Chinese Chemical Letters 32 (2021) 2066-2072

Contents lists available at ScienceDirect

Chinese Chemical Letters

ELSEVIER

journal homepage: www.elsevier.com/locate/cclet

Communication

The capacity and mechanisms of various oxidants on regulating the  ®

redox function of ZVI

Siqi Zou™"!, Qun Chen®, Yang Liu*""*, Yuting Pan*”, Gang Yao"“,
Zhicheng Pan', Bo Lai*"¢*

2 State Key Laboratory of Hydraulics and Mountain River Engineering, College of Architecture and Environment, Sichuan University, Chengdu 610065, China
b Sino-German Centre for Water and Health Research, Sichuan University, Chengdu 610065, China

< Department of Central Transportation Center, West China Hospital, Sichuan University/West China School of Nursing, Sichuan University, Chengdu 610065,
China

9 Institute of Environmental Engineering, RWTH Aachen University, Aachen 52072, Germany

€ Sichuan University Yinbin Park, Yibin Institute of Industrial Technology, Yibin 644044, China

fLaboratory of Wastewater Treatment Technology in Sichuan Province, Haitian Water Group, Chengdu 610065, China

ARTICLE INFO ABSTRACT

Article history:

Received 22 November 2020

Received in revised form 6 January 2021
Accepted 8 February 2021

Available online 11 February 2021

It is well known that zero-valent iron (ZVI) could catalyze the oxidation of various oxidants to realize the
rapid oxidation removal of pollutants. However, in this study, we found that the addition of different
oxidants could regulate the redox function of ZVI system. In three different co-treatment systems, the
effects of different oxidizers (peroxymonosulfate (PMS), persulfate (PDS), hydrogen peroxide (H,0,))
dosages on the ratios of oxidative degradation rate and reductive degradation rate of p-nitrophenol (PNP)
were studied. The effect of the H" released from oxidizers and the generated reactive oxygen species

Iz(gzt\),r;]j;lt iron (ROS) in ZVI/PMS, ZVI/PDS, ZVI/H,0, systems were detailed discussed. Especially, the contribution of
Oxidizer generated ROS for reductive degradation of PNP was quantified in the ZVI/H,0, system. Based on the

Redox results of TOC removal, UV-vis absorption spectra, and intermediates concentration curves, it was found
that the degradation of PNP changed from reduction to oxidation with the increase of oxidant proportion.
When the molar ratio of ZVI to oxidizer equal to 100, PNP was mainly degraded by reduction
accompanied by slight oxidation. Combined with the results of SEM-EDS and XPS, it was confirmed that
the enhanced degradation of PNP under the addition of oxidant was mainly related to the generated ROS,
the additional H*, and the corrosion products of ZVI.
© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
Published by Elsevier B.V. All rights reserved.

Mechanisms
p-Nitrophenol

As typical nitroaromatic compounds, p-nitrophenol (PNP) and
its derivatives are extensively used in plasticizer, pesticide,
medicine, dyes, and other high-pollution chemical industry.
Previous studies had demonstrated that PNP can stimulate and
inhibit the central nervous system, even causing dyspnea and
hyperhemoglobinemia [1]. Besides, due to its high toxicity, water-
solubility, excellent chemical and biological stability, PNP had been
listed as a priority pollutant by the US Environmental Protection
Agency (EPA) [2].
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To remove PNP efficiently from water bodies, a series of
approaches have been studied, such as physical adsorption [3],
biodegradation [4], and chemical degradation [5,6]. Especially,
advanced oxidation processes (AOPs) have been widely applied by
catalyzing the generation of highly active free radicals which
could oxidize PNP into low toxicity of small molecules. In decades,
peroxymonosulfate (PMS), persulfate (PDS), hydrogen peroxide
(H205) have been increasingly considered in the AOPs own to
their superior oxidation performance [7,8]. They could be
activated by UV light, transition metal/metal oxidizers, and
ultrasound to generate sulfate radical (SO, ) and hydroxyl radical
(HO") [9-12].

