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a b s t r a c t
In this study, zero valent iron (ZVI) was applied as an activator for persulfate (PS) to degrade a food 
dye (Brilliant Blue FCF) from aqueous solutions. The effect of pH, PS concentration, ZVI dosage 
and initial dye concentration was evaluated. The degradation efficiency was obtained about 98.8% 
under optimum conditions, i.e., pH of 3, ZVI dosage of 0.5 g/L, PS dosage of 4 mM and initial dye 
concentration of 20 mg/L. PS had higher decolorization rate compared with H₂O₂ and percarbon-
ate. Chemical oxygen demand and total organic carbon removal efficiencies were about 45.3% and 
36.6%, respectively. Among anions, phosphate and bicarbonate showed an inhibitory effect on the 
decolorization of the dye. Moreover, quenching experiments exhibited that sulfate radical is major 
agent of oxidizing the dye. According to the results, PS/ZVI process could be an effective approach 
to pollutant degradation.
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1. Introduction

Dyeing wastewater contains a considerable amount 
of dyes that may be toxic, mutagenic and carcinogenic to 
human and animals. Besides the impact on health, dyes can 
be a particularly serious threat to aquatic environment [1,2]. 
The presence of dye and color-causing agents has always 
been unpleasant in water for consumers. Nowadays, we 
must not be surprised at this issue that color also can be 
recognized as water pollutant. Therefore, an increasing 
attention has been paid to the decolorization of industrial 
wastewaters [3,4].

Brilliant Blue FCF (BBF) is a synthetic dye which is 
classified as a triarylmethane dye. It is a colorant for foods 

and applied in ice cream, dairy products, soaps, shampoos 
and mouthwash. Furthermore, it is utilized in hydrologi-
cal tracing to visualize infiltration and water distribution 
in the soil [5–7]. BBF induces neurological and reproduc-
tive disorders; it can also cause blood lymphoma and 
allergic reactions in individuals with pre-existing mod-
erate asthma. It causes acute oral toxicity in animals. In 
this way, it has been reported that LD50 of BBF in mice and 
rats >2,000 and 4,600 mg/kg, respectively [5,8,9]. Keeping 
up all these points, it is necessary to find a new method 
for removal of BBF from water resources before being dis-
charged into water bodies. Conventional methods such as 
coagulation and adsorption techniques have been inves-
tigated in numerous studies for color removal from con-
taminated water [10,11]. Chemical oxidation processes has 
been taken a much consideration as an effective method for 
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the decolorization of dyes. Advanced oxidation processes 
(AOPs) involve the generating highly reactive radicals in 
sufficient quantity to degrade organic pollutants [12,13]. 
In recent years, sulfate radical-based AOPs have received 
a considerable attention as promising methods to degrade 
toxic and persistent pollutants. The sulfate radical is a 
powerful oxidant with redox potential of 2.5–3.1 V which 
can be produced through activation sulfate-based oxidants 
such as persulfate (PS) and peroxymonosulfate [14,15]. 
The PS anion is a strong oxidant with oxidation potential 
of E0 = 2.01 V which are responsible for degradation of a 
wide range of contaminants in in situ chemical oxidation 
in groundwater remediation [16]. It can be also activated in 
different methods including ultrasonic, heat [17], transition 
metal ions [18], electrochemical process [19] and ultraviolet 
[16]. In order to activation of PS some metals have been 
investigated in which silver and iron ions have been suc-
cessfully applied for the activation of PS [20]. Zero valent 
iron (ZVI) has recently become the most common metallic 
reducing agent for environmental remediation due to its 
abundance, low toxicity, low cost, high reactivity and effec-
tiveness [15,21]. However, ZVI has been widely used as cat-
alyst for the decomposition of H2O2 in Fenton-like process 
in decontamination of wastewater [21].

ZVI can be used as an activator for PS for the production 
of sulfate radicals. ZVI can produce iron ions in PS/ZVI sys-
tem based on reaction of the oxidizing ZVI by water and PS 
[22,23].
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Moreover, the presence of Fe0 can reduce ferric ion pro-
duced to ferrous ion and propagate reaction chains to pro-
duce sulfate radical consequently [24]. 

Fe Fe Fe0 3 22 3+ →+ +  (4)

In addition, heterogeneous activation of PS may occur in 
the surface of ZVI based on Eq. (5) [25]:
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2

4
2

4
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In fact a combination of homogenous and heterogeneous 
reactions activates PS to generate sulfate radical as oxidative 
agent to destruct organic compounds. 

