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ABSTRACT

Sulfidated nanoscale zerovalent iron (S-NZVI) is attracting considerable attention due to its easy pro-
duction and high reactivity to pollutants. We studied the reactivity of optimized S-NZVI (Fe/S molar
ratio 6.9), comparing with pristine nanoscale zerovalent iron (NZVI), at various pH solutions (6.77-9.11)
towards p-nitrophenol (PNP) under aerobic and anoxic conditions. Studies showed that the optimized
extent of sulfidation could utterly enhance PNP degradation compared to NZVI. Batch experiments indi-
cated that in anoxic S-NZVI systems the degradation rate constant increased with increasing pH up to
7.60, and then declined. However, in aerobic S-NZV], and in anoxic or aerobic NZVI systems, it decreased
as pH increased. It was manifested that anoxic S-NZVI systems preferred to weaker alkaline solutions,
whereas aerobic S-NZVI systems performed better in acidic solutions. The highest TOC removal efficiency
of PNP (17.59%) was achieved in the aerobic S-NZVI system at pH 6.77, revealing that oxygen improved
the degradation of PNP by excessive amounts of hydroxyl radicals in slightly acidic conditions, and the
TOC removal efficiency was supposed to be further improved in moderate acidic solutions. Acetic acid,
a nontoxic ring opening by-product, confirms that the S-NZVI system could be a promising process for

industrial wastewater containing sulfide ions.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Zero valent iron (Fe(0)), in view of its low cost and accessibility,
has been used to treat some toxic and refractory pollutants in the
industrial wastewater, such as metals, organochlorine compounds,
and nitroaromatic compounds [1-3]. Moreover, the environmen-
tally physicochemical process motivated by Fe(0), based on the
in-situ generation of Fe2*, atomic hydrogen (*H, anoxic conditions)
or hydroxyl (*OH, aerobic conditions) radicals [4-6], has attracted
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extensive attention. In detail, Fe(0) could be used to reduce heavy
metal ions and reducible organic matters in water under anaerobic
conditions [3,7]. And meanwhile, it is also a heterogeneous Fenton
regent for advanced oxidation treatment of organic contaminants
with abundance of oxygen [8]. Recent studies show that nanoscale
zero valent iron (NZVI) could react with molecular oxygen to pro-
duce reactive oxygen species (ROS) which is able to oxidize or
even mineralize organic contaminants [9]. However, there are some
challenges to achieve successful implementation of this technol-
ogy. For example, the formation of an iron oxide shell on NZVI
reduces the reactivity [10]. A lot of studies have tried to improve
the reactivity of NZVI in practical applications by: (i) immobiliz-
ing NZVI on polyporous supports to increase its reactivity towards
the adsorbed compounds [11], (ii) coating NZVI with polymers to
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enhance the colloidal stability and increase its surface area avail-
able for reaction [12], and (iii) structuring bimetallic systems such
as Fe/Pd, Fe/Au, Fe/Ni or Fe/Cu, where the electron transfer accel-
erates [13-17].

Recently, a few studies have reported that sulfide doped NZVI,
produced by addition of dithionite (Na;S,04) during synthesis
of NZVI via liquid phase reducing method or reaction between
NZVI and sulfide ions, exhibited higher reactivity than pristine
NZVI [18-20]. The generated iron sulfides, such as mackinaw-
ite and pyrite, exhibit a higher affinity for contaminants because
of the hydrophobic nature and reducing capability [18,21]. Thus,
electrons from iron tend to transfer to target compounds rather
than water. Interestingly, many reports have shown that the elec-
tron availability at reactive surface increases at higher pH, and
thus the reduction rate of TCE in FeS mediated NZVI systems
clearly increases with increasing solution pH, opposite to the
trend in NZVI systems [19,22]. Indeed, the increasing reactiv-
ity of nFe/FeS at higher pH levels was explained as follows. The
hydrated FeS surface contains iron hydroxyl (=FeOH) and bisulfide
(=SH) functional groups, and these groups undergo protonation
(=FeOH + H* < FeOH,*) and deprotonation (=SH < =S~ +H") reac-
tions as the solution pH changes [22]. The difference in reactivity
between negatively and positively charged surface species is that
the negatively charged one is partly attributed to the greater driving
force of deprotonated ligands in electron donation, which results
in increased degradation at higher pH levels [23].

Furthermore, solution pH plays an important role in the pro-
duction of reactive oxygen species (ROS) under aerobic conditions
[24]. Specifically, the dissolved oxygen (DO) could be reduced into
H,0, in NZVI system through two-electron reactions (Equation (1)
and (2))[25], and then H,0, would be transferred into *OH radicals
with the Fe?* catalysis (Equation (3)). Under the neutral solution,
H,0, could be generated by the oxidation of primary product of
Fe2* with oxygen (Equation (4) and (5)) [25,26]. Subsequently, the
ROS is formed through the Fenton reaction (Equation (3)). However,
hydrous ferric oxides are produced under the alkaline conditions
with few *OH radicals forming (Equation (6)) [25,27]. Obviously,
more *OH radicals incline to be produced in Fe(0) systems at lower
pH solutions under aerobic conditions.