Several studies had demonstrated that zero-valent iron (ZVI)
was considered as high-efficient and applicable activators for PDS/
PMS/H,0, seeing that its low cost, environmentally friendly, and
high reductive capacity (Egs. 1-4) [13-17]. Yang et al. found that
methyl orange could be degraded efficiently in the ZVI/PDS system

1001-8417/© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



S. Zou, Q. Chen, Y. Liu et al.

[18], and Wang et al. reported that both ZVI/PMS and ZVI/H,0,
systems could decompose azo dye maximumly [19]. In our
previous study, efficient removal of high concentration PNP could
maintain by the ZVI with ultrasonic irradiation (US-ZVI) system
[20], and we also found that microscale Fe/Cu bimetallic particles
with PDS could remove PNP approached 100% in aqueous solution
[21]. However, the excess oxidizer improved producing Fe?* of ZVI
corrosion products, which would scavenge the generated radicals
(Egs. 5 and 6) [22,23]. An interesting phenomenon also could be
obtained that the oxidizers, generated free radicals and produced
H* with the dissolution of the oxidizers could accelerate ZVI
corrosion [24,25]. Surprisingly, there is no report on the
contribution of oxidizers to enhancing the reducibility of ZVI
during the co-treatment process of contaminants.

Fe?* + HSOs~ — Fe** + HO™ + S0,2~ (1)

Fe3* + HSOs~ — Fe?* + SO5™~ + OH™

Fe?" + S,04%~ — Fe3" + S0, ™ + S042~

Fe?* + H,0, — Fe>" + HO'+ OH™

F62+ + 504.7 — Fe3+ + 50427

Fe?* + HO" — Fe>* + OH~ (6)

Hence, the objective of this study was to confirm the synergistic
mechanisms between ZVI and oxidizers. The effects of oxidizer
dosages (PDS, PMS and H,0,) on undegraded ratio and oxidative
degradation ratios, especially the reductive degradation ratio of
PNP during reaction systems were comparatively analyzed. The
contribution of promoting/inhibition effect specifically of pro-
duced ROS or H" under different oxidizer dosage on reductive
ratios reaction was ascertained. To pinpoint the degradation
properties of PNP in different systems that were under the
strongest reductive conditions by analyzing the concentration
curves of intermediates, TOC removal and UV-vis absorption
spectra.

In previous studies, the mechanisms for PNP removal by ZVI
were described thoroughly [26,27]. As shown in Fig. 1, two
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degradation pathways of PNP based on the above work were
proposed. On the one hand, PNP could be reduced to PAP (p-
aminophenol) by ZVI or Fe?" directly, and then which would be
oxidized to HQ (hydroquinone) and BQ (p-benzoquinone) by ROS.
On the other hand, PNP could be oxidized directly to HQ and BQ. In
consequence, PAP as a characteristic reductive intermediate
during the reduction process of the nitro group of PNP was
selected to represent the ratio of reduction in the treatment
process. The real-time reductive ratio was equal to the molar
concentration of generated PAP divided by the initial molar
concentration of PNP. And the rest proportion was the oxidative
degradation ratio.

Figs. 2a and b show the variation of the undegraded PNP,
oxidative degradation, and reductive degradation ratios with the
increase of the molar ratio of ZVI to PDS ([ZVI]:[PDS]) in the ZVI/
PDS system. With the increase of the molar ratio of ZVI to PDS from
0 to 100:1, the PNP removal efficiency increased from 26.5%-98.7%
rapidly after 15 min treatment. It could be observed that the
reductive ratio was significantly increased from 25.6% to maximum
(82.2%) when the molar ratio of ZVI to PDS reached 100:1. The
oxidative degradation ratio of PNP continued to increase with the
increase of PDS dosages, and 16.5% could be obtained when [ZVI]:
[PDS] was 100:1.

Similar results were also obtained in the ZVI/PMS and ZVI/H,0,
systems. As shown in Figs. 2c and d, PNP removal efficiency
increased to 99.3% rapidly when the molar ratio of ZVI to PMS
reached 100:1, while the reductive ratio reached the peak value of
83.4%. Figs. 2e and f depict the variation of the three parts by
increasing the H,0, dosage in the ZVI/H,0, system. Only 62.2%
PNP was removed when the molar ratio of ZVI to H,0, increased to
1:1. The highest reductive degradation efficiency was 46.1% when
the molar ratio of ZVI to H,0, was 100:1.