In this study, the effects of pH, PS and ZVI dosages, 
initial dye concentration were investigated on BBF deg-
radation. The effects of some anions (nitrate, bicarbonate, 
phosphate and chloride) were studied on the performance 
of the system. Moreover, reducing organic compounds 
of BBF was studied based on total organic carbon (TOC) 
and chemical oxygen demand (COD) removal efficiencies. 
Finally, reaction mechanism was determined by quenching 
experiments.

2. Materials and methods

2.1. Chemicals 

BBF (C37H34N2Na2O9S3) was purchased from Alvan Sabet 
(Iran) with the purity of 99%. The properties of BBF are pre-
sented in Table 1. Sodium persulfate (Na2S2O8; Merck Inc., 
Germany) was used as the source of PS anion. Hydrogen 
peroxide and sodium percarbonate were purchased from 
Aldrich Company (USA). ZVI was purchased from Sigma-
Aldrich Company (USA) with purity of 99% and size of 325 
mesh. The sodium hydroxide, sulfuric acid, sodium bicar-
bonate, sodium chloride, sodium phosphate and sodium 
nitrate were purchased from Samchun Company (South 
Korea). Benzoic acid (BA) and tert-butyl alcohol (TBA) were 
obtained from Fluka Inc. (Switzerland). All solutions were 
prepared by deionized water. 

2.2. Experiments of BBF degradation 

All experiments were conducted in 500 mL batch reac-
tor (flask) at 25°C. 300 mL of the dye solution was used for 
the evaluation of ZVI/PS process. A certain amount of ZVI 
was added to the solution. Afterward, the specific dosage of 
different PS concentrations was loaded to the solution. The 
solution pH was adjusted by sulfuric acid to desired level. 
Then, the flasks were placed on the shaker with 250 rpm. 
At selected time intervals, a known amount of aliquot was 
withdrawn from the flask for dye measurement. The experi-
ments of percarbonate and hydrogen peroxide were carried 
out similar with ZVI/PS system. The color measurements 
were immediately determined by a spectrophotometer. The 
samples were quenched by sodium thiosulfate for the mea-
surement of COD and TOC. Scavenging experiments were 
conducted with adding the chemical probes (BA and TBA) 
similar to main experiments. 

2.3. Analytical methods

The BBF concentrations in the solutions were determined 
using a spectrophotometer (DR5000, Hach, USA) at the 
wavelength of 628 nm as maximum absorption wavelength. 
TOC was analyzed by a TOC analyzer (Shimadzu, Japan). 
COD values were determined by colorimetric method by a 

Table 1
Characteristics of Brilliant Blue FCF

Dye Brilliant Blue FCF

Structure

Chemical formula C37H34N2Na2O9S3

E number E133
Color index No. 42090
Molecular weight (g/mol) 792.85
CAS No. 3844-45-9
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spectrophotometer at the wavelength of 420 nm [26]. The 
accuracy of TOC and COD values was checked by potassium 
hydrogen phthalate. PS, hydrogen peroxide and percarbon-
ate were measured by iodometric method [27].

3. Results and discussion

3.1. Effect of the solution pH

The pH effect on dye removal was investigated at the 
pH = 2–6 under the conditions of ZVI dosage of 0.5 g/L, PS 
dosage of 1 mM and initial dye concentration of 20 mg/L. As 
can be seen in Fig. 1, the degradation efficiency of BBF was 
obtained about 66.1%, 72.3%, 58.8%, 44.9% and 36.9% in pH 
= 2.0, pH = 3.0, pH = 4.0, pH = 5.0 and pH = 6.0, respectively.

As a result, the removal efficiency of BBF in PS/ZVI 
system was accelerated at the pH of 3.0. The reduction yield 
at the higher pH than 3 can be attributed to the precipitation 
of Fe2+ and Fe3+ decreasing the amount of iron ions. Moreover, 
sulfate radical in acidic condition has higher oxidation 
potential [22]. At the strong acidic condition (pH = 2.0), decol-
orization was reduced. The excess hydrogen ions at acidic 
condition scavenge sulfate radicals according to Eq. (6) [28]. 

