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g r a p h i c a l a b s t r a c t
� nZVI was synthesized and its func-
tion was investigated on PMS
activation.

� nZVI/PMS/US was effective to
degrade 4-CP.

� Simultaneous application of nZVI and
US boosted PMS activation and 4-CP
degradation.

� Intermediates of 4-CP degradation
were also determined.

� The performance of nZVI/PMS/US
was evaluated on petrochemical
wastewater treatment.
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a b s t r a c t

In this study, nanoscale-zero valent iron (nZVI) was synthesized and its function was assessed in ul-
trasound (US)/peroxymonosulfate (PMS)/nZVI process to degrade 4-chlorphenol (4-CP). The influential
operation parameters of US/PMS/nZVI were evaluated on 4-CP degradation. 95% of 4-CP was degraded
during 30min under the conditions of pH¼ 3.0, nZVI¼ 0.4 g/L, PMS¼ 1.25mM, US power¼ 200W. The
rate constants of 4-CP degradation for US/PMS/nZVI, PMS/nZVI, US/PMS and US/nZVI were 0.1159, 0.03,
0.0134 and 0.0088 min�1 respectively. Simultaneous application of US and nZVI synergistically increased
4-CP degradation and PMS activation. nZVI was compared with Fe2þ, Fe3þ and micro-ZVI and their re-
sults indicated high performance of nZVI compared to others. Reusability of nZVI was examined in four
cycles. nZVI exhibited that reusability was acceptable in three runs. The results of effect of anions showed
that phosphate had significant inhibitory effect on 4-CP degradation in US/PMS/nZVI process. The
scavenging experiments indicated that hydroxyl radical had more contribution compared to sulfate
radical. Intermediates of 4-CP degradation were identified including five aromatic compounds. Reaction
pathway of 4-CP degradation was proposed. Finally, the performance of US/PMS/nZVI process was
bari).
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evaluated on real petrochemical wastewater. The results showed that US/PMS/nZVI can be a suitable
pretreatment for biological treatment.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Treatment of wastewaters had been always met different chal-
lenges to reach required standards or new rules. These challenges
are now increasing especially in wastewaters containing toxic and
recalcitrant organic pollutants. Conventional methods usually are
ineffective for complete degradation of these pollutants. 4-
Chlorophenol (4-CP) is one of the most important derives of
phenol group which has strong resistance to chemical and biolog-
ical remediation (Elghniji et al., 2014; Moonsiri et al., 2004). 4-CP
can seriously threaten living organisms including human beings.
The acceptable daily intake (ADI) of 4-CP is estimated 0.1mg/kg
body weight per day. 4-CP is generally found in industrial waste-
waters such as pulp and paper wastewater, petrochemical waste-
water and effluent of pesticide manufacture. Toxicity and non-
biodegradability of 4-CP have prompted many scientists to study
the chemical oxidation of 4-CP (Czaplicka, 2004; Moonsiri et al.,
2004; Theurich et al., 1996; Tong et al., 1997). Advanced oxidation
processes (AOPs) have exhibited high efficiency in degradation of
refractory organic compounds. These processes are well-known as
the processes generating the hydroxyl radical (Mahamuni and
Adewuyi, 2010; Vilar et al., 2017). Many AOPs have been conduct-
ed on 4-CP degradation including Fenton oxidation (Zhou et al.,
2008), direct and catalytic ozonation (Sauleda and Brillas, 2001),
photocatalysis (Lettmann et al., 2001) and electrochemical oxida-
tion (Johnson et al., 1999). Nowadays, sulfate radical-based AOPs
(SR-AOPs) have received a great attention by the scientists for
degradation of environmental pollutants in contaminated water
and wastewater (Ghanbari and Moradi, 2017). Sulfate radical (SO4

�-)
is a strong and powerful oxidant with redox potential of 2.5e3.1 V
(Neta et al., 1988; Pan et al., 2017; Yao et al., 2017). Recently, per-
oxymonosulfate (HSO5

�) (PMS) has exhibited successful function to
generate sulfate radical for degradation of organics (Ghanbari and
Moradi, 2017). PMS can be activated by transition metals (homog-
enous and heterogeneous forms) (Ahmadi et al., 2017; Huang et al.,
2017), ultraviolet (He et al., 2013), ultrasound (Su et al., 2012) and
free-metal heterogeneous catalysts (Sun et al., 2014). Although
cobalt has exhibited high performance for PMS activation, iron is a
benign element and non-toxic. Hence, most studies have focused
on iron-based catalysts. Zero valent iron (ZVI) has long shown
promise for effectively activating hydrogen peroxide as Fenton-like
process (Yazdanbakhsh et al., 2015). Nanoscale-ZVI (nZVI) has
demonstrated the high performance in water and wastewater
treatments in different roles. nZVI not only is a reducing agent, but
also it is a source of ferrous ions for activating PMS (Hussain et al.,
2012). In this way, nZVI can generate Fe2þ in the presence of PMS
based on following equations.

