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ABSTRACT

Phenolic compounds, a group of typical hazardous synthetic organic pollutants, are one of the
most common contaminants in industrial wastewater. The efficiency of the advanced oxidation
process, which is the combination of zero-valent iron (ZVI) and persulfate radical under ultravi-
olet irradiation was studied for enhanced phenol degradation. Experiments were conducted in a
3 L plexiglass reactor equipped with two UV irradiation sources (254 nm). The effect of variables
such as initial pH, ZVI dose, persulfate (PS) dose, phenol concentration, and contact time were
investigated. Co-existing effect of cations including Na*, K*, Ca?", Mg?, and AI** and anions includ-
ing F, CI, HCO;, NO;, SOZ, CO§’, and PO}~ on degradation efficiency of phenol was investigated
using ZVI/PS/UV process. The results showed that the highest phenol removal was obtained at
initial pH 5. The optimal dose of ZVI was 0.8 mmol/L and 94.87% =+ 3.85% phenol removal was
obtained at pH 5 and a reaction time of 30 min. Increasing the PS dose to higher than 0.5 mmol/L
did not show any positive effect on phenol removal because of SO;* consumption. Inhibiting and
promoting the effect of some co-existing anions on phenol degradation efficiency was observed
in the order of HCO; > CI- > PO} > F and COZ > NOj > SOZ, respectively. However, the co-exis-
tence of cations has a significant effect on the phenol degradation efficiency by ZVI/PS/UV process
in the order of AI** > Ca? > Mg* > K* > Na*. The addition of glucose as a quencher in the initial
solution showed that the *OH and SO;* radicals were the main radical species in the ZVI/PS/UV
process for phenol removal.
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1. Introduction

One of the most important concerns for environmental
protection is industrial wastewater that may contain various
pollutants such as hazardous organic and inorganic com-
pounds from textile, cosmetic, pharmaceutical industries,
agriculture, and urban activities [1-3].

* Corresponding author.

Phenolic compounds are a group of typical hazard-
ous synthetic organic pollutants with low biodegradability
compared to the nitro-substituted and chlorinated phenolic
compounds [4,5]. They are one of the most common pol-
lutants in industrial wastewater, coming from paper mills,
textile, paints, and petrochemical industries posing threats
to public health, environment, and aquatic ecosystems [6,7].
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The reaction between phenol with chlorine and nitro
groups may cause chlorophenol and nitrophenol forma-
tion. Moreover, it is well-established that phenol and its
derivatives have adverse health effects on humans, even at
very low concentrations. Some have claimed that phenol
causes health effects such as impairment of the pancreas,
liver, kidney and they may be the cause for paralysis of the
central nervous system [8,9]. Therefore, phenol-containing
water or wastewater must be treated before being discharged
into the environment.

There are various methods to remove phenol from water
and wastewater such as physical, chemical, and biologi-
cal methods [6,10-11]. Some reported that membrane bio-
logical reactors (MBR) efficiently remove phenol (>98.5%)
from industrial hypersaline wastewater [12]. Although
in another study, a combination of ultrafiltration hollow
fiber membrane with photo-ferrioxalate and Fenton’s reac-
tion was used for the efficient treatment of phenol [13].
Membrane-based separation is another method applied
to industrial wastewater treatment. These methods have
advantages such as the least installation complexity, need-
ing low space, low energy consumption, as well as high
removal efficiency. However, certain problems like fouling
by particulate matter restrict their application [6,14].

Adsorption is another effective method used for the
removal of organic pollutants from water or wastewater
by various adsorbents. Low cost and high removal effi-
ciency are the important reasons for turning to such meth-
ods [15,16]. Zero-valent iron (ZVI) nanoparticle is another
matter introduced for phenol removal by other researchers.

The advanced oxidation processes (AOPs) are import-
ant methods frequently and effectively used for indus-
trial wastewater treatment. These methods can produce
hydroxyl radicals (OH) or sulfate radicals (SO;") considered
as a strong oxidant able to oxidize and remove refractory
organic matters, traceable organic contaminants, or certain
inorganic pollutants [17]. In these processes, ozone (O,), UV,
hydrogen peroxide (H,0,), and persulfate compounds can
be used [18].