SO H e HSO4 4
•− + − −+ + →  (6)

Hence, pH = 3.0 was considered for subsequent experi-
ments for ZVI/PS system in which pH = 3.0 has been reported 
as suitable pH in Fenton-based processes by H2O2 and PS 
[12,19].

3.2. Effect of persulfate dosage

Fig. 2 displays the effect of PS dosages on the BBF removal. 
Different concentrations of PS (in the range of 0–8 mM) were 
applied under conditions: pH = 3, reaction time = 30 min, ZVI 
dosage = 0.5 g/L, and BBF concentration = 20 mg/L. In the 
absence of PS, decolorization efficiency was 22.3% which can 
be related to the adsorption of the dye on the surface of ZVI 
and production of ferrous ion from ZVI as coagulant agent 
agglomerating the dye. Color removal efficiencies were 
50.2%, 72.3%, 83.6%, 98.9% and 80.4% in the presence of 0.5, 
1, 2, 4 and 8 mM of PS dosage, respectively. According to the 
results, increase of PS concentration to 4 mM led to increase 
of color removal. The higher concentrations of PS as an oxi-
dant agent resulted in more production of sulfate radical and 
enhancement of the degradation rate consequently. It was 
observed a decrease in decolorization at PS concentration 
of 8 mM, this result was in accordance with the finding of 
phenol removal by electro-persulfate conducted by Rahmani  
et al. [29]. Further increase in PS dosage leads to scavenging 
of sulfate radical by S2O8

2– based on Eq. (7) [29,30]. 
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2

4
2
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3.3. Effect of ZVI dosage

The effect of activator dosages on the performance of PS/
ZVI system was investigated at ZVI dosages ranging from 
0 to 1 g/L and their results presented in Fig. 3. In this work, 

the optimum ZVI dosage for the discoloration of BBF was 
0.5 g/L. In the absence of ZVI, sole PS could degrade 18.3% 
of BBF during 30 min. This efficiency is related to this fact 
that PS is a strong oxidant destructing organic compounds. 

Fig. 1. The effect of initial pH on BBF removal in PS/ZVI 
system (ZVI dosage = 0.5 g/L, PS dosage = 1 mM and initial dye 
concentration = 20 mg/L).

Fig. 2. The effect of persulfate dosages on BBF removal in the 
PS/ZVI system (pH = 3.0, reaction time = 30 min, ZVI dosage = 
0.5 g/L and initial dye concentration = 20 mg/L).

Fig. 3. The influence of ZVI dosage on removal of BBF in the PS/
ZVI process (pH = 3, reaction time = 30 min, PS dosage = 4 mM 
and initial dye concentration = 20 mg/L).
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Moreover, the sole application of PS in acidic condition can 
produce sulfate radical through acid decomposition based on 
Eqs. (8) and (9) [31,32]. 

H S O HS O+ − −+ →2 8
2

2 8  (8)

HS O SO SO H2 8 4 4
2− •− − +→ + +  (9)

With the increase of ZVI dosage from 0.1 to 0.5 g/L, decol-
orization was increased from 54.3% to 98.9%. Increasing in 
ZVI resulted in more production of ferrous ion as activator 
and higher generation of sulfate radical as a consequence. 
Increasing the ZVI dosage more than 0.5 g/L had no signif-
icant effect on the degradation efficiency. The same finding 
was observed about degradation of p-chloroaniline in PS/ZVI 
process by Hussain et al. [22,25]. As can be seen, excess ZVI 
dosage had no scavenging effect (Eq. (10)) for sulfate radical 
which can be superior compared with ferrous ion application. 

Fe SO Fe SO2
4

3
4
2+ •− + −+ → +  (10)

3.4. Effect of dye concentration

The effect of different initial dye concentration in PS/ZVI 
system has been presented in Fig. 4(a). With increasing of 
the dye concentration, the degradation efficiency decreased. 
In higher concentration of the dye, the BBF molecules in the 
solution enhanced while the concentrations of oxidative 
agents were constant. In this way, decolorization significantly 
dropped in higher concentration. Therefore, reduction in effi-
ciency is attributed to the insufficient amount of ZVI, PS and 
sulfate radicals as the main responsible of decolorization. In 
addition, the generation of the intermediate compounds in 
higher dye concentration might lead to competitive reaction 
between dye molecules and intermediates with sulfate radi-
cals. Hence, the decolorization rate is declined with increas-
ing the dye concentration [33]. The first-order kinetic model 
was fitted for BBF degradation by ZVI/PS process based on 
Eq. (11) and their rate constants are presented in Fig. 4(b).