Fe / Fe2þ þ 2e� (1)

Feþ HSO�
5 þ 2Hþ/Fe2þ þ HSO�

4 þ H2O (2)

The generated Fe2þ consequently actives PMS to produce sulfate
radicals through Eq. (3) (Anipsitakis and Dionysiou, 2004).

(3)

Besides, many researchers have combined transition metal with
ultrasound (US) to improve degradation efficiency. In this way, US
activates PMS to generate both sulfate and hydroxyl radicals ac-
cording to Eq. (4) (Ghanbari and Moradi, 2017; Su et al., 2012).

(4)

Moreover, US also increases corrosion of nZVI to generate the
ferrous ion based on Eq. (5) (Yuan et al., 2016).

Fe þ ÞÞÞ / Fe2þ þ 2e� (5)

In fact, the combination of US, nZVI and PMS probably enhances
the generation rate of free radicals and accelerates the degradation
of organic pollutants. Based on literature, nZVI/persulfate (S2O8

2�)
and nZVI/H2O2 have been widely studied on the degradation of
phenol-based compounds (Dong et al., 2017; Li et al., 2015; Xu and
Wang, 2011). Moreover, PS/US/nZVI and H2O2/US/nZVI processes
have been used for the degradation of organic pollutants (Taha and
Ibrahim, 2014; Zou et al., 2014). To the best of our knowledge, a few
researches have been focused on PMS/nZVI for degradation of
organic pollutants. In addition, the process of US/PMS/nZVI has not
been studied on 4-CP degradation yet. In this study, we synthesized
nZVI by a facile method and investigated the catalytic activity of
nZVI in the presence of US for the activation of PMS to degrade 4-CP
in aqueous solution. Moreover, several key operation parameters
(nZVI dosage, PMS dosage, pH, reaction time and US power) were
investigated on 4-CP degradation. Mineralization, mechanism, the
effect of some anions and reusability were also studied. Finally
intermediates of 4-CP degradation were identified and the perfor-
mance of US/PMS/nZVI was evaluated on real wastewater.

2. Materials and methods

2.1. Chemicals

All chemicals and reagents were in analytical grade. 4-
chlorophenol (4-(Cl)C6H5OH) was purchased from Merck Com-
pany with purity of 99%<. Oxone salt (KHSO5.0.5KHSO4.0.5K2SO4)
as PMS source and sodium phosphate (Na3PO4) were purchased
from Sigma-Aldrich. Sodium chloride (NaCl) and sodium sulfate
(Na2SO4), were provided from Dr.Mojaalli Company (Iran).
Hydrogen peroxide (30%), potassium hydroxide and sulfuric acid
(98%) were obtained from Merck Company. Ferric chloride hexa-
hydrate (FeCl3.6H2O), was purchased from BDH Inc. Sodium boro-
hydride (98%<), was purchased from Sigma-Aldrich Company.
Potassium ferricyanide and 4-aminoantipyrine were purchased
from Daejung Chemicals. Water and methanol (HPLC grade) were
purchased from Samchun Company. Petrochemical wastewater
was collected from petrochemical industry which was located in
Mahshahr city (Iran) as the biggest industry of petroleum in Iran.
The samples were kept in temperature 4 �C.

2.2. Preparation of nZVI

nZVI particles were synthesized based on the reduction of iron
ion (Liou et al., 2006; Wang and Zhang, 1997; Yuan et al., 2016).
Accordingly, 0.25M FeCl3.6H2O aqueous solutionwas introduced to
a beaker. Then, 0.4M NaBH4 aqueous solution as reducing agent



Fig. 1. (a) and (b) FESEM images of nZVI (c) EDS spectrum of fresh nZVI (d) EDS
spectrum of nZVI after 4th cycle use (e) XRD spectrum of nZVI before and after reaction
(f) magnetization hysteresis loop of nZVI.
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was dropwisely added with flow rate (10mL/min) under N2 at-
mosphere. After 60min mixing, black precipitations were formed
and they were separated by a Nd2Fe14B magnet. The precipitations
were washed three times with absolute ethanol and then dried in
the vacuum condition. The morphology and particle size were
analyzed by field emission scanning electron microscope (FESEM)
(Mira 3-Xmu). The integrated energy-dispersive X-ray spectros-
copy (EDS) was used to determine the elements in fresh and reused
nZVI. Crystallographic structure of nZVI was determined by X-ray
diffraction (XRD) analysis which was recorded by a D8 Bruker
advanced diffractometer with Cu-Ka radiation (40 kV and 40mA).
The magnetism of nZVI was analyzed by vibrating sample magne-
tometer (VSM-MDK-Iran).