Fe® + 0, + 2H* — H50, + Fe2* (1)
Fe® + H,0, + 2Ht - Fe?* +2H,0 (2)
Fe2t +H,0, — *OH + Fe3+ + OH~ (3)
FeZt + 0y — Fe3t 40, (4)
FeZt +*0,~ +2H* — Fe3* +H,0, (5)
4Fe® + 30, + 6H,0 — 4Fe(OH); (6)

According to the above mentioned, aerobic conditions and solu-
tion pH are rather important in the production of ROS. Although
several studies have addressed the higher reactivity of sulfided
NZVI than NZVI towards organic compounds and heavy metals in
anoxic or anaerobic conditions, the reactivity of S-NZVI towards
p-nitrophenol (PNP) in aerobic conditions has not been tested; nei-
ther do the reactivity of S-NZVI in different pH solutions. By the
way, it has been reported that some noble metals such as Pd, Ag
and Au may contribute to toxicity [28]. Sulfide ions, a prevalent
substance in wastewater, can react with noble metal catalysts and
reduce reactivity of NZVI. So it is an inevitable factor in evaluations
of NZVI systems [29]. Hence, it is necessary to investigate the per-
formance of sulfidated nanoscale zerovalent iron (S-NZVI) systems
under aerobic and anoxic conditions for the practical applications.
PNP, widely used as pesticides, polymers, pharmaceuticals and dye
intermediates in industry or agriculture [30-32], serves as a model
pollutant because of its reduced and oxidized abilities.

The objective of this study is to investigate the influence of oxy-
gen on the reactivity of S-NZVI with varying pH. The reactivity of
NZVI sulfidated to different extents for the treatment of PNP was
optimized. The reactivity and TOC removal efficiency of S-NZVI
systems were also compared with those of NZVI systems with vary-
ing pH (6.77-9.11) under anoxic or aerobic conditions to obtain
the optimal technique and conditions for each system. Changes
in surface mineral phase following sulfidation were characterized
using TEM-Energy dispersive X-ray spectroscopy (TEM-EDS), X-
Ray Diffraction (XRD) and X-ray photoelectron spectroscope (XPS).
Changes in surface charge and KAow of NZVI and S-NZVI were also
measured. The mechanism of PNP degradation under anoxic or aer-
obic conditions was proposed by analyzing the variation in FTIR
spectra, X-ray photoelectron spectra and the intermediates with
gas chromatography-mass spectrometry (GC-MS) after the treat-
ment, combined with the capture of active species tests.

2. Experimental
2.1. Chemical reagents and preparation of S-NZVI

The regents used and NZVI are presented in S1 of Supporting
information (SI). The preparation procedure of S-NZVI is described
in S2 of SI, and the characterization methods are mentioned in S3
of SI.

2.2. Batch experiments

Preliminary experiments for optimizing Fe/S molar ratios of
S-NZVI were described in S4 of SI. Besides, PNP degradation exper-
iments were performed with two parameters as follows: (i) in a
borate buffer adjusted to pH 6.77, 7.60, 8.41 or 9.11 (0.05 M sodium
borate solution adjusted with 0.2 M boric acid solution containing
0.05M Nacl); (ii) air aeration (aerobic conditions) or purging with
N, (anoxic conditions). The inorganic buffer was chosen because of
its weak interaction with ferrous ions in solution [33]. In addition,
the purging rate was set up at 1 L/min referring to previous studies
[4]. All analytical procedures for determination of the residual con-
centration of PNP, TOC, H,0,, iron speciation, sulfide ions, sulfate
ions, main intermediates (p-aminophenol and p-benzoquinone)
and identification of intermediates were described in S5 of SI.

3. Results and discussion
3.1. Characterization of NZVI and S-NZVI particles

The NZVI and S-NZVI materials were characterized by TEM cou-
pled with EDS for analysis and elemental mapping. Similar to other
studies [20,34], Fig. 1a and b show that both of pristine NZVI and
S-NZVI particles with oxide shell aggregate with an average size
approximately 50 nm. However, the shell for S-NZVI at the Fe/S
molar ratios of 6.9 is much rougher than pristine NZVI particles’
on account of the sulfidation. EDS measurements of NZVI samples
showes peaks for Fe as well as inevitable C and O (Fig. 1a), whereas
Fig. 1b about S-NZVI showes the peak for S demonstrating the pres-
ence of S upon sulfidation. Furthermore, the elemental mapping of
S-NZzVI (Fig. 1c) confirmed that S element was highly dispersed on
NZVI particles.