The unified phenomena in these three systems reflected that
the main degradation process of PNP is the gradual replacement of
the reduction process by the oxidation process with the increase of
oxidizer dosages. The variation trends of PNP removal could be
attributed to the generated ROS and the scavenging effect of excess
Fe?* on ROS [22,23]. With the increase of generated ROS and the
consumption of H" during the reaction, the oxidative ratio
increased significantly after 15 min compared to 5 min. Moreover,
it could be observed that the tendency to increase first and then
decrease of reductive degradation ratio with the increase of
oxidizer dosage. The nonnegligible enhancement of reductive
degradation in these co-systems compared to the ZVI alone system,
which might be attributed to the released H" and generated ROS
after the addition of oxidizers. On this basis, the effects of pH

Fig. 1. Main reaction pathways for the degradation of PNP.
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Fig. 2. The ratios of undegraded PNP, oxidative degradation, reductive degradation after 5 min in ZVI/PDS (a), ZVI/PMS (c), ZVI/H,0, (e) system and 15 min in ZVI/PDS (b), ZVI/
PMS (d), ZVI/H,0; (f) system (Inset: the changing trends of oxidative and reductive ratios with the increase of oxidizer dosages). Experimental conditions: [PNP], = 100 mg/L,

[ZVI]o=10g/L, T=25+1°C, initial pH 5.76.

variation and generated ROS on reductive degradation of PNP were
investigated thoroughly, respectively.

Generally, organic contaminants could be degraded efficiently
by PDS/PMS systems over a wide range of pH [28]. In comparison,
the Fenton-like system (ZVI/H,0,) was intensely dependent on
initial pH [29]. Furthermore, the addition of PDS/PMS would cause
a significant variation of the initial pH in solution while a relatively
constant pH occurred after adding H,0,. Figs. S1a, c and Figs. S1b, d
(Supporting information) show the PNP reductive degradation
ratios after 5min, 15 min under different pH, and under different
molar addition ratios of ZVI/PDS and ZVI/PMS systems, respective-
ly. Control experiments were carried by only initial pH adjustment
(pHp 1.5-5.5) in the ZVI system to ascertain the contribution of H*
to reduction. As shown in Fig. S1c, almost half of the maximum
reductive ratio in the ZVI/PDS system was attributed to the
promotion of H'. In the ZVI/PMS system (shown in Fig. S1b), near
58.0% of the reductive ratio could be achieved under the influence
of H" released by PMS while the maximum reductive ratio (([ZVI]:
[PMS] =100:1) was 83.3%. The results verified the great role of H" in
promoting the reductive reaction.

The evolution of solution pH in ZVI/PDS and ZVI/PMS systems
under different PDS or PMS dosage were illustrated in Figs. S2a and
b (Supporting information). The solution pH of the ZVI/PDS system
decreased sharply within the initial 1 min, and the solution pH of
the ZVI/PMS system decreased to the minimum immediately after
adding PMS. The phenomena were on account of the formation of
plenty HSO4~, which formed by the hydrolysis of PDS/PMS and the
reaction of SO, with H,0 in solution simultaneously (Egs. 7-10)
[30,31]. During the reaction process, the solution pH increased
distinctly and approached to a flat. In comparison to ZVI/PDS
system, the faster reactive balance could be observed in the ZVI/
PMS system. Of note is the slight decrease occurred at solution pH
in both two systems ultimately while less rangeability in the ZVI/
PMS system. This variation tread of solution pH of the ZVI/PDS
system was consistent with that of the ZVI/PMS system. One of the

2068

reasons for the phenomenon is the consumption of H" during the
corrosion of ZVI. Another is that the generated small molecule
intermediates (e.g, fumaric acid and maleic acid) from the
degradation of PNP would contribute the H" [32]. Furthermore,
there was no change in the ZVI/PMS system (([ZVI]:[PMS] = 100:1)
ultimately compared with the descend range of 0.8% in the ZVI/PDS
system (([ZVI]:[PDS]=100:1). The result might imply more
production of small molecule acids in the ZVI/PDS system.