−
 
 

=Ln
dye
dye

ktBBF

BBF 0

 (11)

It can be seen that with the increase of initial dye concen-
tration, rate constant decreased significantly. In this manner, 
rate constants were 0.2024, 0.144, 0.057, 0.0262 min–1 for initial 
dye concentrations of 10, 20, 50 and 100 mg/L, respectively. 
These results showed that the concentration of pollutant is 
critical factor in ZVI/PS system. 

3.5. Effect of various inorganic anions

In textile wastewater, the dyes may co-exist with differ-
ent inorganic substances especially anions which had strong 
tendency to reaction with free radicals. The effects of some 
anions (NO3

–, Cl–, HCO3
– and PO4

3–) were studied on decol-
orization of BBF in ZVI/PS system (Fig. 5(a)). In literature, 

chloride ions showed both promotional and inhibitory effects 
in sulfate-radical-based AOPs. In this study, in the presence 
of chloride, decolorization was slightly decreased. Although 
chloride accelerates corrosion of ZVI for more production of 
ferrous ion, chloride can scavenge sulfate radical based on 
Eqs. (12) and (13) [34,35]. 

SO Cl SO Cl4 4
2•− − − •+ → +  (12)

SO Cl Cl SO Cl4 4
2

2
•− • − −+ + → +  (13)

However, the presence of active chlorine species (HOCl, 
OCl– and Cl•) can degrade organic compounds. In case of 
nitrate ions, decolorization was declined markedly resulted 
from the scavenging of sulfate radicals by nitrate ion accord-
ing to Eq. (14). Nitrate radical produced is less reactive than 
sulfate radical [36]. 

SO NO SO NO4 3 4
2

3
•− − − •+ → +  (14)

It can be found that the degradation efficiency signifi-
cantly decreased in the presence of bicarbonate and phos-
phate anions. Bicarbonate ions are recognized as scavenger 
of free radicals. Bicarbonate and carbonate ions in water 
can rapidly react with sulfate radicals and produce carbon-
ate radicals with less redox potential (Eq. (15)). Moreover, 
the presence of carbonate precipitated ferrous ions and so 

Fig. 4. (a) The effect of initial dye concentration on BBF removal 
in the PS/ZVI process and (b) rate constants of first-order kinetic 
model (ZVI dosage = 0.5 g/L, PS dosage = 4 mM and pH = 3.0).
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availability of iron for activation of PS was reduced [34,37]. It 
should be noted that by adding bicarbonate anion, the solu-
tion pH increased significantly and reached 6.8. 

SO HCO SO CO H4 3 4
2

3
•− − − •− ++ → + +  (15)

The presence of phosphate ions decreased decolorization 
significantly. Phosphate ions can be adsorbed on the surface 
of ZVI and prevent PS activation. Phosphate ions can attach 
surrounding of ZVI and reduce possibility of the reaction 
of ZVI with PS. Phosphate ions not only scavenge sulfate 
radicals but also prevent activation of PS [35]. Generally, 
phosphate and bicarbonate ions are powerful scavengers for 
sulfate and hydroxyl radicals. Both anions compete with dye 
molecules for reaction with the radical sulfate.

3.6. Reusability of ZVI 

ZVI was used for fifth cycle under the same conditions. 
ZVI was separated by an external magnet and washed by 
deionized water for three times and then dried in 75°C for 2 h. 
Fig. 5(b) illustrates the performance of ZVI in dye decoloriza-
tion in five-run experiments after the ZVI recycled. As can 
be seen, decolorization efficiency was noticeability declined 
after fresh ZVI. In this way, decolorization efficiencies were 
98.9%, 84.2%, 74.2%, 60.1% and 48.2% for fresh, second, third, 

fourth and fifth uses of ZVI. This reduction in efficiency was 
related to the reduction iron content of ZVI during five cycle 
uses. Moreover, the surface of ZVI may be contaminated by 
intermediates [38]. These results indicate that ZVI is a good 
catalyst for only two cycle uses. 

3.7. Comparison of different oxidants

The performance of H2O2/ZVI and percarbonate/ZVI 
systems on BBF removal was evaluated under the same con-
dition of PS/ZVI system and their results are presented in 
Fig. 6(a). H2O2/ZVI and percarbonate/ZVI systems are based 
on Fenton chemistry with the generation of hydroxyl radical 
[39,40].