Removal of phenol have been reported by -catalytic
oxidative using iron oxide promoted sulfonate d-ZrO, by
AOPs and results have shown that total phenol mineraliza-
tion occurred within 15 min was 88% in 6 h [19]. Another
study addressing phenol removal is the photoelectrochem-
ical under solar light with polyaniline-modified TiO, elec-
trodes. This study claimed that the presence of polyaniline
increases the conductivity of the electrode [20].

Based on studies, photoelectrocatalytic methods have
the advantages like the possibility to remove toxic and per-
sistent organic compounds, even at low concentrations
[21]. Recently, the generation of sulfate radical (SO;*)-based
AQOPs has attracted attention to treat various wastewater
because it has been proven that the amount of redox poten-
tial of sulfate radical (2.5-3.1 V) is greater than hydroxyl
radical (1.9-2.7 V) [22,23].

The source of SO;* is often from peroxydisulfate (S,0%),
a strong and stable oxidizing agent [24]. This active rad-
ical can be generated through different methods including
transition metals (Me"), ultraviolet light, thermal energy,
microwave, ultrasound, and strong basic solutions by
reactive with persulfate anions [25,26].

Among various transition metal catalysts, Fe is relatively
nontoxic and inexpensive; so, it has been used to activate
persulfate oxidation. Various types of Fe-based catalysts
can be used for the chemical activation of persulfate, like
nano-sized ZVI (Fe?) [27] and ZVI powder [28]:

5,02 +Me"* ——80;" + Me"** + 507" (1)

The generation of SO,°, the activating agent includ-
ing UV radiation, thermal energy, microwave, ultrasonic
radiation (US), and strong basic solution were used as

Egs. (2)-(5):

5,0 + hv——250;" )
S,07 — 550, @)
S,0: %50, )
25,07 +2H,0—2% 53S0} +S0;" + O, +4H" )

It was reported that the fast reaction rate constant
between ferrous ions and SO;* leads to the SO;* consump-
tion by excess ferrous ions [29]. Thus, to solve such a prob-
lem, ZVI has been used as an alternative of dissolved iron
ions since it slowly releases iron ions [30,31]. Next studies
showed that the combined process of ZVI and sulfite (ZV1/
sulfite) reveals good degradation efficiencies for organic
pollutants [32].

Some reported that the dominant activator of sul-
fite in this process (ZVI/sulfite) is a slow release of iron
ions, i.e. the decomposition of ferric sulfite complex should
be a rate-determining step [31]. Other researchers proposed
photo-irradiation to improve the degradation efficiency of
organic pollutants in ZVI/sulfite process. They used it for pro-
pranolol (PrP) removal and achieved good results for the
removal of this pollutant [33]. Recently, few studies have
been reported on the application of the ZVI/PS/UV pro-
cess in the removal of organic matter. Based on this idea,
we decided to use this process for the removal of phe-
nol from synthetic wastewater. This study was aimed at
investigating variables like phenol concentration, solution
pH, contact time, persulfate concentration, and effect of
organic matter, anions and cations, and ZVI dose on phe-
nol removal efficiency.

2. Materials and methods
2.1. Chemicals

ZV1 was supplied by Sigma-Aldrich and phenol
(CHOH) was purchased from Merck Co. (Darmstadt,
Germany). Diluted NaOH and HCI (1 M) were used to adjust
the pH of the solutions. All solutions were prepared with
deionized water. The stock solution of sodium persulfate at a
concentration of 1 mol/L was freshly prepared using deion-
ized water. All of the stock solutions prepared here were
stored at 4°C in a refrigerator.
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2.2. Experimental procedures

All experiments were conducted in a 3 L plexiglass reac-
tor equipped with a thermostat and stirrer (50 rpm) (Fig. 1).