S,05%~ + H,0 — 2HSO4~ + 1/20, (7)

HSO57 + Hzo g HzOz + HSO47 (8)

HSO,~ — SO4% + H* (9)

SO, + Hy0 — HSO,~ + HO' (10)

To comprehensively evaluate the effects of ROS produced under
different reaction systems on the reductive ratio, the quenching
experiments under the condition of the maximum reductive ratio
in each reaction system were carried out. The results were shown
in Figs. S3-S5 (Supporting information). According to the differ-
ences in rate constants between radicals and scavengers, EtOH and
TBA were selected as the radical scavengers with the addition of
100 mmol/L, respectively. EtOH easily reacts with both HO’
(12x10° - 28x10° L mol~! s7') and SO, (1.6x107 -
7.7 x 107 L mol~! s 1), while TBA has much higher rate constant
with HO (3.8 x 108 - 7.6 x 108 Lmol~! s~') than SO, ~ (4.0 x 10° -
9.1 x10° L mol ' s71) [33,34]. As shown in Figs. S3 and S4, for ZVI/
PDS and ZVI/PMS systems, when the molar ratio of ZVI:PDS was
500:1 and ZVI:PMS was 1000:1, the reductive ratio dropped from
46.3%, 41.9%-39.7%, 29.5% by quenching experiments, respectively.
However, when the molar ratio further increased to 200:1 in ZVI/
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PDS system and 100:1 in ZVI/PMS system, the promoting effect of
ROS with on the reductive reaction turned into inhibition
ultimately. The above results indicate that the generated ROS
could effectively enhance the reduction capacity of ZVI particles
when the low molar ratio of ZVI to oxidizer was adopted during the
reaction. Of note is the significant increase occurred in the
accelerative effect of ROS on reductive reaction after 5 min in each
system. This might imply that the promotion to the reduction in
the first 5 min was mainly caused by generated H*, which was also
consistent with the rapid increase of pH during the reaction over
the first 5 min.

In general, at the same molar concentration of oxidants, the
reducibility of ZVI follows the trend that PMS system > PDS system
> H,0, system. Under the same conditions, PMS would hydrolyze
more H* to promote the corrosion of ZVI strengthening the
reductive degradation compared to PDS [31]. Meanwhile, the
activation of oxidizers to produce ROS would also be enhanced
[13-17].

Different from the persulfate systems, there was no interfer-
ence of H" in the ZVI/H,0, system. As shown in Fig. S5, the
promotion to the reductive reaction of the produced ROS could be
observed consistently in ZVI/H,O, system even under the
condition of high H,0, dosage ([ZVI]:[H,0,]=20:1). This could
be ascribed to the production of fewer free radicals due to few H*
(Egs. 11 and 12) [35,36]. Based on the quenching experiments of
the ZVI/H,0, system, the contribution of ROS to promoting
reductive reaction during 15 min process under different molar
ratios in the ZVI/H,0, reaction system at initial pH of 5.76 (the pH
of original solution) was exhibited in Fig. 3. The specific
contribution was obtained by the calculation that the reductive
degradation ratio of quenching was divided by the original. And the
reductive degradation ratio of quenching was equal to the original
reduction degradation ratio minus the reduction degradation ratio
after quenching (Eq. 13). On one hand, it could be observed that the
contribution of ROS to the reductive reaction increased with the
reaction time. And on the other hand, the contribution of ROS to
reduction increased at the outset and then decreased with the
increase of H,0, dosage. More specifically, the contribution of ROS
reached a maximum of 16.3% when the molar ratio of ZVI to H,0,
reached to 300:1 after 15 min treatment. Additionally, there was
still a promoting contribution of 6.6% even the molar ratio of ZVI to
H,0, increased to 20:1 after 15 min treatment.