Fe H O HO Fe HO2
2 2

3+ • + −+ → + +  (16)

As can be seen, the PS/ZVI system had better perfor-
mance compared with other systems. These results showed 
that sulfate-radical-based system was more effective than 
hydroxyl-radical-based systems because the sulfate radical is 
more selective for oxidation of pollutants [15]. On the other 
hand, in comparison with percarbonate/ZVI system, H2O2 
exhibited a high efficiency. Due to the presence of bicarbonate 
in the structure of percarbonate (NaHCO3.3H2O2), competi-
tion reactions occurred according to Eqs. (17) and (18) [41,42].

Fig. 5. (a) The effect of anions on BBF removal in the PS/ZVI 
process and (b) decolorization of BBF in five uses of ZVI catalyst 
(ZVI dosage = 0.5 g/L, PS dosage = 4 mM, anions concentration = 
4 mM and pH = 3).

Fig. 6. (a) Comparison of different oxidants/ZVI on BBF removal 
and (b) oxidant decay in oxidant/ZVI system (ZVI dosage = 
0.5 g/L, oxidant dosage = 4 mM and pH = 3).
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HCO HO CO H O3 3 2
− • •−+ → +  (17)

CO HO CO HO3
2

3
− • •− −+ → +  (18)

In order to confirm the performance of the oxidants, the 
oxidant decay was monitored during the reaction time in oxi-
dant/ZVI system. Fig. 6(b) presents oxidant decay for three 
systems. It can be seen that, decay rate of PS was higher than 
other oxidants indicating more decomposition of PS through 
activation by ZVI. PS, H2O2 and percarbonate decays were 
64%, 60% and 41%, respectively. This result confirmed that 
ZVI was an effective activator for PS compared with H2O2 
and percarbonate.

3.8. Mineralization and identification of reaction mechanisms

Mineralization of BBF was determined by TOC and COD 
indices under optimum conditions. The results are indicated 
in Fig. 7(a). Accordingly, BBF removal efficiency was 98.8% 
while COD and TOC decay rates obtained about 45.3% and 
36.6%, respectively. The significant difference between decol-
orization and mineralization dye can be attributed to the 
peresence of three sulfonic acid groups and aromatic rings 
in the BBF structure. During the oxidation of BBF molecules, 
sulfonic acid groups decay sooner than aromatic rings that 
led to accelerate decolorization rate. Therefore, BBF degrada-
tion can generate intermediates which decrease the PS/ZVI 
system efficiency in terms of COD and TOC removals. 

In order to determine reaction mechanism, scavenging 
experiments were carried out by two organic probes including 
BA and TBA with concentration of 20 mM. BA is an effective 
quencher for both sulfate and hydroxyl radicals in which rate 
constants are 1.2 × 109 and 4.2 × 109 mol–1 s–1 for sulfate radical 
and hydroxyl radical, respectively [43]. On the other hand, 
TBA is well known as a powerful scavenger for hydroxyl 
radical with the rate constant of (3.8–7.6) × 108 mol–1 s–1, 
while its rate constant with sulfate radical is 1,000-folds less 
than that with hydroxyl radical [44,45]. Fig. 7(b) shows the 
effect of presence of the probes in decolorization of BBF. As 
can be seen, in the presence of BA, decolorization signifi-
cantly dropped indicating BA could scavenge both radicals. 
Whereas, in the presence of TBA, decolorization was slightly 
decreased in a way that decolorization efficiency was 90.2% 
in 30 min reaction time compared with 98% removal effi-
ciency in control condition. These results illustrated that sul-
fate radical is the major agent of BBF degradation. It should 
be noted that the solution pH of 3 has a critical role in high 
contribution of sulfate radical since sulfate radical reacts with 
OH– in pH > 7 and produces hydroxyl radical [30]. 

4. Conclusions

In this work, the application of ZVI as an activator of 
PS was investigated in BBF removal. 98.9% decolorization 
of 20 mg/L BBF occurred under the conditions of 4 mM PS, 
0.5 g/L ZVI, 3.0 pH and 30 min reaction time. Rapid decolor-
ization of BBF followed first-order kinetic with rate constant 
of 0.2024 min–1. In contrast to PS, ZVI had no  scavenging 
effect in excess dosage. The effect of anions showed that 

phosphate and bicarbonate ions had an inhibitatory effect 
on decolrization of BBF. Moreover, PS exhibited better per-
formance in comparison with H2O2 and percarbonate. The 
low mineralization of BBF degradation indicated possibil-
ity of the presence of intemediates. Quenching experiments 
showed that sulfate radical was the major oxidative agent of 
BBF degradation. The ZVI/PS system can be considered as a 
simple and promising process for the degradation of organic 
pollutant. 