Two UV lamps were used as UV irradiation sources
(254 nm, Philips Co. , Netherlands). The desired con-
centrations of ZVI, PS, and phenol were continuously
fed and mixed in the reactor. The samples withdrawn
at predetermined time intervals were filtered through
a paper filter (Whatman no. 41) and measured imme-
diately. All tests were conducted at duplicate, and the
error bars shown in all data plots represent the standard
deviation among the replicate test results.

2.3. Sample analysis

The concentration of phenol was measured by a col-
orimetric method [34]. To 100 mL of samples, 2.5 mL of
NH,OH solution was added, immediately adjusted to pH
7.9 + 0.1 with phosphate buffer. Then, 1 mL of 4-aminoanti-
pyrine and K,Fe(CN), solution was added and mixed well.
After 15 min, the samples were placed in a spectropho-
tometer cuvette and absorbance was measured at 500 nm
against a blank. Absorbance values were converted to phenol
concentrations in the sample by using the calibration curve.

3. Results and discussion
3.1. Phenol degradation under different process combination

To determine synergetic effects, the ZVI/UV, PS/UV,
and combination of ZVI/PS/UV process were conducted for

Fig. 1. Photograph of photoreactor.

phenol degradation from synthetic wastewater. Fig. 2 shows
the results of phenol degradation efficiency with different
process combinations.

As seen in Fig. 2, the combination of ZVI and PS rad-
icals under UV irradiation significantly enhanced the
phenol degradation efficiency at a solution pH of 6. The
phenol degradation efficiency was negligible ZVI/UV pro-
cess and reached to 8.05% removal efficiency after 60 min
reaction time. However, the phenol degradation efficiency
underwent relatively high degradation under PS/UV pro-
cess (49.48% after 60 min), while phenol degradation effi-
ciency with a combination of ZVI/PS/UV process occurred
at the highest degradation efficiency (94.74% after 60 min
reaction time). The phenol degradation rates measured
under different process combination could conveniently be
compared in terms of first order rate constants, obtained
from the slopes of plots of Fig. 3.

The initial rate of phenol degradation of 15 mg/L with
a combination of ZVI/PS/UV process (0.051 mg/L min) was
five times higher than PS/UV process (0.011 mg/L min) and
five times higher than ZVI/UV process (0.001 mg/L min).
Synergetic effect of ZVI/UV, PS/UV, and combination
of ZVI/PS/UV process was calculated by Eq. (6):

k
ZV1/PS/UV ( 6)
+k

ZVI/UV

Synergetic Effect =
PS/UV

As Eq. (6) demonstrated, the synergistic effect between
ZVI/UV and PS/UV process might be quantified as the nor-
malized difference between the rate constants obtained
under the combination of ZVI/PS/UV process and the sum
of the separate ZVI/UV and PS/UV process rate constants.
The rate constant of the ZVI/PS/UV process combination
was fourfold (0.051/0.012) that of the sum of the individual
processes.

3.2. Effect of solution pH on ZVI/PS/UV process efficiency

To determine the optimal solution pH of the ZVI/PS/UV
process, the experiments were conducted at various initial
pH values (about 2-8) with an initial phenol concentration
of 15 mg/L as illustrated in Fig. 4.
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Fig. 2. Phenol removal with different process combination

(initial phenol concentration: 15 mg/L, ZVI dose: 0.1 mmol/L,
PS dose: 0.2 mmol/L, solution pH: 6, and reaction time: 30 min).
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Fig. 3. First-order kinetic plots of phenol degradation with
different process combination.
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Fig. 4. Effect of solution pH on phenol degradation efficiency
(initial phenol concentration: 15 mg/L, ZVI dose: 0.1 mmol/L,
PS dose: 0.2 mmol/L, and reaction time: 30 min).

Fig. 4 shows that with increasing solution pH from
2 to 5, the phenol degradation efficiency increased from
13.02% * 1.67% to 86.89% + 2.51%. The steepness trend of
phenol degradation efficiency was observed with increas-
ing solution pH higher than 5. With increasing solution
pH from 5 to 8, the phenol degradation efficiency declined
from 86.89% + 2.51% to 17.26% + 3.05%.