2.3. US/PMS/nZVI experiments

All experiments were conducted in a cylindrical reactor made of
Plexi-glass with diameter of 6 cm and height of 12 cm. 300mL of
25mg/L 4-CP was introduced to the reactor, then a known amount
of nZVI was added to the solution. A certain concentration of PMS
was injected to the solution. Sonication was carried out by a Q125
ultrasonic generator (400W, 20 kHz) equipped with a probe
transducer made of titanium. The sonication probe was immersed
at the solution (3 cm under the water surface). The amplitude of
sonicationwas adjusted at 100% inwhich sonicationwas performed
continuously. The pH solutionwas adjusted by KOH and H2SO4 with
concentration of 0.1M. At given reaction time intervals, samples
(4mL) were taken out and then immediately quenched with 2mL
methanol and then filtrated by syringe filters (0.22 microne). The
temperaturewas fixed bywater jacket at 27e31 �C during sonolysis
reaction. In each reusability experiment, the nZVI was separated
using a Nd2Fe14B magnet and washed thoroughly with deionized
water. The experiments were carried out at least in duplicate and
the analyses of parameters were conducted in triplicate. The
average values were used in the results.

2.4. Analytical methods

The concentration of 4-CP was determined by using a KNAUER
HPLC (High Performance Liquid Chromatography) equipped with a
2500 ultraviolet (UV) detector at l¼ 278 nm and C18 column
(250mm� 4.6mm, with 5 mm particle size) was employed for the
separation as the stationary phase. The isocratic mobile phase was
methanol and water with 30:70 ratio at a flow rate of 1.0mL/min.
The 20 mL was manually injected while the column temperature
was set at 25 �C. Total organic carbon (TOC) values were measured
by a TOC analyzer (Shimadzu). Chemical oxygen demand (COD),
total dissolved solids (TDS), 5-days biochemical oxygen demand
(BOD) were analyzed based on Standard Method (APHA, 1999). The
iron concentrations were measured by an atomic absorption
spectrometer (Analytik Jena, Vario 6). PMS was determined ac-
cording to iodometric titration method (Vogel, 1989). Total phenols
were determined based on colorimetric method by a spectropho-
tometer (Hach DR6000) at 500 nm according to the reaction of
phenol compounds with 4-aminoantipyrine (APHA, 1999). Liquid
chromatography mass spectroscopy (LC-MS) analysis was applied
to recongnize the intermediates of 4-CP degradation using by a
Micromass Quattro Micro API mass spectrometer (Waters 2695.,
Milford, MA). Chromatographic separation was achieved on a C18
column (50mm� 2.1mm id, 1.7 mm; Waters) at 25 �C. The MS was
operated in negative mode with electrospray source ionization, by
applying an interface voltage of �4.5 kV. The mobile phase was
methanol and water which was modified by 0.1% acetic acid and
20mM ammonium acetate in which the flow rate was 1mL/min.
The injection volume of the sample was 25 mL.
3. Results and discussion

3.1. nZVI characteristics

Fig. 1a and b shows the FESEM images of nZVI. As shown in
Fig. 1a, generally, the nanoparticles were sphere-like shape and
they were agglomerated which could be due to the magnetical
interactions between each of the nano-ZVI. The FESEM image with
high magnification (Fig. 1b) demonstrates that the size of nano-
particles is in range of 20e80 nm. Fig. 1c presents the EDS spectrum
of nZVI. The spectrum showed that the elements of synthesized
nZVI were consisted of Fe (84.3% wt) and O (11.2% wt) indicating
that nZVI was partially oxidized before reaction time. Fig. 1e shows
XRD spectrum of synthesized nZVI. A sharp peak at 2q¼ 44.80⁰
corresponded to (110) plane confirmed the formation of Fe0.
Moreover, two peaks of 2q¼ 65.27⁰ and 2q¼ 82.56⁰ which were
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respectively corresponded to planes of (200) and (211) were related
to Fe0. It should be noted that a small peak was observed at
2q¼ 33.08⁰ which was related to Fe2O3 confirming the oxidation of
Fe0 by air before reaction. Fig. 1f displays the magnetization hys-
teresis loop of nZVI. The saturation magnetization (Ms) was found
to be 164 emu/g indicating that nZVI can be easily separated by a
small magnet from aqueous solution.