Zeta potential of NZVI and S-NZVI particles were determined in
a wide range of pH (from 3 to 9), and the corresponding results are
presented in Fig. S1. The isoelectric points (pHzpc) for NZVI and
S-NZVI occurred at pH 6.8 and 5.8, respectively. The descending
pHzpc after the incorporation with S element suggestes that the
surface of NZVI was coated with iron sulfide [22]. In addition, the
XRD spectra of S-NZVI (shown in Fig. S2) demonstrated the exis-
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Fig. 1. TEM images and EDS spectra for pristine NZVI (a) and NZVI sulfidated at Fe/S of 6.9 (b), and elemental mapping images (c) of the S-NZVI for Fe and S from the electronic

image.

tence of Fe(0) and Fe304. Due to the low level of S element, XRD
could not detect the S element, so FeS, or FeS was hardly obtained
directly by using XRD.

3.2. PNP degradation by S-NZVI or NZVI particles

Fig. 2 shows the degradation of PNP in 0.32 mg/L slurries of NZVI
modified with sulfide ions at various concentrations. Compared to
the pristine NZVI, S-NZVI obviously promoted the degradation for
PNP. Its degradation rate increased with increasing doses of sulfide
at Fe/S ratio from 20.68 to 6.9. Nevertheless, the PNP degradation

rate decreased slightly with higher doses of sulfide at Fe/S ratio of
5.7. Thus, S-NZVI with Fe/S ratio of 6.9 was applied to investigate
the reaction mechanism in various pH solutions under anoxic or
aerobic conditions.

It has been reported that iron sulfides on the surface of iron
conduct delocalized electrons in its planar layer [23]. What's more,
Parket al., suggested that sulfide minerals were less hydrophilic
compared to iron oxides [21]. Sai Rajasekar C. inferred that the FeS
layer on the S-NZVI enhanced local binding of TCE and conducted
more electrons to TCE rather than water molecules compared
to pristine NZVI [19]. We compared the availability factor of
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Table 1

The availability factor of electrons generated from S-NZVI or NZVI for reduction product (p-aminophenol) under anoxic conditions at the initial stage

(Celectron =2 x Cre?* +3 x Cpe®").

Materials Cp-aminophenol (mM) CFez+ (mM) CFEB* (mM) Celectron (mM) Cp-aminophenol/Celectron
S-NzVI1 0.37 0.64 0.010 1.31 0.28
NzVI 0.30 0.70 0.007 1.42 0.21
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Fig. 2. Comparisons of PNP degradations (C;/Co representing for the residual con-
centration of PNP at treatment time ¢ (min) divided by the initial concentration) in
unbuffered pH sealed systems containing S-NZVI with different Fe/S molar ratios or
pristine NZVI at 0.32 mg/L, with initial PNP concentration of 0.72 mM and temper-
ature at 25 +2°C. All the standard deviations were less than 0.05.

electrons generated from S-NZVI or NZVI for reduction product (p-
aminophenol) under anoxic conditions at the initial stage. These
data was obtained at reaction time of 1 min, because at the stage,
the precipitation of iron ions was negligible. In anoxic conditions,
the oxygen oxidation also can be neglected. As shown in Table 1,
the availability factor of electrons was calculated.as the equation
Celectron = 2 X Cre2" +3 x Cge3*. The higher factor indicates that the
more electrons generated from materials were used to reduce PNP
to p-aminophenol. Obviously, the factor of S-NZVI was higher than
that of NZVI. It demonstrated that more electrons generated from
S-NZVI were conducted to nitro groups of PNP. On the other hand,
the pristine NZVI preferentially conducted electrons to water. How-
ever, an increase in sulfidation beyond the optimal dose range
caused higher amount of FeS, formed on the surface, which reduced
the reactivity [35]. The lower reactivity of NZVI sulfidated at Fe/S
ratio of 20.68 might be attributed to incomplete coverage of the
NZVI surface by FeS. The optimal Fe/S ratio is 6.9 lower than the
appropriate value ranging from 12 to 25 described in Rajasekar C’s
studies [19]. Rajasekar C proved that the wash could release sul-
fide ions and the reactivity of S-NZVI above the optimal dose range
would increase after wash. So, the lower optimal ratio obtained in
our study might be due to the loss of sulfide ions by the wash in
material preparation. During the wash process, the concentration of
sulfide ions in the ultrapure water containing resultant S-NZVI still
reached 0.02 mM, and some sulfide ions inevitably were oxidized
to sulfate ions during the preparation process (Table S1), which
proved the hypothesis.