According to the morphological distribution curves
of S(IV), Fe*, and Fe™, pH can directly influence the form
of iron ions and S(IV) in the reaction solution, as a result
of affecting the degradation of organic pollutants when
using iron-activated sulfate system [35]. At near-neutral
or week acidic circumstances (solution pH: 4-6), simi-
lar oxidation efficiencies were achieved, like a previous
study using an iron/sulfate system to treat wastewater
[36]. It is suggested that HSO; containing the highest abil-
ity to complex Fe** and Fe* was the dominant species of
S(IV) in the pH range of 4-6 [37], which could explain the
high removal efficiency of phenol in the pH range of 4-6.
Thus, the degradation efficiencies of phenol were nearly
stable when the initial pH values were 4.0, 5.0, and 6.0.
Although Fe** and Fe* could be produced by hydrogen evo-
lution corrosion, plenty of S(IV) exists in the species of SO,
(aq) at pH 2 and 3, decreasing the concentration of HSO;
as a result of reducing the phenol removal efficiency [37].

The significantly decreased removal efficiency of phe-
nol at solution pH higher than 6 would be due to the
lower HSO; species, hydrolysis of iron ions, as well as the
formed passive film on the surface of ZVI [31].

3.3. Effect of ZVI dose on ZVI/PS/UV process efficiency

Under an optimal solution pH of 5, the effect of ZVI
dose on the degradation efficiency of the ZVI/PS/UV pro-
cess was investigated in suspensions containing 15 mg/L
of phenol, and it was 0.2 mmol/L of PS radicals. The degra-
dation efficiency of phenol was measured under different
reaction times shown in Fig. 5.

Results in Fig. 5 revealed that with increasing ZVI
does from 0.1 to 0.8 mmol/L, the phenol degradation effi-
ciency increased from 22.7% #* 6.93% to 94.87% =+ 3.85%.
This might have been attributed to increased active sites
with increasing ZVI dose, enhancing the decomposi-
tion of 5,07 and led to a high phenol removal efficiency
[38]. However, further increasing the ZVI dose above
0.8 mmol/L did not bring about further improvement in
the phenol degradation efficiency. When 1 mmol/L of
ZVI dose was used, the phenol degradation efficiency
depleted and reached 91.38% + 3.24%. This could have been
ascribed to the excess Fe** produced by ZVI reacted with
SO;* as a radical scavenger according to Eq. (7) [39]:

Fe* + SO, ——Fe® + 502" 7)

3.4. Effect of concentration of PS radicals

The batch experiments under the combination of
ZVI/PS/UV process with constant ZVI does (0.8 mmol/L)
were conducted to investigate the effect of the initial con-
centration of PS radicals in the range of 0.1-0.6 mmol/L.
Fig. 6 depicted variation of phenol degradation efficiency as
a function of PS dose.

As observed in Fig. 6, the phenol degradation effi-
ciency increased when the PS dose changed from 0.1 to
0.5 mmol/L (optimal PS dose). At this time, the phenol
degradation efficiency enhanced from 62.79% =+ 2.71% to
98.76% + 0.33%. The higher efficiency can be attributed to the
increased generation of SO;* in the reactor, thus promoting
interaction with the reactants.

Upon activation of S,O,> ions, the radicals of SO;*,
which are strong oxidants (E;: 2.6 V), are produced within
the system. These radicals can subsequently react with
water molecules and produce highly active *OH radicals
(E,: 2.8 V). Together with *OH radicals, SO;* radicals were
capable of effectively breaking down the aromatic rings of
phenol molecules [40]. However, a further increase in the
initial PS concentration did not give rise to remarkable deg-
radation performance since SO;* consumed (Eq. (8)) [36].
Moreover, SO;* SO;* can combine with ZVI.

SO, +S0," - 2502 k=48-81x10°M"'S™ ®)

In other words, this behavior is because at amplified
SO;* concentrations, 5,07 are produced, in turn utilizing
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Fig. 5. Variation of phenol degradation efficiency under differ-
ent ZVI dose (initial phenol concentration: 15 mg/L, solution
pH: 5, PS dose: 0.2 mmol/L, and reaction time: 30 min).
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Fig. 6. Phenol degradation efficiency as a function of PS dose
(initial phenol concentration: 15 mg/L, ZVI dose: 0.8 mmol/L,
solution pH: 5, and reaction time: 30 min).

the SO;* and *OH radicals to less reactive 5,07 radicals,
reducing the process efficiency [41].

