye. The contribution of hydroxyl radical can be due to
the reaction of sulfate radical with water molecule (Eq. (16)). More-
over, the combination of two molecules of SO5

• can lead to the
formation of hydroxyl radical (HO•) in the surface of CuFe2O4

(Eq. (17)) [26].

SY 
SY 0
-------------   ktln

Fig. 5. The effect of different anions on the PMS/cuFe2O4/US
process (SY=50 mg/L, pH=7, PMS=1.5 mM and US: 200 W).

Fig. 6. The effect of scavengers (TBA and EtOH) on rate constant in
the PMS/CuFe2O4/US process (SY: 50 mg/L, pH=7, PMS=1.5
mM, US=200 W and TBA and EtOH=100 mM).
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SO4
•+H2OSO4

2+HO•+H+ (16)

2Cu(II)SO5
•+2H2O2Cu(II)HO•+O2+2SO4

2+2H+ (17)

7. Stability and Reusability of CuFe2O4

Stability is important for catalysts in industrial implications. An
external magnet would be enough for the separation of this cata-
lyst from solution, thanks to the magnetic features. To assess the
stability of CuFe2O4, nanoparticles were collected and recycled at
room temperature. The catalysts were separated, washed and recy-
cled for four times. According to Fig. 7, dye degradation efficien-
cies were 95.1, 73.3, 58.8 and 51.4% for first to fourth runs,
respectively. These results showed that CuFe2O4 catalyst lost the
efficiency about 40% during four cycles without any regeneration
method. Two reasons can be given for this phenomenon: first, the
deactivation of catalyst surface by occupation of active site with
intermediates; second, the agglomeration of nanoparticles after
each run due to magnetic property.

The concentrations of Cu and Fe were measured after four
cycles. The concentrations of Cu and Fe were obtained 1.0 and
0.9 mg/L, respectively. Indeed, 7% of Fe and 15% of Cu were lost
from the catalyst. Hence, it can be stated that reduction in Fe and
Cu could be also a convincing reason for the reduction of cata-

lytic activity of CuFe2O4.
8. UV-Vis Spectra Changes and Mineralization of SY

Fig. 8(a) shows the temporal evolution of spectral changes during
SY degradation by PMS/CuFe2O4/US. It is simply seen that the
diminishment of the absorption bond of SY at 482 nm was because
of azo links fragmentation via free radicals. Furthermore, the reduc-
tion of the absorbance at 228 and 314 is evaluated as the sign of
degrading aromatic fragment in the dye molecule and its interme-
diates [40]. Indeed, the peaks of 228 nm and 314 nm were mainly
caused by naphthalene and benzene rings, respectively. Moreover,
a new peak at 246nm is associated with some intermediates formed
during the reaction. These products probably were non-degrad-
able intermediates resulting from the degradation of naphthalene
and benzene rings. It was obvious that the naphthalene ring and
nitrogen to nitrogen double bond (azo bond) of SY were destructed
via free radicals. As the reaction proceeded, the intensities of the
visible absorption peaks dramatically declined, and the color was
faded with time lapses, indicating that CuFe2O4 and US had satis-
factory catalytic activity for PMS. To verify the performance of
PMS/CuFe2O4/US process, the mineralization of SY using TOC anal-
ysis was tested. TOC removals are presented in Fig. 8(b). As shown,
with increase of reaction time, TOC removal was enhanced. Com-
pared to decolorization, TOC removal (50%) was approximately a
half of it at the same reaction time. These results showed that 50%

Fig. 7. Influence of cycle runs on SY degradation using by PMS/
CuFe2O4/US process (SY=50mg/L, CuFe2O4=25mg/L, pH=7,
PMS=1.5 mM, US=200 W and time=30 min).

Fig. 8. (a) UV-Vis spectra of SY in the PMS/CuFe2O4/US process (b) TOC removal of SY in the PMS/CuFe2O4/US process (SY=50 mg/L,
CuFe2O4=25 mg/L, pH=7, PMS=1.5 mM and US=200 W).

Scheme 1. The schematic mechanism of SY degradation by PMS/
CuFe2O4/US process.
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of organic carbon of SY was oxidized to CO2. According to previ-
ous discussions, simultaneous use of US and CuFe2O4 for PMS
activation could effectively degrade SY through synergistic effect
(Scheme 1).

CONCLUSIONS

The present study revealed that the combination of US and
CuFe2O4 can effectively activate PMS to generate free radicals for
the decolorization of SY. CuFe2O4 and US demonstrated a consid-
erable activity in PMS decomposition for SY removal in compari-
son with PS and H2O2. The optimal conditions for efficient SY
degradation were pH 7.0, PMS 1.5 mM, catalyst loading 25 mg/L,
ultrasonic power 200 W and 30 min time. Under the above-men-
tioned conditions, the decolorization efficiency was 95.8%, while
50% of TOC was removed at the same time. The presence of anions
suppressed the performance of US/PMS/CuFe2O4 especially nitrite
ions. Both radical (sulfate and hydroxyl radicals) were equally respon-
sible of dye degradation. Eventually, US/PMS/CuFe2O4 process might
be considered as an efficient and effective process for the destruc-
tion of organic dyes in aqueous solution.
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