Acknowledgment

This research project has been financially supported by 
Student Research Committee, Mazandaran University of 
Medical Sciences (grant Nos. 94/270 and 94/271).

References
[1] F. Gosetti, V. Gianotti, S. Angioi, S. Polati, E. Marengo, M. 

Gennaro, Oxidative degradation of food dye E133 Brilliant Blue 
FCF: liquid chromatography–electrospray mass spectrometry 
identification of the degradation pathway, J. Chromatogr., A, 
1054 (2004) 379–387.

[2] M. Moradi, F. Ghanbari, M. Manshouri, K.A. Angali, 
Photocatalytic degradation of azo dye using nano-ZrO2/UV/
persulfate: response surface modeling and optimization, 
Korean J. Chem. Eng., 33 (2016) 539–546.

Fig. 7. (a) Mineralization of BBF in ZVI/PS and (b) BBF degrada-
tion in the presence of TBA and BA (0.02 M) system (ZVI dosage 
= 0.5 g/L, PS dosage = 4 mM, pH = 3).



M. Yousefi et al. / Desalination and Water Treatment 70 (2017) 364–371370

[3] M. Moradi, A. Eslami, F. Ghanbari, Direct Blue 71 removal by 
electrocoagulation sludge recycling in photo-Fenton process: 
response surface modeling and optimization, Desal. Wat. Treat., 
57 (2016) 4659–4670.

[4] P. Sharma, H. Kaur, M. Sharma, V. Sahore, A review on 
applicability of naturally available adsorbents for the removal 
of hazardous dyes from aqueous waste, Environ. Monit. 
Assess., 183 (2011) 151–195.

[5] C. Morris, S. Mooney, S. Young, Sorption and desorption 
characteristics of the dye tracer, Brilliant Blue FCF, in sandy and 
clay soils, Geoderma, 146 (2008) 434–438.

[6] A. Mittal, Use of hen feathers as potential adsorbent for 
the removal of a hazardous dye, Brilliant Blue FCF, from 
wastewater, J. Hazard. Mater., 128 (2006) 233–239.

[7] N. Pourreza, M. Ghomi, Simultaneous cloud point extraction 
and spectrophotometric determination of carmoisine and 
brilliant blue FCF in food samples, Talanta, 84 (2011) 240–243.

[8] Z. Wu, H. Joo, I.-S. Ahn, J.-H. Kim, C.-K. Kim, K. Lee, Design of 
doped hybrid xerogels for a controlled release of brilliant blue 
FCF, J. Non-Cryst. Solids, 342 (2004) 46–53.

[9] M. Flury, H. Flühler, Brilliant Blue FCF as a dye tracer for solute 
transport studies—a toxicological overview, J. Environ. Qual., 
23 (1994) 1108–1112.

[10] K. Singh, S. Arora, Removal of synthetic textile dyes from 
wastewaters: a critical review on present treatment technologies, 
Crit. Rev. Env. Sci. Technol., 41 (2011) 807–878.

[11] S. Jorfi, G. Barzegar, M. Ahmadi, R. Darvishi Cheshmeh Soltani, 
N. Jafarzadeh Haghighifard, A. Takdastan, R. Saeedi, M. Abtahi, 
Enhanced coagulation-photocatalytic treatment of Acid red 73 
dye and real textile wastewater using UVA/synthesized MgO 
nanoparticles, J. Environ. Manage., 177 (2016) 111–118.

[12] A. Yazdanbakhsh, F. Mehdipour, A. Eslami, H.S. Maleksari, F. 
Ghanbari, The combination of coagulation, acid cracking and 
Fenton-like processes for olive oil mill wastewater treatment: 
phytotoxicity reduction and biodegradability augmentation, 
Water Sci. Technol., 71 (2015) 1097–1105.

[13] A.A. Babaei, A.R. Mesdaghiniai, N.J. Haghighi, R. Nabizadeh, 
A.H. Mahvi, Modeling of nonylphenol degradation by photo-
nanocatalytic process via multivariate approach, J. Hazard. 
Mater., 185 (2011) 1273–1279.