3.5. Effect of initial phenol concentration

The effect on the degradation rate of different initial
phenol concentration was investigated in suspensions con-
taining 0.8 mmol/L of ZVI, 0.5 mmol/L of PS radicals at an
optimal solution pH of 5. The degradation rate of phenol
measured under the initial concentration with increasing
reaction time different is illustrated in Fig. 7.

As depicted in Fig. 7, a decrease in the phenol degra-
dation efficiency was observed upon the increase of ini-
tial phenol concentration. With increasing initial phenol
concentration from 5 to 35 mg/L, the phenol degradation
efficiency reduced from 100% to 92.8%. In the ZVI/PS/
UV process, the formation rate of reactive radicals would
keep stable when the operational conditions are the same.
Higher phenol concentration could consume more reactive
radicals, that is, the concentration of reactive radicals in
the solution would be decreased as a result of lowering the
phenol degradation in the ZVI/PS/UV process. Nevertheless,
the degradation rate of phenol gradually decreased as the
increase of initial phenol concentration was also reported
in some other AOPs [42].
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Fig. 7. Effect on initial phenol concentration on degradation
efficiency (ZVI dose: 0.8 mmol/L, PS dose: 0.5 mmol/L, and
solution pH: 5).

In addition, as observed in Fig. 7, the degradation effi-
ciency of phenol increased fast at first 45 min, and then
remained almost unchanged after 45 min. Thus, in the
next experiments, the reaction time of 45 min was chosen.

3.6. Presence of co-existing cations and anions

Fig. 8 shows that all the five investigated co-existing
cations including Na*, K*, Ca*, Mg®, and Al*, besides the
seven chosen co-existing anions including F, CI;, HCO;,
NO;, SOF, COZ, and PO} could affect the degradation
efficiency of phenol in the combination of ZVI/PS/UV process.

AsshowninFig. 8, the presence of some co-existing anions
showed inhibitory effects on phenol degradation efficiency
including following a trend like HCO; > CI- > PO} > F~.
As previously reported, HCO; ions are common scaven-
gers for reactive radicals [43]. In contrast, co-existing anions
including NO;, SO, and CO;:™ have shown the promoting
effect on phenol degradation efficiency with an order of
COZ>NO; >S50z

The enhanced phenol degradation by ZVI/PS/UV pro-
cess is partially explained based on the formation of reac-
tive radical species such as SO;*, NO;°, and CO;* from
respective anions by interaction with *OH in the bulk [44].
These species, though less reactive than *OH, are more
abundant, not getting deactivated easily as in the case of
*OH radicals [45].

However, the phenol degradation efficiency by ZVI/
PS/UV process with co-existing cations was repressed and
varied in the following order:

A13+ > Ca2+ > Mg2+ > K+ > Na+

On the one hand, trivalent cations were provided with
high valency and total ion concentration compared to mon-
ovalent cations. The addition of cations led to the increased
ionic strength, which hindered the electrostatic repulsive
effects by a compression of the electric double layer. As cat-
ions with a strong electrostatic field (multi-charged) were
the most efficient at compressing the electric double layer [46].

3.7. Effect of radical quenchers

The formation of activated radicals including SO;* and
*‘OH as well as the oxidative intermediate species such as
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Fig. 8. Effect of co-existing anions on phenol degradation efficiency (initial phenol concentration: 35 mg/L, ZVI dose: 0.8 mmol/L,

PS dose: 0.5 mmol/L, solution pH: 5, and reaction time: 45 min).

singlet oxygen ('O,) and superoxide (O;*) radicals under
the combination of ZVI/PS/UV process has been indirectly
investigated with the use of quenchers of these species.
In these experiments, a comparison is made between the
original phenol degradation efficiency values with those
obtained after the addition of glucose as a quencher in the
initial solution under otherwise identical conditions.

