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Abstract

In this work, three sulfur-iron materials (sulfide-modified nanoscale zerovalent iron
(5-nZVI), ferrous sulfide (FeS), and pyrite (FeS;)) were employed to enhance the Fen-
ton process for naphthalene (NAP) degradation. The enhancement performance and
mechanisms of S-nZV], FeS, and FeS, were investigated and compared. The results showed
that NAP removal was enhanced from 56.4% in the HyO, /Fe(Il) system to 88.6%, 83.0%,
and 89.1% with the addition of S-nZVI, FeS, and FeS,, respectively. Three sulfur-iron
materials could all reduce Fe(Ill) produced in aqueous solution, regenerate Fe(II), and slow
down the precipitation of dissolved iron. In addition, the addition of sulfur-iron materials
could promote the generation of hydroxyl radical (HOe), thus intensifying the degradation
of NAP. The results of scavenging tests indicated that HOe was the dominant reactive
oxygen species (ROS) for NAP removal, while superoxide radical (O, ~e) also participated.
The effect of complex water matrices on NAP degradation was evaluated, showing that
sulfur-iron material-enhanced techniques had a wide pH application range and had great
tolerance to inorganic ions and humic acid. Moreover, NAP degradation intermediates
and their toxicity were elucidated. Finally, the obvious removal of various pollutants in
sulfur-iron material-enhanced systems demonstrated that these technologies could be used
to remediate organic-polluted groundwater.

Keywords: naphthalene; sulfur-iron materials; enhancement mechanism; reactive oxygen
species; groundwater remediation

1. Introduction

Recently, the problem of remaining contaminated sites has been increasingly exposed
with the relocation of enterprises, and efficient and rapid remediation methods are urgently
needed to solve the problem. The research and implementation of advanced oxidation
processes (AOPs) have received special attention due to their efficient performance on
pollutant degradation and mineralization [1,2]. Some reactive oxygen species (ROS), such
as hydroxyl radical (HOe, E? = 2.8 V) and sulfate radical (SO~ e, E? = 2.5~3.1 V), can be
generated in AOPs, and they can rapidly react with organic compounds through addition,
ring-opening, etc. [3,4]. The conventional Fenton process is one kind of AOPs, and HOe
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is the major ROS in the Fenton process, which can degrade various organic compounds
non-selectively and produce intermediate products [2,5].

As is well known, the obvious drawbacks of the conventional Fenton process are as
follows. On the one hand, dissolved Fe(ll) is easily precipitated and quickly consumed in
a short period of time; thus, the sustaining provision of Fe(Il) is indispensable for promoting
the degradation of pollutants in the Fenton process. On the other hand, the Fenton reaction
is extremely demanding on pH value, and an acidic condition (pH = 3) is always needed
for the reaction [6]. To overcome these problems, sulfur-iron materials (such as sulfide-
modified nanoscale zerovalent iron (S-nZVI), ferrous sulfide (FeS), and pyrite (FeS,)) have
been used as a stimulant for oxidant activation and as a enhancer for pollutant removal
in AOPs due to the existence of the electron shuttle, sustainable release of Fe(II), Fe(II)
regeneration by sulfur species, and resistance to a high value of pH [7-9].

Sulfidation refers to the reduction of iron salt by borohydrides and dithionites through
the one-pot method, forming a mixture of 82—, 5,27, poly S%2~, 50527, and SO4%~ on the
surface of nanoscale zerovalent iron (nZVI), and sulfur-iron species (such as FeS and FeS;)
can be formed simultaneously [10,11]. The main mechanisms of S-nZVI involved in the
reaction process are as follows. On the one hand, these sulfur species can slow down the
reaction between Fe(0) and O, by forming a core-shell structure, retarding the passivation
of the material. On the other hand, these sulfur species as reductants can reduce the
surface Fe(III) to Fe(Il) by accelerating the electron shuttle [12]. Therefore, the introduction
of S-nZVI in AOPs can improve the removal performance of various pollutants [9,13].
In addition, some literature has reported that heavy metals (such as Sb(IlI) and As(III))
could be effectively removed by S-nZVI directly due to its great reductivity [14,15].