3.3. Degradation kinetics for buffered aqueous PNP in S-NZVI or
NZVI systems under aerobic and anoxic conditions

In Section 3.2, it was found that the reactivity of S-NZVI was
much higher than that of Fe(0) under the sealing conditions. In this
Section, the reactivities of S-NZVI and pristine NZVI for buffered

Fig. 3. Apparent PNP degradation rate constants for 0.32 mg/L optimized S-NZVI or
NZVI systems with various buffered pH (6.77, 7.60, 8.41 and 9.11) purging with N, or
air with initial PNP concentration of 0.72 mM, temperature at 25 +2° C and contact
time of 60 min. All the standard deviations were less than 0.05.

PNP solutions (0.72 mM) at different pH values was investigated
under aerobic and anoxic conditions. As shown in Fig. S3, the
PNP removal equilibrium reached within a few minutes. Hence,
kinetic model was applied to estimate the degradation mechanism
in the initial stage. Due to the solid-liquid inter-phase reaction, the
pseudo-first-order was utilized to fit the experimental data [30].
The kinetic rate equation is expressed in Equation (7).

G
In CTZ = —K,pst (7)

where C; and Cy (mg/L) are the residual concentration of PNP at
treatment time t (min) and the initial concentration, respectively;
K,ps (min—1) is the apparent rate constant, which is calculated by
the method of linear regressions.

A plot of natural logarithmic C;/Cy versus the treatment time t is
shown in Fig. S4, and the values of the constant K,,; and correlation
coefficients R? were calculated and given in Table 2. A good linear
fitting was observed in each of the batch experiments (R% >0.90).

In order to intuitively compare PNP degradation rates under
different conditions, Fig. 3 shows the K,,; versus the buffered solu-
tion pH values under aerobic and anoxic conditions. No matter
under which conditions, it was clear that the K,,; obtained in S-
NZVI systems were obviously higher than those obtained in NZVI
systems at pH from 6.77 to 9.11. Under the anoxic and aerobic
conditions, the K,ps (1.724 and 0.769 min—!) obtained in S-NZVI sys-
tems were approximate 9 and 16 times higher than those (0.201 and
0.0479 min~!) obtained in NZVI systems at pH 7.60, respectively.
The results could be explained in two main aspects. (a) As the corro-
sion rate of NZVI was low in a slightly alkaline solution, *H was hard
to be generated to reduce the pollutants under anoxic conditions.
As shown in Fig. 4, at the beginning of reactions (first 3 min) when
the precipitation of iron ions was negligible, the sum of FeZ* and
Fe3* molarities in S-NZVI or NZVI systems with pH 6.77 was higher
than that in systems with pH 7.60, which demonstrated that the
corrosion rate of NZVI or S-NZVI was lower in more alkaline solu-
tions. Meanwhile, the DO also could not obtain enough electrons
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Table 2

Pseudo-first-order model parameters for PNP removal in S-NZVI and NZVI systems under different aeration and solution pH conditions.

amples ondition olution p pparent rate constant (Kops orrelation coefficients
S 1 Conditi Soluti H A (Kobs) C lati ffici (R?)
S-NzVI Purging with N, 6.77 1.486 0.98
7.60 1.724 0.96
8.41 1.385 0.98
9.11 7.77 x 107! 0.98
Air aeration 6.77 1.376 0.92
7.60 7.69 x 10! 0.96
8.41 4.60 x 101 0.93
9.11 3.71 x 10! 0.98
NZVI Purging with N, 6.77 1.018 0.99
7.60 2.01x 10! 0.98
8.41 5.08 x 102 0.95
9.11 1.01 x 1072 0.90
Air aeration 6.77 433x 107! 0.98
7.60 4.79 x 1072 0.94
8.41 8.30x 1073 0.90
9.11 5.50 x 1073 0.96
0.6
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Fig. 4. Concentrations of Fe?* and Fe3* under purging with N, (pH 7.60) or air
treatment (pH 6.77) by S-NZVI or NZVI with initial PNP concentration of 0.72 mM,
temperature at 25 4 2 °C and contact time of 30 min, all the standard deviations less
than 0.05.

Table 3

KAow of NZVI and S-NZVI materials.
Material NzVI S-NzZVI
KAow (Mean + 95%C.L.) 1.37 £ 0.21 225+ 0.16

from NZVI to generate H, 0O, under aerobic conditions, and then the
generated Fe2* was almost all oxidized into Fe3* (Equation (8)).

Fe?* +1/2H,0 + 1/40, — Fe3* + OH~ (8)

At the initial stage (in Fig. 4) of aerobic reaction, the molar-
ity of Fe3* increased obviously, while the decline of Fe3* might
be attributed to the precipitation of large amounts of iron ions.
(b)FeS layers on the S-NZVI made iron particles more hydrophobic
[19,21],KAow values greater than 1 indicate a hydrophobic material,
and larger values indicate higher hydrophobic properties [36]. As
shown in Table 3, the KA, value of S-NZVI is nearly twice as large
as that of NZVI, which determines that S-NZVI is more hydrophobic
than NZVLI. Thus, the introduction of FeS would cause effective elec-
tron transfers from S-NZVI to hydrophobic nitro groups of PNP and
oxygen molecules. Consequently, in S-NZVI systems, the formed
*H radicals are able to reduce PNP under anoxic conditions, while
excessive amounts of H,O, and *OH radicals are generated under
aerated conditions (eqution (1) and (3)). For these reasons, the
reactivity of S-NZVI was much higher than that of NZVI particles.