As shown in Fig. 9, the serious inhibition of phenol
degradation efficiency is observed with increasing glu-
cose concentration in the experiment. The control experi-
ment showed the phenol removal efficiency of 89.97% and
reduced to 66.98% at 25 mg/L of glucose concentration.
When glucose was added, the *OH and SO;* radicals were
consumed, leading to deterioration and degradation of phe-
nol efficiency. Our results were similar to those acquired
by the study by Liang and Su [47] who applied a chemical
probe technology on thermally activated persulfate oxidation
process to recognize the oxidizing species, and concluded
that OH* was the predominant radical at solution pH of 10.

3.8. Phenol removal from real petrochemical wastewater

To examine the efficiency of the combination of ZVI/
PS/UV process, real wastewater was collected from a pet-
rochemical industry and subjected to phenol degradation
with an optimized combination of ZVI/PS/UV process.
The main characteristics of the petrochemical industry are
summarized in Table 1.

Due to high total suspended solids (TSS) in raw waste-
water and lower UV penetration, the real wastewater was
treated with simple sedimentation and then subjected to
the combination of ZVI/PS/UV process treatment. Fig. 10
depicts the results of petrochemical industry wastewater
with the combination of the ZVI/PS/UV process.

As illustrated in Fig. 10, for both experiments, nearly
no phenol degradation efficiency was achieved after
45 min reaction time and the phenol degradation efficiency
from raw and settled wastewater reached 73.12% and
42.77%, respectively.

3.9. ZVI reusability

The reusability of ZVI was assessed through five con-
secutive cycles of use under the optimal conditions (ZVI
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Fig. 9. Effect of organic matter on phenol degradation efficiency

(initial phenol concentration: 35 mg/L, ZVI dose: 0.8 mmol/L,
PS dose: 0.5 mmol/L, solution pH: 5, and reaction time: 45 min).

Table 1
Characteristics of petrochemical industry

Parameter Raw After2h
wastewater  sedimentation

pH 71+03 71+0.2

tCOD concentration (mg/L) 220+19 151 +11

sCOD concentration (mg/L) 132+ 14 132+9

Phenol concentration (mg/L)  3.46 +0.1 3.46+0.1

TSS concentration (mg/L) 245 + 26 90 £ 15

dose: 0.8 mmol/L, PS dose: 0.5 mmol/L, and solution pH: 5)
for a 30 min period. The results regarding the phenol deg-
radation efficiency for five cycles of ZVI/PS/UV are shown
in Fig. 11. In each cycle of use, the catalyst was separated
from the solution, washed several times with deionized
water, and then applied for the next experiment with-
out any modifications. After each recycling, the solution
was analyzed to determine the phenol concentrations.

As depicted in Fig. 11, compared to 92.85% + 0.51%
of phenol degradation in the first cycle for ZVI, phe-
nol removal efficiency reduced to 88.18% + 3.91% by the
fifth round. The catalytic performance of ZVI gradually
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Fig. 10. Phenol degradation efficiency from real petrochemi-
cal wastewater (initial phenol concentration: 3.46 mg/L, ZVI
dose: 0.8 mmol/L, PS dose: 0.5 mmol/L, and solution pH: 5).
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Fig. 11. Stability of ZVI in the multicycle phenol degradation
(initial phenol concentration: 35 mg/L, ZVI dose: 0.8 mmol/L, PS
dose: 0.5 mmol/L, solution pH: 5, and reaction time: 30 min).

weakened with repeated use, which could be related to the
adsorption of intermediate products.

3.10. Possible mechanism

The SO;* and *‘OH are main radicals in AOP processes;
and the tert-butyl alcohol (TBA) and ethanol (EtOH) were
used as an effective scavenger of “OH, and both *OH and
SO;*, respectively [48]. As shown in Fig. 12, with EtOH
and TBA addition, the phenol degradation -efficiency
by ZVI/PS/UV process markedly decreased.