[14] N. Jaafarzadeh, F. Ghanbari, M. Ahmadi, M. Omidinasab, 
Efficient integrated processes for pulp and paper wastewater 
treatment and phytotoxicity reduction: permanganate, electro-
Fenton and Co3O4/UV/peroxymonosulfate, Chem. Eng. J., 308 
(2017) 142–150.

[15] L.W. Matzek, K.E. Carter, Activated persulfate for organic chemical 
degradation: a review, Chemosphere, 151 (2016) 178–188.

[16] M. Ahmadi, F. Ghanbari, Optimizing COD removal from 
greywater by photoelectro-persulfate process using Box-
Behnken design: assessment of effluent quality and electrical 
energy consumption, Environ. Sci. Pollut. Res., 23 (2016) 
19350–19361.

[17] C.-H. Weng, K.-L. Tsai, Ultrasound and heat enhanced persulfate 
oxidation activated with Fe0 aggregate for the decolorization of 
C.I. Direct Red 23, Ultrason. Sonochem., 29 (2016) 11–18.

[18] L. Ismail, C. Ferronato, L. Fine, F. Jaber, J.-M. Chovelon, 
Elimination of sulfaclozine from water with SO4

− radicals: 
evaluation of different persulfate activation methods, Appl. 
Catal., B, 201 (2017) 573–581.

[19] S. Akbari, F. Ghanbari, M. Moradi, Bisphenol A degradation 
in aqueous solutions by electrogenerated ferrous ion activated 
ozone, hydrogen peroxide and persulfate: applying low current 
density for oxidation mechanism, Chem. Eng. J., 294 (2016) 
298–307.

[20] G.P. Anipsitakis, D.D. Dionysiou, Radical generation by the 
interaction of transition metals with common oxidants, Environ. 
Sci. Technol., 38 (2004) 3705–3712.

[21] F. Fu, D.D. Dionysiou, H. Liu, The use of zero-valent iron for 
groundwater remediation and wastewater treatment: a review, 
J. Hazard. Mater., 267 (2014) 194–205.

[22] I. Hussain, Y. Zhang, S. Huang, X. Du, Degradation of 
p-chloroaniline by persulfate activated with zero-valent iron, 
Chem. Eng. J., 203 (2012) 269–276.

[23] C. Zhu, G. Fang, D.D. Dionysiou, C. Liu, J. Gao, W. Qin, D. Zhou, 
Efficient transformation of DDTs with persulfate activation by 
zero-valent iron nanoparticles: a mechanistic study, J. Hazard. 
Mater., 316 (2016) 232–241.

[24] H. Li, J. Wan, Y. Ma, Y. Wang, M. Huang, Influence of particle 
size of zero-valent iron and dissolved silica on the reactivity of 
activated persulfate for degradation of acid orange 7, Chem. 
Eng. J., 237 (2014) 487–496.

[25] I. Hussain, Y. Zhang, S. Huang, Degradation of aniline with 
zero-valent iron as an activator of persulfate in aqueous 
solution, RSC Adv., 4 (2014) 3502–3511.

[26] APHA, Standard Methods for the Examination of Water 
and Wastewater, 22nd ed., APHA, Washington, D.C., USA, 
2012.

[27] J. Mendham, R.C. Denney, J.D. Barnes, M.J.K. Thomas, Vogel’s 
Textbook of Quantitative Chemical Analysis, Prentice-Hall, 
Englewood Cliffs, NJ, 2000.

[28] F. Ghanbari, M. Moradi, Application of peroxymonosulfate 
and its activation methods for degradation of 
environmental organic pollutants: review, Chem. Eng. J., 
310, (2017) 41–62.

[29] A.R. Rahmani, H. Rezaeivahidian, M. Almasi, A. Shabanlo, H. 
Almasi, A comparative study on the removal of phenol from 
aqueous solutions by electro-Fenton and electro-persulfate 
processes using iron electrodes, Res. Chem. Intermed., 42 (2016) 
1441–1450.

[30] M. Ahmadi, F. Ghanbari, M. Moradi, Photocatalysis assisted 
by peroxymonosulfate and persulfate for benzotriazole 
degradation: effect of pH on sulfate and hydroxyl radicals, 
Water Sci. Technol., 72 (2015) 2095–2102.