Time (min)

Fig.5. Concentrations of H,O, under purging with N, (pH 7.60) or air treatment (pH
6.77) by S-NZVI or NZVI with initial PNP concentration of 0.72 mM, temperature at
25+2°C and contact time of 30 min, all the standard deviations less than 0.05.

In S-NZVI systems, the resulting K,,; under anoxic conditions at
pH 7.60 was higher than that in a slightly acidic solution at pH 6.77,
and subsequently the PNP degradation rate constant significantly
decreased from 1.724 min~! to 0.777 min~! with increasing solu-
tion pH from 7.60 to 9.11. A lot of papers showed that the rate
of electron transfer reactions of S-NZVI was faster at higher pH
values due to the larger negative surface charge, resulting in the
enhanced degradation of PNP in slightly alkaline solutions [19,22].
Due to the pKa (7.15) of PNP, while solution pH increased to alka-
line, PNP molecules were gradually ionized into PNP anions, and
the net charge on the surface of S-NZVI was negative [37]. Espe-
cially in solutions at pH up to 7.60, electrostatic repulsions played
a more important role in the degradation, so the degradation rate
decreased. However, under aerobic conditions, the PNP degrada-
tion rate in S-NZVI and NZVI dropped with the increasing solution
pH from 6.77 to 9.11. The phenomenon can be explained by that
generated H,0, and *OH radicals were insufficient to remove PNP
because of lacking H* and Fe2* under alkaline conditions [24]. Fig. 5
shows that the concentrations of H,O, in pH 6.77 solutions was
much higher than that in pH 7.60 solutions, which revealed that
acid environment is conductive to the formation of H,0,. What’s
more, the surface of particles would be covered by iron oxide
hydroxide that could hinder electron transfers to a certain degree
[10], accompanied with the electrostatic repulsions, and thus the
PNP removal dramatically decreased, which also accounted for the



586 J. Tang et al. / Journal of Hazardous Materials 320 (2016) 581-590

1.4 mmmm S-NZVI+N2
mm S-NZVi+air
1.2 1 mmm NZVI+N2
mmm NZVi+air
o 101
8
= 0.8 A
(@)
O 0.6 -
|_
0.4
0.2
0.0 -
6.77 7.60 8.41 9.11
pH

Fig. 6. TOC removal efficiency of PNP in 0.32 mg/L optimized S-NZVI or NZVI sys-
tems with various buffered pH values after 60 min treatment purging with N, or air,
with initial PNP concentration of 0.72 mM and temperature at 25 + 2 °C, errors bars
indicating standard deviations.

descending PNP degradation rate with the increasing solution pH
in NZVI systems in anoxic conditions.

It was a remarkable fact in S-NZVI systems that the K,ps at pH
6.77 dealing with the aerobic conditions was just lower than that
under anoxic conditions. It manifested that aerobic treatment made
S-NZVI produced excessive amounts of H;0, and *OH radicals to
degrade PNP under the slightly acidic solution in presence of ade-
quate H* and Fe2*, and the degradation efficiency was improved.

3.4. The influence of experimental conditions on TOC removal of
PNP in S-NZVI and NZVI systems

Fig. 6 shows the plots of TOC/TOCy after 60 min treatment versus
the buffered solution pH values under anoxic and aerobic condi-
tions. The TOC removal of PNP under aerobic conditions was more
obvious than that in anoxic conditions no matter in S-NZVI or NZVI
systems. The phenomenon could be explained by the theory that
the benzene ring of PNP could not opened under anoxic conditions,
while in aerobic conditions the cleavage of benzene ring of PNP
as well as its TOC removal by the generated *OH radicals occurred
[4]. Obviously, TOC removal decreased with the increasing solu-
tion pH values, indicating that H* might play an indispensable
role in production of *OH radicals. Especially, on account of the
higher reactivity of S-NZVI, the highest TOC removal efficiency of
PNP reached 17.59% in the S-NZVI system at pH 6.77 under aerobic
conditions. The elevated efficiency of TOC removal in aerobic condi-
tions was mainly attributed to oxidative degradation with the help
of adequate oxygen. In Section 3.3, acid solutions was proved that a
larger amount of H* in moderate acidic solutions has the potential
to promote the yield of H,0,. What’s more, in our previous stud-
ies [10], at solution pH lower than 3, the concentration of H* was
so high that H* reacted with NZVI directly to produce hydrogen,
which inhibited the PNP degradation reaction to a certain degree.
Similarly, strong acid environment could boost the formation of
hydrogen and then reduce the amount of electrons which intend
to transfer to oxygen molecules, which means that the strong acid
solution might not be suitable for the production of H0, by NZVI
and S-NZVI. For these reasons, the TOC removal efficiency of PNP
was supposed to be further improved in moderate acidic solutions.