3.2. The effect of key operational parameters (pH, nZVI dosage, PMS
dosage, ultrasound power)

The solution pH is a critical factor affecting the performance of
the US/PMS/nZVI process in the degradation of contaminants due
to its function in control of the activity of the free radicals, the
catalytic activity, and iron species. Fig. 2a shows the effect of pH on
4-CP degradation in US/PMS/nZVI process under the conditions of
1mM PMS, 0.4 g/L nZVI, 200W ultrasound power and 30min re-
action time. As can be seen, with increase of pH, the degradation of
4-CP was dramatically reduced. The acidic condition increased the
release of ferrous ion from the surface of nZVI resulting in the more
activation of PMS. In the presence of high proton, nZVI was
corroded and ferrous ions were provided for PMS activation to
generate sulfate radicals. At pH of 2.0 and 3.0, 4-CP degradationwas
about 75% while this value reached 38.3% at pH¼ 7.0. The reducing
the removal efficiency was related to the precipitation of iron
species at pH> 4. The species of iron hydroxides deactivate nZVI
through the precipitation of Fe(OH)n and Fe(OH)(n�1)þ

(Babuponnusami and Muthukumar, 2012; Zha et al., 2014). More-
over, it is worthwhile to emphasize that the power of free radicals
in acidic condition is more than that in alkaline condition (Burbano
et al., 2005). Therefore, pH¼ 3.0 was suitable for 4-CP degradation
in US/PMS/nZVI process.

The effect of nZVI dosage was investigated in range of 0.1e0.5 g/
L under the condition of pH¼ 3.0, 1mM PMS, 200W ultrasound
and 30min reaction and their results are shown in Fig. 2b. Increase
of nZVI dosage generally enhanced the generation of free radicals
through catalyzing PMS. Based on Eq. (3), increase of ferrous ion
boosted generating the sulfate radicals, therefore, degradation of 4-
CP was consequently increased. Accordingly, 4-CP removal effi-
ciencies were 45.1, 58.3, 75, 86.5 and 79.4% for 0.1, 0.2, 0.3, 0.4 and
Fig. 2. (a) the effect of pH on 4-CP removal (PMS¼ 1.0mM, US power¼ 200W, nZVI¼ 0
power¼ 200W, pH¼ 3.0 and 30min) (c) the effect of PMS dosage on 4-CP removal (nZVI¼
removal (nZVI¼ 0.4 g/L, PMS¼ 1.25mM, pH¼ 3.0 and 30min).
0.5 g/L respectively. Results showed that the removal efficiency was
decreased in 0.5 g/L nZVI indicating that higher dosage of nZVI did
not favor for PMS activation (Ahmadi et al., 2017). In fact, higher
dosage of nZVI as well as ferrous ions scavenged sulfate and hy-
droxyl radicals and produced non-reactive anions (Eq. (6)) (Wang
and Chu, 2012). Hence, the dosage of 0.4 g/L nZVI was the best
dosage for PMS activation.

(6)

PMS dosage is the main factor for the production of sulfate and
hydroxyl radicals, in other words, PMS is the main source of sulfate
and hydroxyl radicals. Herein, the effect of PMS dosage was eval-
uated on 4-CP degradation under conditions of pH¼ 3.0, 0.4 g/L
nZVI, 200W ultrasound power and related results are illustrated in
Fig. 2c. Regarding the results, by rising the PMS dosage from 0.5 to
1.25mM, 4-CP degradation was linearly increased in a way that 4-
CP removals were 35.1, 68.6, 86.5 and 95% for 0.5, 0.75, 1 and
1.25mM respectively. Generally, increase in PMS dosage leads to
more generation of sulfate radicals. However, it has been reported
in literature that higher PMS concentration has negative effect on
the concentration of sulfate and hydroxyl radicals. In current work,
at 1.5mM PMS, degradation efficiency of 4-CP was dropped to
90.3%. Excessive PMS can scavenge both sulfate and hydroxyl rad-
icals and decrease the removal efficiency. In these reactions, per-
oxymonosulfate radical was produced which was ignored in
degradation of organic pollutants due to low potential redox
(E0¼1.1 V) (Jaafarzadeh et al., 2017; Ling et al., 2010).