Fig. 3. The contribution of ROS to promoting reductive reaction during 15 min
process under different molar ratios in the ZVI/H,0, system. Experimental
conditions: [PNP]p =100 mg/L, [ZVI]o=10g/L, T =25 +1°C, initial pH 5.76.
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Fe® + H,0, + 2H" — Fe?" + 2H,0 (1)

Fez* + Hy0, — Fe3+ + HO + OH™ (12)

Cros = Roriginal ; Ratter quenching (13)
original

The total iron ions leaching in different treatment systems was
shown in Fig. S6 (Supporting information), and the detailed
discussion was stated in Text S1 (Supporting information).

Figs. S7a-c (Supporting information) shows the TOC removal
efficiencies obtained by different reaction systems. Only 3.27% of
the TOC removal was obtained after 15 min treatment in ZVI alone
system, and the TOC removal efficiency increased obviously with
the addition of oxidizer. In the ZVI/PDS system, 6.24%, 7.72%,
17.56%, 33.78% and 55.42% of TOC removal could be achieved with
the molar ratio of ZVI to PDS increased gradually from 500:1 to
200:1, 50:1, 20:1 and 3:1, respectively. A similar variation was
observed in the ZVI/PMS system. Smaller increments occurred in
the ZVI/H,0, system, the maximum of TOC removal efficiency was
12.78% when the molar ratio of ZVI to H,0, was 1:1. The above
phenomena could be ascribed to the increasing generated ROS
with the increase of oxidizer dosages, which was consistent with
the increased oxidative degradation of PNP in Fig. 1. Nonetheless,
when the reductive degradation ratio of PNP in each reaction
system reached the maximum ([ZVI]:[PDS] = [ZVI]:[PMS] = [ZV]]:
[H,05]=100:1), the TOC removal efficiencies were only 10.75%,
13.49% and 8.32% of ZVI/PDS, ZVI/PMS and ZVI/H,0,, respectively.
The incomplete mineralization rates of PNP indicated that the
existence of intermediates possibly after the treatment.

Figs. 4a-c show molar concentration profiles of PNP and the
primary intermediates (e.g., PAP, HQ, BQ) which were detected by
HPLC analysis. As shown in Fig. 4a, it was observed that the BQ
concentration rapidly increased to the maximum concentration
within the first 1min in the ZVI/PDS system, but nearly
decomposed after 3 min later. The concentration of PAP and HQ
did not increase significantly in the process of the rapid increase of
the BQ, and both of them increased dramatically while the BQ
concentration decreased. Similar trends were found in the ZVI/PMS
system. Besides, the concentration of HQ increased rapidly and
remained at about 0.05 mmol/L, 0.11 mmol/L after 3 min in ZVI/
PDS and ZVI/PMS systems, respectively. It also could be observed
that the decrease of BQ concentration synchronized with the
increase of HQ concentration. Furthermore, good molar balance
could be seen in these three systems, implying that PAP, HQ and BQ
were the primary intermediates in these systems. However the
balances never achieved 100%, which indicates that some products
of PNP might be absorbed onto the ZVI suaface or their corrosion
products, and/or additional intermediates such as formic and
maleic acids [37]. In addition, reproducible dips occurred at the
initial stage of reaction in three systems. This might be attributed
to absorbing firstly of PNP molecules by ZVI surface and then
degrading. And/or PNP was reduced to p-nitrosophenol before
being reduced to PAP, which was not detected during the analysis
process [38]. A similar phenomenon was also found in our previous
study [39]. The above results demonstrate that PNP was mainly
degraded by oxidation as the dominant position with a slight
reductive reaction in the first 1 min. It might be attributed to the
rapid formation of free radicals. And after 1 min, the reductive
reaction quickly replaced the oxidation reaction as the dominant
reaction with the corrosion of ZVI. Fig. 4c revealed that the
dominant oxidation reaction at the initial 1 min and the subse-
quent main reduction in degradation also occurred in the ZVI/H,0,
system (pHg 5.76). However, lower level in oxidation and reduction
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Fig.4. Molar concentration profiles of PNP and the intermediates over time in different systems: ZVI/PDS (a); ZVI/PMS (b); ZVI/H,0, (c). Experimental conditions: [ZVI]:[PDS]
= [ZVI]:[PMS] = [ZVI:[H;0,] = 100:1, [PNP]o = 100 mg/L, [ZVI]o =10 g/L, T=25 + 1 °C, initial pH 5.76.

could be observed compared with ZVI/PDS and ZVI/PMS systems,
which might be ascribed to fewer free radicals in the ZVI/H,0,
system.