3.5. FTIR spectral and XPS analysis

To gain further insights into the PNP degradation mechanism on
S-NzVI under different conditions, the FTIR technique was used to

(c)

1460 cm™*

O-H (1028 cm™)

TOO0-&C-H (1380 cm™)

B
(=] 2 5
2 o'~ H
c i e
3 < ; @)
g
3500 2500 1500 500

Wavenumber (cm'1)

Fig. 7. The FITR spectra of S-NZVI before (a) and after reacting 0.72 mM PNP under
purging with N, (b) or air (c) conditions.

Table 4

The percentage composition of each element in various materials.
Element compositions (atomic%) C (0] Fe S N
NzVI 40.72 47.90 11.37 - -
S-NZVI 34.84 47.36 15.53 2.27 -
S-NZVI after purging with N, 25.26 57.96 17.97 0.38 0.42
S-NZVI after air aeration 28.92 57.54 12.28 044 0381

analyze the exhausted materials. Fig. 7 shows the FTIR adsorption
spectra of the S-NZVI before and after reaction dealing with the
aerobic conditions or purging with nitrogen. The FTIR spectrum of
unused S-NZVI (Fig. 7a) displays the weak band (1020 cm~1), which
is attributed to the stretching vibration of O—H and hydrogen-
bonded O—H [38]. The FTIR spectrum of the reacted S-NZVI purging
with nitrogen is shownin Fig. 7b. Particularly, the broad and intense
band at 3423 cm~! and the band at 1022 cm~! are regarded to the
stretching vibration of O—H and hydrogen-bonded O—H [4]. The
band located at 1640 cm~! is assigned to aromatic C=C skeletal
vibrations [39,40]. In addition, the band observed at 1326 cm~!
is attributed to the aromatic —NO, symmetrical stretching vibra-
tion [4]. Fig. 7c is the FTIR spectrum of the reacted S-NZVI dealing
with aeration. The spectrum shows some similar peaks (3429, 1460,
1028 cm~1) to those shown in Fig. 7b. However, the emerging band
at 1380cm~! corresponds to COO— antisymmetric stretching or
C—H bending of CH, and CH3 groups [39], which indicates that
chain organic matters are generated, and the ring-opening reaction
of PNP can occur in S-NZVI systems in aerobic conditions.
Moreover, X-ray photoelectron spectroscopy (XPS) was also
applied to study the surface chemical compositions of the newly
synthesized and treated samples for comparison. Semiquantitative
compositions of NZVI, S-NZVI before interaction and S-NZVI after
PNP removal dealing with the aerobic conditions or purging with
nitrogen were calculated by the Software Avantage (Table 4). Even
though precautions were taken during the synthesis and prepa-
ration of samples for analysis, it was impossible to completely
eliminate oxygen that adsorbed at the surface. Besides, carbon was
an unavoidable contaminant [41]. The presence of S at the S-NZVI
sample surface demonstrated that S element had been fixed on
NZVI particles. After contact with PNP for 1 h under anoxic or aer-
obic conditions, the new appearance of N stated the attachment of
PNP and its intermediates to S-NZVI. Impressively, the S content of
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Fig. 8. Detailed XPS survey of the region for S(2p) for S-NZVI before (a) and after
reacting 0.72 mM PNP under purging with N, (b) or air (c) conditions.

used S-NZVI nearly decreased by an order of magnitude. Further-
more, as shown in Table S1, the concentrations of sulfide ions and
sulfate ions in the two solutions after reactions under anoxic or
aerobic conditions were both increased to different extents com-
pared to the concentrations before reactions. It could be concluded
that S-NZVI might release sulfide into water or air phase during the
interaction with PNP.

p-Benzoquinone Air areation

(R.T.=8.027min) — Np aeration

4-Aminophenol
(R.T.=14.432min)
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1
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Fig. 9. GC-MS chromatograms on dichloromethane extract from the effluent after
60 min reactions under purging with N, or air treatment by S-NZVI.