[31] R. Yuan, Z. Wang, Y. Hu, B. Wang, S. Gao, Probing the radical 
chemistry in UV/persulfate-based saline wastewater treatment: 
kinetics modeling and byproducts identification, Chemosphere, 
109 (2014) 106–112.

[32] C. Liang, Z.-S. Wang, C.J. Bruell, Influence of pH on persulfate 
oxidation of TCE at ambient temperatures, Chemosphere, 66 
(2007) 106–113.

[33] L.G. Devi, S.G. Kumar, K.M. Reddy, C. Munikrishnappa, Photo 
degradation of Methyl Orange an azo dye by Advanced Fenton 
Process using zero valent metallic iron: influence of various 
reaction parameters and its degradation mechanism, J. Hazard. 
Mater., 164 (2009) 459–467.

[34] J. Sharma, I. Mishra, D.D. Dionysiou, V. Kumar, Oxidative 
removal of Bisphenol A by UV-C/peroxymonosulfate (PMS): 
kinetics, influence of co-existing chemicals and degradation 
pathway, Chem. Eng. J., 276 (2015) 193–204.

[35] F. Qi, W. Chu, B. Xu, Modeling the heterogeneous 
peroxymonosulfate/Co-MCM41 process for the degradation 
of caffeine and the study of influence of cobalt sources, Chem. 
Eng. J., 235 (2014) 10–18.

[36] J. Zhou, J. Xiao, D. Xiao, Y. Guo, C. Fang, X. Lou, Z. Wang, J. 
Liu, Transformations of chloro and nitro groups during the 
peroxymonosulfate-based oxidation of 4-chloro-2-nitrophenol, 
Chemosphere, 134 (2015) 446–451.

[37] Y. Ji, C. Dong, D. Kong, J. Lu, New insights into atrazine 
degradation by cobalt catalyzed peroxymonosulfate oxidation: 
kinetics, reaction products and transformation mechanisms, J. 
Hazard. Mater., 285 (2015) 491–500.

[38] N. Jaafarzadeh, F. Ghanbari, M. Ahmadi, Catalytic degradation 
of 2,4-dichlorophenoxyacetic acid (2,4-D) by nano-Fe2O3 
activated peroxymonosulfate: influential factors and 
mechanism determination, Chemosphere, 169 (2017) 568–576.

[39] M. Malakootian, N. Jaafarzadeh, A. Dehdarirad, Efficiency 
investigation of photo-Fenton process in removal of sodium 
dodecyl sulphate from aqueous solutions, Desal. Wat. Treat., 57 
(2016) 24444–24449.

[40] M. Ahmadi, H. Rahmani, A. Takdastan, N. Jaafarzadeh, A. 
Mostoufi, A novel catalytic process for degradation of bisphenol 
A from aqueous solutions: a synergistic effect of nano-Fe3O4@
Alg-Fe on O3/H2O2, Process Saf. Environ. Prot., 104 (2016) 
413–421.

[41] F. Rivas, O. Gimeno, T. Borralho, M. Carbajo, UV-C radiation 
based methods for aqueous metoprolol elimination, J. Hazard. 
Mater., 179 (2010) 357–362.



371M. Yousefi et al. / Desalination and Water Treatment 70 (2017) 364–371

[42] A.A. Babaei, F. Ghanbari, COD removal from petrochemical 
wastewater by UV/hydrogen peroxide, UV/persulfate and 
UV/percarbonate: biodegradability improvement and cost 
evaluation, J. Water Reuse Desalin., 6 (2016) 484–494.

[43] B.-T. Zhang, Y. Zhang, Y. Teng, M. Fan, Sulfate radical and its 
application in decontamination technologies, Crit. Rev. Env. 
Sci. Technol., 45 (2015) 1756–1800.

[44] F. Ghanbari, M. Moradi, F. Gohari, Degradation of 
2,4,6-trichlorophenol in aqueous solutions using 

peroxymonosulfate/activated carbon/UV process via sulfate and 
hydroxyl radicals, J. Water Process Eng., 9 (2016) 22–28.

[45] G.P. Anipsitakis, D.D. Dionysiou, Degradation of organic 
contaminants in water with sulfate radicals generated by the 
conjunction of peroxymonosulfate with cobalt, Environ. Sci. 
Technol., 37 (2003) 4790–4797.