(7)

(8)

The effect of ultrasound power was investigated in three levels
(100, 200 and 300W) (Fig. 2d). As clearly observed, the degradation
of 4-CP was increased from 74.6% to 95% when ultrasound power
was raised from 100W to 200W. This increase can be related to the
fast regeneration of Fe2þ at the solution improving the cycle of
forming the free radicals. In US power of 300W, no significant in-
crease in 4-CP degradation was observed indicating that 200W US
.4 g/L and 30min) (b) the effect of nZVI dosage on 4-CP removal (PMS¼ 1.0mM, US
0.4 g/L, US power¼ 200W, pH¼ 3.0 and 30min) (d) the effect of US power on 4-CP
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power was sufficient for activation of PMS and regeneration of iron
species. It is worthwhile to emphasize that an increase in temper-
ature (32e37 �C) occurred at 300W US power which can enhance
PMS activation through thermolytic cleavage of OeO bond. In fact,
in higher power in sono-based process, heat activation of oxidants
can be a promoter method for the generation of free radicals.
3.3. The role of nZVI and US in PMS activation

Various processes were evaluated to determine the role of nZVI
and US in PMS activation. Fig. 3a shows the 4-CP removal in
different processes. As clearly observed, the removal efficiency of 4-
CP was negligible when only PMS was used. This showed that no
free radicals were produced during reaction. On the other hands,
lone application of nZVI and US removed 16 and 12% of 4-CP
respectively. nZVI is able to adsorb of 4-CP and it also may elimi-
nate 4-CP based on reductive dechlorination. The few free radicals
were produced in lone US application whose concentrations were
insufficient for 4-CP degradation. In binary systems, removal effi-
ciency was reasonably improved. PMS/US degraded 31.6% of 4-CP
within 30min reaction time. Based on Eq. (4), high energy of US
decomposed PMS to hydroxyl and sulfate radicals. However, this
activationwas ineffective in 30min reaction time. 57.9% of 4-CPwas
omitted in the silent system of PMS/nZVI. Compare to US, nZVI
showed a higher catalytic activity for PMS activation. Homoge-
neous reactivity of PMS with ferrous ion generated is high; there-
fore, sulfate radicals were significantly produced in the solution. In
the main system (US/PMS/nZVI), 4-CP degradation efficiency was
obtained 95% in 30min indicating synergistic effect of the con-
current presence of nZVI and US for PMS activation. In this way, not
only US irradiation can accelerate Fe2þ generation from nZVI, but it
can also clean the surface of nZVI. In fact, US irradiation prevented
deactivation of nZVI. Moreover, H� produced from Eq. (4) may
activate PMS based on Eq. (9). On the other hand, hydrogen radical
Fig. 3. (a) the 4-CP removal in different processes (b) PMS decay in different condi-
tions (nZVI¼ 0.4 g/L, PMS¼ 1.25mM, pH¼ 3.0 and US power¼ 200W).
may react with sulfate radicals to generate sulfate ions (Eq. (10)).

(9)

(10)

In order to confirm the synergistic effect of US and nZVI, PMS
was monitored during reaction time in different systems. Fig. 3b
shows the trend of PMS reduction in various conditions. As can be
seen, the decrease in PMS concentration in lone PMS application
was poor while US and nZVI could decompose 30% and 46% of PMS
during 30min reaction time respectively. These results confirmed
that nZVI was more successful than US in terms of PMS activation.
In the presence of US and ZVI, PMS was considerably decomposed
in a way that 77% of PMS is reduced during 30min reaction time.
The results showed that the presence of both activators synergis-
tically activated PMS to produce free radicals. The rate constants (k,
min�1) of PMS and 4-CP decays were determined by pseudo first-
order model (lnC/C0¼ -kt). Synergistic effect (SE) of the presence
of both activators can be quantified for PMS decay and 4-CP
degradation based on Eqs. (11) and (12).

SE4�CP ¼ kUS=PMS=nZVI

kPMS=nZVI þ kUS=nZVI þ kUS=PMS
(11)

SEPMS ¼
kUS=PMS=nZVI

k"PMS=nZVI þ kUS=PMS
(12)

The rate constant of 4-CP degradation for US/PMS/nZVI, PMS/
nZVI, US/PMS and US/nZVI were 0.1159, 0.03, 0.0134 and 0.0088
min�1 respectively. Based on Eq. (11), the SE value of 4-CP degra-
dation for US/PMS/nZVI was obtained 2.2 (more than 1) indicating
that both activators had synergistic effect on 4-CP degradation. In
case of PMS decay, SE value was obtained 1.6. These results proved
that US can affect the nZVI through two mechanisms; increase of
Fe2þ generation and cleaning the surface of ZVI.

Dissolved iron (DI) was measured during reaction time in
different conditions to confirm the synergistic effect of US/PMS/
nZVI. Fig. 4 shows the DI in nZVI-based systems. As can be seen, DI
was increased at first 10min in all systems. After that, the DI con-
centration was gradually dropped within reaction time. DI con-
centration in US/PMS/nZVI reached 34.3mg/L at 10min while DI
concentrations respectively were 18.9 and 15.6mg/L for PMS/nZVI
and US/nZVI at the same time. These results showed that PMS and
US increased the ferrous ion generation significantly. Compared to
Fig. 4. the dissolved iron concentration in different processes (nZVI¼ 0.4 g/L,
PMS¼ 1.25mM, pH¼ 3.0 and US power¼ 200W).