In addition, as the main component of mackinawite, FeS has received extensive
attention in pollutant removal, and it is involved in contaminant degradation in three ways.
Firstly, the homogeneous reaction can be triggered by Fe(Il) released from solid FeS in
aqueous solution in acidic conditions according to Equation (1), and ROS can be produced
by activating the oxidant with Fe(Il) [16]. Secondly, the surface-active sites of FeS can
contribute to the oxidation of pollutants, and the number of available sites increases with
the increase in FeS dosage [17]. Thirdly, the reductive sulfur species in FeS can promote the
reduction in Fe(IlI) and the regeneration of Fe(II), accelerating the activation of oxidants
and the removal of pollutants [7]. Chen et al. (2015) found that 2,4-dichlorophenoxyacetic
acid could be effectively removed in the HyO, /FeS system, and HOe was the dominant
ROS for the pollutant removal [17].

FeS + 2H* — Fe(Il) + H,S (1)

Pyrite is the most abundant iron sulfide mineral in the crust of Earth, and FeS5, is the
main ingredient of natural pyrite [18]. The reaction mechanisms of FeS; involved in AOPs
are as follows. On the one hand, HOe and H;O; can be generated simultaneously in the
presence of FeS; in aqueous solution according to Equations (2) and (3), and this process
can be accelerated with the existence of oxygen (Equations (4)—(6)) [19,20]. On the other
hand, H* can be generated in the oxidation process (Equation (4)), resulting in the rapid
Fe(II) leaching from FeS, and the efficient activation of the oxidant. However, pollutant
removal is limited in the presence of FeS, due to the deficient HyO, production induced
by FeS, [20]. Pollutants can be effectively degraded with the addition of exogenous H,O5.
Bae et al. (2013) found that diclofenac could be completely degraded within 120 s in the
Hy0O, /FeS; system. This was ascribed to the lower pH value caused by the presence of
FeS; and the sustained dissolution of Fe(II) from FeS, [21].

HZO(ads) + Fe(HI)(pyrite) — HOe + Fe(II)(pyrite) +H* (2)
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HOe + HOe — H,0, 3)

2FeS, + 70, + 2H,O — 2Fe(Il) + 45042~ + 4H* (4)
Fe(Il) + O, — Fe(Ill) + O, o (5)

Fe(Il) + 2H,0 + O, — HyO, + Fe(IIl) + 20H (6)

Polycyclic aromatic hydrocarbons (PAHs) have been frequently found in contaminated
sites, and it is urgent to remove them by efficient techniques [22]. However, the above three
sulfur-iron materials (5-nZVI, FeS, and FeS,) as the enhancers to remove PAHs in Fenton-
like processes have not been reported yet. In this work, naphthalene (NAP) was selected as
the representative PAHs, and the removal of NAP in the H,O,/Fe(Il) process enhanced
by S-nZV], FeS, and FeS, was investigated. The aims of this work are to: (1) compare
the removal performance of NAP in various systems enhanced by different sulfur-iron
materials and elucidate the enhancement mechanism of different sulfur-iron materials in
Fenton-like process; (2) illuminate the degradation mechanism of NAP and determine the
major ROS for NAP removal in various systems; (3) explore the effect of different water
matrixes on NAP removal and evaluate the effectiveness of Fenton-like systems enhanced
by different sulfur-iron materials on NAP removal in actual groundwater; (4) reveal the
NAP degradation intermediates and pathways in sulfur-iron material-enhanced systems;
and (5) assess the applicability of these techniques in the removal of other pollutants.

2. Materials and Methods
2.1. Materials

H,O; (30% wt) was acquired from Yonghua Chemical Co., Ltd. (Shanghai, China).
5-nZVI (99.0%, w(S) = 2%) was purchased from Shanghai Chaowei Nanotechnology Co.,
Ltd. (Shanghai, China). FeS (99.0%) was provided by Shanghai Macklin Biochemical Co.,
Ltd. (Shanghai, China). FeS, (95.0%) was supplied by Shanghai Pumai Biotechnology Co.,
Ltd. (Shanghai, China). The details of other chemicals used in this work are available in
Text S1. The major parameters of the actual groundwater are provided in Table S1.

2.2. Experimental Procedures

NAP degradation experiments were performed in 250 mL reactors with the initial NAP
concentration of 0.1 mM. The reaction was started when Fe(Il), sulfur-iron materials (5-nZV],
FeS, and FeS;), and HyO, were added in sequence. At the given time, the sample was mixed
with the same amount of methanol for quenching the reaction and then filtered for further
determination of concentration by high-performance liquid chromatography (HPLC). All
experiments were carried out in duplicate, and the data were shown in mean values.