The narrow region spectra for S(2p) and Fe(2p) are respectively
shown in Fig. 8 and Fig. S5. To adequately fit the S(2p) spectrum
of S-NzVI (Fig. 8a), four major fitting peaks were required. The
peak with binding energy at 161.4 + 0.3 eV, representing the main
S(2p) signal, is typically assigned to FeS, and that at 163.1+0.3 eV
is attributed to FeS, [19,42]. Additionally, the other two peaks
located at 167.9 and 169.0 eV are corresponded to sulfite and sul-
fate, respectively [43]. The existence of sulfite and sulfate reveals
that some oxidation of the surface may have occurred before the
PNP treatment. As for S(2p) spectra of the S-NZVI sample treated
under anoxic conditions (Fig. 8b) or aerobic conditions (Fig. 8c),
similar to Fig. 8a, there are still two weaker peaks attributed to FeS
and sulfate. The presence of the strongest peak at 163.4 eV (shown
in Fig. 8b and c), supposed to polysulfides Sy~ species [41], indi-
cates that PNP degradation process stimulates FeS to be oxidized
into polysulfides species. The particular peak at 164.4eV corre-
sponding to Sy discloses that the extent of oxidation under aerobic
conditions is greater than that under anoxic conditions because of
the additional oxygen [44].

As shown in Fig. S5a and S4b, peaks of pristine NZVI and S-NZVI
show the presence of Fe(ll), Fe(Ill) and Fe(0), corresponding to the
results of XRD analysis. Notably, the peak for Fe(0) of S-NZVI is
weaker than that of NZVI, which might result from oxidation dur-
ing the sulfide-modified preparation. As for the Fe(2p) spectra of
these used S-NZVI (shown in Fig. S5c and S5d), the disappearance
of the peak for Fe(0) testifies that the oxidation of the surface Fe(0)
happened in degradation processes, consistent with the conclusion
gained from Fig. 8.

3.6. Roles of active species in PNP degradation under anoxic and
aerobic conditions

In spite of the theory that the active species (*OH radicals) may
exist in PNP degradation process, there is no definite evidence to
confirm the presence of that active species. Otherwise, the famil-
iar active oxygen species (*0; ™) is also likely to show up (Equation
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Table 5

Comparisons of pseudo-first-order model parameters for PNP removal in S-NZVI systems with an addition of scavengers, n-butanol or p-benzoquione.

Condition Solution pH Scavenger Apparent rate constant (Kyps) Correlation coefficients (R?)
Purging with N, 7.60 None 1.724 0.95
7.60 N-butanol 1.563 0.93
7.60 P-benzoquione 1.705 0.88
Air aeration 6.77 None 1.376 0.92
6.77 N-butanol 1.048 0.92
6.77 P-benzoquione 1.294 0.83
(4)). Therefore, in S-NZVI systems at pH 6.77 under anoxic and aer- 0.8 0.20
obic conditions, roles of those active species in PNP degradation o
were studied by *OH radicals scavenger and *O, ~ scavenger. Table 5 06 | _
compares pseudo-first-order model parameters for PNP removal in = 015 S
S-NZVI systems with an addition of scavengers. £ i %
*OH radicals are very short-lived active species, and some scav- 2 041 - A 5
. S . [0} —e— S-NZVI+N, £
engers, such as n-butanol, isopropanol and salicylic acid, were < F0.10 3
commonly employed to indirectly characterize its roles in pol- 2 0.2 — , Q
lutants degradation [45]. As shown in Table 5, the addition of é ' §
n-butanol with 0.01 mM into the anoxic system made the K S L 0.05 OC'L
decline to 11.9% (from 1.774 to 1.563min~!), while the K, 0.0 ¢ o
decreased to 23.8% (from 1.376 to 1.048 min~—!) in the aerobic sys-
tems. These results suggested that *OH radicals played a more . i i i . 0.00
important role in PNP degradation under aerobic conditions than 0 5 10 15 20 25 30

that under anoxic conditions. A small amount of generation of *OH
radicals in anoxic system might be ascribed to unavoidable residual
oxygen.

Under the neutral solution, H,0, also could be generated from
the oxidation of S-NZVI by oxygen can also generate the impor-
tant intermediate, *O,~ with no H* ions consumed in the reaction
(Equation (5)). P-benzoquinone was used to capture *O,~ [46]. The
effect of p-benzoquinone on PNP degradation in the anoxic and
aerobic systems was evaluated and shown in Table 5. The pres-
ence of p-benzoquinone exhibited a negligible negative role in PNP

Sulfidation

1N

Inefficient
degradation

H,0, —£€p «OH

Time (min)

Fig. 10. Concentrations of p-aminophenol and p- benzoquinine under purging with
N, (pH 7.60) or air treatment (pH 6.77) by S-NZVI with initial PNP concentration
of 0.72 mM, temperature at 25+2°C and contact time of 30 min, all the standard
deviations less than 0.05.

degradation, revealing that *O,~ had slight impacts on PNP degra-
dation in the buffered solution at pH 6.77 under anoxic and aerobic
conditions, and H,0, was primarily generated by Equation (1).