The UV-vis spectra from 190 nm to 500 nm of the influent and
effluent of ZVI/PDS, ZVI/PMS, ZVI/H,0, systems were shown in
Fig. 5. Based on our previous study, the peaks at 227 nm and
317 nm are mainly attributed to the - transition of the benzene
ring of monoaromatics and the conjugation of the benzene ring
and chromophore group (e.g.,—NO,), respectively [40]. A similar
phenomenon could be observed in three different systems that
absorbance intensity of the peak at 317 nm decreased rapidly differ
from that at 227 nm. The phenomena reveal that the — NO, on the
molecular structure of PNP could be reduced easily, however, only
part of the benzene ring of PNP could be oxidized to open the ring
and further mineralized. Furthermore, a slight decrease occurred
at both absorbance intensity of the peak at 317 nm and 227 nm in
the ZVI alone system, which also illustrated that the addition of an
oxidizer could promote the oxidation and reduction reaction. A
new peak at 273 nm emerged in these three systems, also
suggesting that the —NO, of PNP was reduced into —NH, result
in the formation of PAP. Meanwhile, the transition from the
absorption intensity peak at 273 nm to the absorption intensity
peak at 246 nm also suggested the formation of BQ. In addition, the

decrease in absorbance intensity of the peak at 317 nm was most
dramatic in the ZVI/PMS system, followed by the ZVI/PDS system
and ZVI/H,0, system, respectively. The above results are following
the trend of TOC removal efficiency in these three treatment
systems.

As shown in Figs. S8a-f (Supporting information), the surface
morphology and elemental composition of the reacted ZVI
particles in different systems were characterized by SEM and
EDS. Compared to ZVI alone system, more obvious oxidation
corrosion products could be seen on the surface of reacted ZVI
particles. More specifically, Table S1 (Supporting information)
shows that nearly 10.5 wt% of O and 89.5 wt% of Fe were detected
on the surface of reacted ZVI particles in the ZVI alone system.
Additionally, nearly 31.2 wt%, 30.8 wt%, and 24.4 wt% of O on the
surface of reacted ZVI particles in ZVI/PDS, ZVI/PMS, and ZVI/H,0,
systems could be obtained, respectively, while almost 68.8 wt¥%,
69.1 wt% and 75.6 wt% of Fe were detected in these three systems.
The above results suggest that the addition of oxidizers could
enhance the corrosion of ZVI to promote the oxidation and
reduction of PNP effectively. Meanwhile, the lower mass fraction
ratio of O and higher of Fe in the ZVI/H,0, system also verified the
stronger corrosion of ZVI in PDS/PMS system by the co-promotion
of H" and ROS.

Fig. 5. UV-vis spectra of the effluent after 15 min and time-course variations of UV-vis spectra during 15 min process under the condition of the strongest reductive
degradation of ZVI/PDS system (a,b); ZVI/PMS system (c,d); ZVI/H,0, system (e,f). Experimental conditions: [PNP]o =100 mg/L, [ZVI]o =10 g/L, T=25 +1 °C, initial pH 5.76.
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Fig. 6. Fe 2p core level of XPS spectra of the reacted ZVI in ZVI/PDS system (a); ZVI/PMS system (b); ZVI/H,0, system (c). Experimental conditions: [ZVI]: [PDS] = [ZVI]:[PMS] =

[ZVI]:[H,02] = 100:1, [PNP]o = 100 mg/L, [ZVI]o=10g/L, T=25+1°C, initial pH 5.76.