Fig. 6. the reusability of nZVI in four cycles (a) 4-CP degradation (b) DI during reaction
time (nZVI¼ 0.4 g/L, PMS¼ 1.25mM, pH¼ 3.0 and US power¼ 200W).
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the sole application of nZVI, US/nZVI and PMS/nZVI released more
ferrous ion to the solution. However, after 10min, the DI was
dropped which was related to the precipitation of iron in forms of
hydroxide. In fact, when Fe2þ was released to the solution, it
affected the solution pH and induced the precipitation of iron
species. DI concentration in US/PMS/nZVI was 25.6mg/L at 30min
reaction time which was still considerable amount for PMS acti-
vation. US and PMS were effective to maintain the desirable
amount of Fe2þ in the solution.

3.4. The comparison with Fe(II), Fe(III) and micro-Fe0

The performance of nZVI in PMS/US/catalyst system was
compared with micro-Fe0 (mZVI) and ferrous and ferric ions and
their results are presented in Fig. 5. As can be seen, in homogeneous
systems (US/PMS/Fe(II) and US/PMS/Fe(III)), 4-CP degradation was
increased at the first 15min and after that reached steady state
within 30min reaction. It seems that available iron ions were
rapidly consumed at the first 15min to activate PMS. The regen-
eration of iron from iron complexes was slow in the homogenous
systems. Whereas, in mZVI and nZVI systems, 4-CP degradation
was gradually increased during 60min reaction time which was
attributed to continuous release of iron ion to the solution. How-
ever, nano-scale ZVI exhibited high performance compared to
micro-scale ZVI. As expected, nZVI had the higher activity for the
surface reactions and ferrous generation in comparison with mZVI.
It should be noted that nZVI profits both heterogeneity and ho-
mogeneity behavior in catalytic activation of PMS. Moreover, US
can regenerate ferrous ion and clean the surface of nZVI to produce
more iron (Adewuyi, 2005a, b). Based on the results obtained, nZVI
showed high performance in ferrous ion generation and PMS
activation.

3.5. The reusability of nZVI

The reusability of nZVI in US/PMS/nZVI process was evaluated in
fourth cycle for 4-CP degradation and related results are presented
in Fig. 6a. As observed, increasing the number of recycle run
declined the degradation rate of 4-CP considerably. In this way, the
degradation efficiency of 4-CPwas decreased from95.6% to 73.5% at
4th cycle. This decrease in the efficiency can be related to the
deactivation of the surface of nZVI for ferrous ion generation.
Indeed, the surface of nZVI was poisoned by the intermediates of 4-
CP or the precipitation of iron species. This phenomenon can
Fig. 5. 4-CP removal in different systems (mZVI¼ nZVI¼ 0.4 g/L, PMS¼ 1.25mM,
pH¼ 3.0, US power¼ 200W and Fe(II)¼ Fe(III)¼ 1mM).
reduce the releasing the ferrous ion into the solution. However, the
degradation efficiency of 4-CP was acceptable after three cycle (85%
removal efficiency). In order to confirm the reducing ferrous ion
generation in the consequent experiments, dissolved iron was
measured during four cycles and their results are illustrated in
Fig. 6b. As shown, the trend of DI was the same in all recycling runs
of nZVI. Howbeit, the DI was decreased by consequent recycling of
nZVI in which DI concentration of 34.3mg/L in fresh use reached
18.2mg/L at 4th run. In fact, the corrosion at the surface of nZVI
reduced due to poisoning the nZVI as above-mentioned. In order to
confirm this issue, nZVI after 4th runwas analyzed by EDS (Fig. 1d).
As can be seen, the weight percent of iron was decreased from
84.3% (in fresh mZVI) to 59.8% (in 4th run) indicating that iron
content was decreased through the leaching of ferrous ion. Besides,
the weight percent of oxygen was increased from 11.2% to 29.1% for
4th run which was attributed to the oxidation of nZVI by oxidative
agents such PMS and free radicals. Moreover, EDS spectrum showed
carbon element (6.9% wt) which might be related to the adsorption
of 4-CP and its intermediates on the surface of nZVI. It should be
noted that EDS analysis was conducted at 4th cycle of nZVI. Hence,
the accumulation of organic compounds could occur during 4 cy-
cles of nZVI. The oxidation of the surface of nZVI was determined by
XRD analysis after 4th run (Fig. 1e). As can be seen, different iron
oxides were formed on the surface of nZVI including Fe2O3, Fe3O4