N, aeration (anoxic conditions)

Air aeration (aerobic conditions)

Acetic acid

PNP/-\ P-benzoquinone (Hydroquine)

‘__-
Ox1dat10n

°0H
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mm Fef
Il FeS
B Iron (II&III) oxides

Fig. 11. Main degradation mechanisms for PNP in S-NZVI systems under aerobic or anoxic conditions.
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3.7. Proposed pathway for PNP degradation under anoxic and
aerobic conditions

To clarify primary mechanisms for PNP degradation in S-
NZVI systems under anoxic and aerobic conditions, various
intermediates in treatment effluents after 60 min reaction from
different systems were detected by GC-MS, and these results are
shown in Fig. 9. The dominating intermediates (p-aminophenol,
p-benzoquinone and hydroquinone) and a small quantity of
acetic acid appeared in the effluent treated under aerobic con-
ditions, whereas in the effluent treated under anoxic conditions,
the identified degradation products included p-aminophenol and
a small amount of p-benzoquinone. In order to confirm the
results, we detected the concentrations of main intermediates (p-
aminophenol standing for reduction products and p-benzoquinone
standing for oxidation products) shown in Fig. 10. Under aero-
bic conditions, the concentration of p-aminophenol rose in the
first stage, and then decreased. However, the main product was p-
aminophenol under anoxic conditions. The phenomena indicated
that the PNP degradation process under aerobic conditions could
be regarded as an oxidation combined with a reduction, while the
main degradation process under anoxic conditions was regarded
as areduction. In Fig. 9, the presence of degradation product acetic
acid, confirmed that the ring opening reaction occurred under aero-
bic conditions. In accordance with the conclusion in Section 3.6, the
confirmation of trace amounts of p-benzoquinone in Figs. 9 and 10
also verified slight oxidation by *OH radicals proceeded in anoxic
systems.

Based on aforementioned discussion and previous studies [10],
the main PNP degradation mechanisms in S-NZVI systems were
proposed in Fig. 11. First of all, the sulfidated S-NZVI utilized elec-
tron transfers more effectively to degrade PNP than NZVI. Hence,
the degradation process could be accelerated by sulfidated systems.
As shown in Fig. 11, under aerobic conditions, the PNP degrada-
tion process could be regarded as an oxidation combined with a
reduction. Specifically, the DO was reduced into H,O, by Fe(0)
through two-electron reaction (Equation (1)and (2))[25], and then
H,0, would be transferred into *OH radicals by the Fe2* catalysis
(Equation (3)). Then, the generated *OH radicals oxidized PNP into
p-benzoquinone and its derivative, hydroquinone [10]. After that,
the ring opening reaction occurred because of oxidation by enough
*OH radicals, and acetic acid was presented in the effluent finally.
The reduction process which was the same as that shown in anoxic
conditions in Fig. 11 was not shown in aerobic conditions. How-
ever, under anoxic conditions, the vast majority of PNP was directly
reduced to p-aminophenol. Additionally, the inconspicuous similar
oxidation occurred and resulted in the formation of p-benzoquinine
deriving from PNP or p-aminophenol [ 10], which was not shown in
Fig. 11.

4. Conclusions

Taken together, addition of Na, S in adequate concentration with
the molar ratio of Na,S to NZVI as 6.9 made surface coating by FeS,
which results in increased reactivity towards PNP. The hydrophobic
FeS layer acts as selective electron donor, which transfers electrons
from the electron-rich Fe(0) core to PNP on the S-NZVI surface than
the iron (hydr)oxide layer on the pristine NZVI surface. Particu-
larly, the peak value of PNP apparent rate constants, calculated
by the pseudo first-order kinetics equation, appeared at pH 7.60
in the pH range of 6.77-9.11 in the S-NZVI system under anoxic
conditions, but shifted to pH 6.77 in the S-NZVI system under aer-
obic conditions and in NZVI systems with different conditions. It
implies anoxic S-NZVI systems preferred to weaker alkaline solu-
tions, while aerobic S-NZVI systems performed better in acidic

solutions as well as NZVI systems. Due to the oxidation by *OH rad-
icals, the highest efficiency of TOC removal reached 17.59% in the
S-NZVI system at pH 6.77 under aerobic conditions. These results
indicate that the aerobic treatment boosts the thorough degra-
dation especially in slightly acidic conditions. Furthermore, the
degradation process of PNP was analyzed by FTIR, XPS, capture of
active species tests and GC-MS. Under aerobic conditions in S-NZVI
systems, the formation of identified acetic acid, as a nontoxic ring
opening by-product, confirms that the S-NZVI system could be a
promising process with lower cost for toxic refractory industrial
wastewater.

Considering cost-effectiveness and environmental safety, S-
NZVI may be a more suitable alternative to NZVI modified with
noble metal for enhanced reactivity. Sulfide ions present in
wastewaters may enhance the reactivity of NZVI. However, their
role in enhancing the reactivity of NZVI should be further investi-
gated.
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