To identify the chemical state of Fe and O of reacted ZVI
particles under the condition of the strongest reductive degrada-
tion, XPS was carried after the treatment of different systems. All
XPS core-level spectra were fitted using Shirley background. As
shown in Figs. 6a-c, further detailed scans in different systems
have performed for Fe 2p core-level spectra to determine the
charge state of elements present on the surface of reacted ZVI. It
had been reported that the binding energies at 710.0-720.0 eV for
iron oxides could be attributed to Fe 2ps, [41].The peaks at
710.9eV, 710.5eV and 710.4 eV in these three treatment systems
were all close to Fe3* state in Fe,0; at 710.7eV [42,43].
Furthermore, the signals of Fe 2ps,, binding energy position were
observed at 712.9 eV and 712.2 eV in FeOOH, while Fe 2p;, binding
energy position was observed at 724.6 eV, 724.5 eV, and 724.2 eV in
Fe,03 [44,45]. Of note is the observed peak at 713.5eV which
corresponded to the reaction product of SO42~ in FeSO,4 [46].

The high binding energies of 718.1 eV and 717.9 eV observed
between the Fe 2p3,, and Fe 2p;), also could be assigned to Fe?*,
The full-range scans and O 1s core level of XPS spectroscopy of the
reacted ZVI in different systems were shown in Figs. S9a-c and
Figs. S10a-S10c (Supporting information), respectively. And the
detailed analysis of the O 1s core level is provided in the Text S2.
The results further reveal that a few iron corrosion products (Fe;0s3,
Fe304, Fe(OH),, Fe(OH); and FeOOH) could be deposited on the
surface of reacted ZVI particles, which was consistent with SEM
analysis. Moreover, these (hydr)oxides could further activate PDS/
PMS/H,0, to enhance the generation of ROS and the degradation of
PNP.

The major reactions and removal mechanisms of PNP degrada-
tion in ZVI/PDS, ZVI/PMS, and ZVI/H,0, systems were proposed.
Firstly, the released H" from the hydrolysis of oxidizers and raw
wastewater could accept the released electrons from iron
corrosion and form free hydrogen under acid condition ([H]),
which would rapidly reduce PNP [47]. H" could also accelerate the
corrosion rate of ZVI. For another, oxidizers could directly oxidize
ZVI1 in situ to promoting the release Fe?* which also could be
accelerated by ZVI corrosion under the promotion of generated
ROS [48]. Thus, PNP could directly accept the released electrons
and be reduced to PAP in situ, Fe?" in solution also might cause the
reductive reaction of PNP [49,50]. As a result, the addition of
oxidizers could enhance reductive degradation during the
degradation of PNP. The addition of oxidizers could also enhance
the oxidic effect and improve the removal efficiency of PNP. On one
hand, the generated Fe?*| Fe** could facilitate the activation of
oxidizers to produce ROS (SO4~, HO" and SOs ) which would
oxidize PNP or PAP to form HQ, BQ, even CO, and H,O ultimately.
On another hand, Fe?*/Fe>* could readily transform to iron
hydroxides (Fe(OH),, Fe(OH)3) as the raising pH during the
reaction, which could remove PNP and its intermediates through
adsorption and co-precipitation [51,52]. Furthermore, the

2071

generated corrosion products (Fe,0s, Fes04 and FeOOH) could
further activate oxidizers to generate ROS in return [53,54].

This paper discussed the mechanism of oxidizers enhancing
PNP degradation in the presence of ZVI. Monitoring the effects of
different single oxidizer dosages on the ratios of oxidative and
reductive degradation of PNP, it was found that the main
degradation process of PNP was the gradual replacement of the
reduction process by the oxidation process with the increase of
oxidizer dosages. Control experiments with only pH adjustment
and no oxidizer added confirmed the remarkable promotion of H*
released by oxidizers on reductive reaction. Quenching experi-
ments also revealed that ROS produced by small oxidizer dosage
could accelerate the reduction of PNP. Take the case of the ZVI/H,0,
system, the maximum of 16.3% could be obtained which was the
contribution to ROS to reductive degradation of PNP. Based on the
presence of PAP in large quantities during the reaction process and
the results of UV-vis absorption spectra and intermediates
concentration curves, PNP was mainly degraded by reduction
accompanied by slight oxidation when the molar ratio of ZVI to
oxidizer less than or equal to 10. Besides, the generated ROS, the
additional H*, and the corrosion products of ZVI promoted PNP
degradation based on the analysis of SEM-EDS and XPS. This work
investigated the specific promoting mechanisms and contribution
after the addition of oxidizers on the corrosion of ZVI thoroughly.
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