G. Barzegar et al. / Chemosphere 201 (2018) 370e379376
and FeOOH. These results confirmed that nZVI after 3th run
maintained catalytic activity for PMS decomposition.
3.6. The effect of sulfate, chloride and phosphate

In free radical-based processes for water and wastewater
treatment, anions can affect the efficiency of the process through
scavenging the free radicals. The effects of chloride, phosphate and
sulfate anions in different concentrations were evaluated on 4-CP
degradation in US/PMS/nZVI process. Fig. 7a presents the 4-CP
removal in the presence of chloride ion. As can be seen, the
Fig. 7. the effect of anions on 4-CP degradation (a) chloride ion (b) sulfate ion (c)
phosphate ion (nZVI¼ 0.4 g/L, PMS¼ 1.25mM, pH¼ 3.0 and US power¼ 200W).
presence of 1mM Cl� improved the degradation of 4-CP slightly.
The chloride ion can increase the corrosion of nZVI and enhance
consequently ferrous ion concentration in the solution resulting in
more activation of PMS (Devlin and Allin, 2005; Hernandez et al.,
2004). With increase of the concentration of Cl� (5 and 10mM),
the 4-CP degradationwas reduced. Although chloride ion increased
nZVI corrosion, the chloride ion could scavenge sulfate and hy-
droxyl radicals significantly and produced the chlorine species with
lower redox potential (Chan and Chu, 2009; Wang et al., 2011). In
fact, chloride ion had a bilateral role in US/PMS/nZVI process in
which its high concentration played an inhibition role for 4-CP
degradation.

Fig. 7b shows the effect of sulfate ion on 4-CP degradation in US/
PMS/nZVI process. As can be seen, in the presence of 1 and 5mM
sulfate ion, no change in performance of US/PMS/nZVI process was
observed while a small reduction occurred in the presence of
10mM sulfate ion. Since inherent mechanism of US/PMS/nZVI is
based on sulfate radical, the presence of sulfate ion did not affect
the free radicals. However, the increase in ionic intensity (10mM
sulfate ion) can be a logical reason for inconsiderable reduction of
4-CP degradation (Jaafarzadeh et al., 2017).

Fig. 7c depicts the effect of the phosphate ions on 4-CP degra-
dation in US/PMS/nZVI process. As shown, increase in phosphate
ion concentration increased the inhibition effect on 4-CP degra-
dation. This inhibition effect was significant in the presence of
10mM phosphate ions. Phosphate ions influenced the 4-CP
degradation in US/PMS/nZVI process through three mechanisms.
First, phosphate ions are attached to the surface of nZVI and reduce
the catalytic activity (Qi et al., 2014). Second, phosphate ions react
with ferrous ion generated and Fe3(PO4)2 is formed with
Ksp¼ 1� 10�36 which are easily precipitated. Indeed, phosphate
competes with PMS for reaction with iron (Wilfert et al., 2015).
Third, phosphate ions can scavenge free radicals as well as other
anions (X�) and produce the weaker radical based on Eq. (13).

(13)
3.7. Determining the reactive species

In US/PMS/nZVI system, both free radicals of sulfate and hy-
droxyl can participate in degradation of 4-CP. In order to determine
the contribution of each free radical, classical quenching experi-
ments were conducted by two alcohols. Ethanol (EtOH) with a-
Fig. 8. the effect of EtOH and TBA (0.3M) on 4-CP degradation (nZVI¼ 0.4 g/L,
PMS¼ 1.25mM, pH¼ 3.0 and US power¼ 200W).



Fig. 9. Proposed pathway of 4-CP degradation by nZVI/PMS/US (nZVI¼ 0.4 g/L,
PMS¼ 1.25mM, pH¼ 3.0, US power¼ 200W and 30min).
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hydrogen rapidly reacts with sulfate radical (the rate constant of
1.6e7.7� 107M�1s�1) and hydroxyl radical (the rate constant of
1.2e2.8� 109M�1s�1) while tert-butyl alcohol (TBA) is a specific
scavenger for hydroxyl radical with the rate constant of
1.2e2.8� 109M�1s�1 (Ghanbari and Moradi, 2017; Huang et al.,
2017; Qi et al., 2013). On the other hand, the reactivity of TBA
with sulfate radical is lower 1000 times less than that of EtOH. Fig. 8
shows the 4-CP degradation in the presence of TBA and EtOH
(0.3M) as scavenger. As can be seen, the 4-CP degradation effi-
ciency was reduced from 95.6 to 35% in the presence of TBA, sug-
gesting that the hydroxyl radical plays an important role for 4-CP
degradation.While, compared to the conditionwith the presence of
TBA, the degradation rate decreased limitedly in the presence of
EtOH. These results showed that hydroxyl radical had more
contribution in 4-CP degradation compared to sulfate radical. This
phenomenon can related to the convert of sulfate radical to hy-
droxyl radical in the presence water molecule based on Eq. (14) (Lin
et al., 2017).