The effects of EtOH and TBA on phenol degradation
(Fig. 12) showed that EtOH had a much higher inhibitory
effect on the phenol degradation compared to TBA. For
instance, phenol degradation decreased by 50.91% in the
presence of 100 mM EtOH when compared to the control
experiment in which no scavenger was present, whereas
inhibition of around 34.87% was observed in the presence of
the same amount of TBA. This difference between the TBA
and EtOH effects could be attributed to the contribution of
*‘OH. Therefore, SO;* was mainly responsible for phenol
degradation during ZVI/PS/UV process. Fig. 12 indicates
that the hydroxyl and sulfate radicals play an important

100
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Scavenger concentration (mM)

Phenol removal (%)

Fig. 12. Effect of scavengers on the phenol degradation
(initial phenol concentration: 35 mg/L, ZVI dose: 0.8 mmol/L,
PS dose: 0.5 mmol/L, solution pH: 5, and reaction time: 30 min).

role in phenol degradation. Therefore, a possible reac-
tion mechanism in the degradation of phenol with the
ZVI/PS/UV process is proposed in Fig. 13.

Firstly, persulfate can accelerate the corrosion rate of
Fe®. The Fe’ corrosion process continuously releases large
amounts of Fe*. Then, the Fe*" produced facilitates PS acti-
vation to produce SO;*. The major reactions associated with
ZVI activation of PS are expressed as Egs. (9) and (10) [49]:

Fe +5,0% — Fe?* + 2507 )

Fe** +5,0}” — Fe» +S0O; +SO2" (10)

In addition, H,O, generated from Fe® oxidation by
dissolved oxygen could react with Fe* to produce *‘OH
(Egs. (11) and (12)) [50]:

Fe’+0, +2H" - Fe* +H,0, (11)

Fe’* +H,0, —» Fe’ + *OH+ OH" (12)
One of the advantages of this method is the Fe*

regenerated by recycling Fe* at the surface of ZVI through

Eq. (13) [51]:

Fe’ + 2Fe*" — 3Fe* (13)

In addition, iron hydroxides might generate during

reaction through Eq. (14). They could remove phenol and
its intermediates through adsorption:

Fe?* +20H — Fe(OH)™ (14)
The reasons for the positive effect of ultraviolet radiation
on the reaction are explained in (Egs. (15) and (16)) [52].

® The UV radiation in the system causes a Fenton-like
reaction; so that ultraviolet radiation causes photolysis
of iron hydroxides and as a result, the production of
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Fig. 13. Possible mechanism for phenol degradation in
the ZVI/PS/UV process.

hydroxyl radicals, in turn accelerating the reaction.

2+

Fe(OH)" —™—Fe* +*OH (15)

e UV radiation can activate persulfate and produce sulfate
radicals.

S,0F —~2507 (16)

¢ UV radiation also causes direct photolysis of phenol and
thus increases its removal.

4. Conclusion

The degradation efficiency of a combination of ZVI
and PS radical under UV irradiation for phenol degra-
dation efficiency from synthetic wastewater were stud-
ied. Subsequently, a real petrochemical wastewater was
treated with optimized combination of ZVI/PS/UV process.
The main results of this study are as follows:

e The rate constant of a combination of ZVI/PS/UV
process was fourfold that of the sum of the individual
processes.

* With increasing solution pH from 2 to 5, the phenol
degradation efficiency increased from 13.02% + 1.67%
t0 86.89% + 2.51%.

¢ With increasing ZVI does from 0.1 to 0.8 mmol/L, phenol
degradation efficiency increased from 22.7% + 6.93% to
94.87% =+ 3.85%.

¢ Due to SO;* consumption, application of PS dose
higher than 0.5 mmol/L did not give rise to remarkable
degradation performance.

¢ The HCO; and AI** have shown the highest inhibitory
effects on phenol degradation efficiency by ZVI/PS/UV
process.

e The removal efficiencies of more than 73% were still
obtained for phenol after five consecutive cycles of
reaction.

e From the mechanism study, it was found out that phe-
nol was degraded mainly through oxidation with
SO;* radicals.
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