2.3. Analytical Methods

The detailed analytical method for NAP by HPLC was provided in Text S2. The con-
centrations of H;O, and Fe were detected by titanium sulfate spectrophotometry and
1,10-phenanthroline spectrophotometry, respectively [23,24]. The solution pH and dis-
solved oxygen (DO) were determined by a pH meter (FE28, Mettler-Toledo, Columbus,
OH, USA) and a DO meter (JPB-607A, Shanghai Instrument & Electrical Scientific Instru-
ment Co., Ltd., Shanghai, China), respectively. The specific analytical methods for NAP
degradation intermediates and the parameters of actual groundwater were supplied in
Text S2.
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3. Results and Discussion
3.1. NAP Degradation Performance in Various Systems

The degradation performance of NAP in Fenton-like processes coupled with different
sulfur-iron materials (S-nZVI, FeS, and FeS;) was investigated, and the initial concentrations
of HyO,, Fe(ll), SnZV], FeS, FeS;, and NAP were set as 0.5 mM, 0.3 mM, 0.03 g L1
0.1gL"1,1gL"!, and 0.1 mM, respectively. The initial reaction pH was not pre-adjusted
(initial pH = 5.71). As shown in Figure S1, NAP could not be effectively degraded, and the
removal was less than 7% within 120 min in the individual existence of H,O,, Fe(Il),
5-nZV], FeS, and FeS,, respectively. Without the addition of Fe(II), 5.1%, 5.7%, and 64.5%
of NAP were removed in H,O, oxidation processes activated by S-nZVI, FeS, and FeS,,
respectively. The above phenomenon can be explained as follows. Firstly, HyO, could
not be efficiently activated by these sulfur-iron materials (S-nZVI, FeS, and FeS;), and the
solubility of sulfur-iron materials was poor, resulting in the insignificant leaching of Fe(Il);
thus, ROS could not be generated along with the activation of HyO,, and NAP degradation
was limited without Fe(II) addition [25]. However, FeS, could react with O, to form Fe(II)
and H" in aqueous solution (Equation (4)), accelerating the FeS, dissolution; hence, NAP
was removed continually in the HyO, /FeS, system. Moreover, H,S could be generated
according to Equation (1), but an unpleasant odor was not found in this work; this might
be due to the small usage of FeS and the little production of H,S. Moreover, the generated
H,S is soluble in water to form hydrosulfuric acid.

As illustrated in Figure 1, 56.4% removal of NAP was obtained in the H,O, /Fe(II)
system within 120 min. Notably, NAP was removed rapidly within 1 min, but NAP could
not be obviously degraded in the subsequent reaction time, showing that NAP could not be
continuously and efficiently degraded in the traditional Fenton process. However, with the
addition of S-nZVI], FeS, and FeS,, the degradation efficiency of NAP was enhanced to 88.6%,
83.0%, and 89.1%, respectively, indicating that sulfur-iron materials could promote the pro-
duction of ROS and the removal of NAP. Moreover, NAP degradation in these processes fol-
lowed the pseudo-second-order kinetic model, and the kinetic results are shown in Table 1.
The kinetic constant (k) of NAP degradation increased from 0.0340 mM~! min~! in the
H,0, /Fe(Il) process to 0.5792 mM ! min~!, 0.3445 mM~! min~!, and 0.5454 mM ! min~!
in HyO, /Fe(Il)/S-nZVI, HyO, /Fe(Il) /FeS, and H,O, /Fe(Il) / FeS; processes, respectively.
In other words, k increased by 16, 9, and 15 times when three sulfur-iron materials were
introduced, confirming the important role of sulfur-iron materials in NAP removal. These
results can be clarified in the following two ways. Firstly, Fe(II) was continuously released
from sulfur-iron materials during the reaction, which could promote the homogeneous
reaction and the degradation of NAP [26]. Secondly, Fe(IIl) produced in the oxidation pro-
cesses could be reduced to Fe(I) through reductive sulfur species, which could participate
in the activation of oxidants and accelerate the production of ROS, further promoting the
removal of NAP.