(14)

Moreover, iron complex formed during reaction time can be a
source of hydroxyl radical when US is irradiated into solution based
on Eq. (15) (Ma, 2012).

[Fe(OH)]2þ þ US / Fe2þþHO� (15)
Table 1
The performance of US/PMS/nZVI on real petrochemical wastewater during reaction tim

Parameters Before treatment Af

COD (mg/L) 1025 75
BOD5 (mg/L) 250 18
TOC (mg/L) 275 21
Total phenols (mg/L) 47.6 34
TDS (mg/L) 1185 14
BOD5/COD 0.24 0.2
3.8. Reaction intermediates and the possible mechanistic pathway

The intermediates of 4-CP degradationwere identified by LC-MS
during 30min reaction time. Mass-spectroscopy results are pre-
sents in Fig. S1. The proposed pathway of 4-CP degradation is
presented in Fig. 9 based on formed intermediates during sono-
oxidation. According to Fig. 9, 4-CP (m/z¼ 128) was hydroxylated
and chlorine function was separated from 4-CP and hydroquinone
(m/z¼ 110) was formed at the first step. After that, hydroquinone
was oxidized to benzoquinone (m/z¼ 108) by free radicals. In
another pathway, 4-CP was hydroxylated to 4-chlorocatechol (m/
z¼ 144) with attack of hydroxyl radical. After that, chlorine func-
tion was eliminated from 4-chlorocatechol by free radicals, and
hydroxyhydroquinone (m/z¼ 126) was formed. It should be noted
that hydroquinone was also hydroxylated by free radicals and
hydroxyhydroquinone was formed during sono-oxidation. Finally,
the aromatic compounds of hydroxyhydroquinone and benzoqui-
none were opened and aliphatic carboxylic acids were produced
consequently. Further oxidation of aliphatic carboxylic acids
resulted in mineral compounds as final intermediates.

3.9. Application of US/PMS/nZVI for real petrochemical wastewater

The performance of US/PMS/nZVI was evaluated on real petro-
chemical wastewater and their results are presented in Table 1. As
can be seen, COD, BOD and TOC were decreased during sonolysis
time. COD was reduced from 1025 to 410mg/L (60% removal effi-
ciency) after 90min while TOC was declined from 275 to 144mg/L
(47% removal efficiency) at the same reaction time. Total phenols
were also eliminated from the wastewater with removal efficiency
of 61%. BOD/COD value less than 0.3 is difficult to biodegradation
while this value more than 0.4 is suitable for biological treatment
(Jaafarzadeh et al., 2016; Kalyani et al., 2009). According to the
results, BOD/COD of raw petrochemical wastewater was 0.24
indicating that this wastewater was persistence to biodegradation.
After treatment with US/PMS/nZVI, BOD/COD value reached 0.41
illustrating that treated wastewater had been biodegradable. In
other words, US/PMS/nZVI not only decreased organic content of
real wastewater, but also it increased biodegradability of real
wastewater. As shown in Table 1, TDS of the wastewater was
increased after US/PMS/nZVI application. This increase is due to the
presence of Oxone salt as source of PMS (Jaafarzadeh et al., 2016).
Moreover, the release of ferrous ions also is another reason for in-
crease of TDS. However, regarding the DI values obtained in Fig. 4,
the release of Fe2þ is negligible for increase of TDS.

4. Conclusions

In this work, 4-CP was degraded by US/PMS/nZVI process. Under
the optimum condition (pH¼ 3.0, nZVI¼ 0.4 g/L, PMS¼ 1.25mM,
US power¼ 200W), 95% of 4-CP was removed during 30min with
rate constant of 0.1159 min�1. nZVI had higher catalytic perfor-
mance compared to mZVI, ferrous and ferric ions. Chloride
exhibited a dual role in US/PMS/nZVI process inwhich high and low
e.

ter 30min After 60min After 90min

0 575 410
0 160 170
0 167 144
.3 22.3 17.7
10 1440 1400
4 0.27 0.41
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concentration of chloride ions had negative and positive effects on
4-CP degradation respectively. Phosphate ions depicted high
inhibitory effect on the performance of US/PMS/nZVI process.
Scavenging experiments indicated that hydroxyl radical was
dominant agent for 4-CP degradation. Intermediates of 4-CP
degradation were also determined by LC-MS and proposed reac-
tion for 4-CP degradation was illustrated. The performance of US/
PMS/nZVI process for real petrochemical wastewater indicated that
US/PMS/nZVI process can be a pretreatment for further biological
process.
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