Moreover, the influence of various chemicals (H,O,, Fe(II), and sulfur-iron materials)
on NAP degradation was explored. The degradation of NAP could be promoted by
appropriately increasing the reagent dosages, but excessive chemicals were not conducive
to the degradation of NAP by scavenging the generated ROS (Figure S2). In a word,
the optimal concertation of H,O,, Fe(ll), S-nZVI, FeS, and FeS, were 0.5 mM, 0.3 mM,
0.03gL!,01gL™!,and 1 gL, respectively. Notably, a smaller dosage of S-nZVI was
needed to achieve the ideal removal of NAP (>80%) among the three sulfur-iron materials,
which was attributed to the reactivity of S-nZVI and the synergistic effect between S and
Fe(0) [27].
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Figure 1. NAP degradation performance in different systems. ([H,O]p = 0.5 mM, [Fe(II)]y = 0.3 mM,
[SnZVI]y=0.03 g L1, [FeS]y = 0.1 g L1, [FeS,]p = 1.0 g L1, [NAP]y = 0.1 mM).

Table 1. Pseudo-second-order kinetics of NAP degradation in various systems.

Processes k (mM~1 min—1) R2
H,0O, /Fe(Il) 0.0340 0.8176
H,O, /Fe(Il)/S-nZVI 0.5792 0.9837
H,0, /Fe(Il) /FeS 0.3445 0.9975
H,0, /Fe(Il)/FeS, 0.5454 0.9905

3.2. Insights into the Enhancement Mechanism of Sulfur-Iron Materials
3.2.1. The Variation in Fe and H,O, Concentrations

To explore the enhancement mechanism of S-nZVI, FeS, and FeS; on NAP degradation
in Fenton-like systems, the concentrations of Fe(Il) and total Fe in various systems were
determined. The initial concentrations of H,O,, Fe(Il), S-nZVI, FeS, FeS,, and NAP were
controlled at 0.5 mM, 0.3 mM, 0.03 g L7101 g L 11 g L1 and 0.1 mM, respectively.

As shown in Figure 2, the concentration of Fe(Il) rapidly decreased from 0.3 mM to
about 0.04 mM within 1 min in both H,O; /Fe(Il) and H,O, /Fe(Il) /sulfur-iron materials
systems, demonstrating the rapid involvement of Fe(Il) in the reaction of H,O, activa-
tion. In the subsequent reaction from 1 min to 120 min, Fe(II) was almost exhausted and
maintained at 0.004 mM in the H,O, /Fe(Il) process, which explained the rapid degra-
dation of NAP within 1 min and the unobvious removal in the subsequent time. In the
other three sulfur-iron material-enhanced systems, the Fe(Il) concentration was more
than 0.010 mM within 120 min due to the sustained release of Fe(Il) from sulfur-iron
materials, which was conducive to the continuous activation of oxidants and the pro-
duction of ROS. As for the variation in total Fe concentration, the amount of total Fe in
the HyO, /Fe(Il) system decreased from 0.3 mM to 0.038 mM within 120 min, because
dissolved iron ions were transferred to iron precipitation during the reaction. However, in
5-nZV], FeS, and FeS,-enhanced processes, the concentrations of total Fe after the reaction
were 0.067 mM, 0.067 mM, and 0.096 mM, respectively, which were much greater than
that (0.038 mM) in the system without enhancement. The above phenomenon could be
expounded as follows. On the one hand, dissolved iron ions could be released continuously
from the sulfur-iron materials during the reaction. On the other hand, SV, 82~ and S,2” in
5-nZVI, FeS, and FeS, could reduce Fe(IIl) generated in these systems (Equations (7)—(9)),
regenerate Fe(II), and slow down the precipitation of Fe(Ill). In addition, Fe(III) could also
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be reduced by Fe(0) in SnZVI. In conclusion, three sulfur-iron materials (5S-nZVI, FeS,
and FeS,) could promote NAP removal by releasing Fe(II) and reducing Fe(III).

6Fe(Ill) + ¥ + 4H,0 — 6Fe(ll) + SO42~ + 8H* 7)
8Fe(Ill) + S>~ + 4H,0 — 8Fe(Il) + SO4>~ + 8H* (8)
14Fe(Il) + S, + 8H,O — 14Fe(Il) + 250,42~ + 16H* 9)

Moreover, the consumption of H,O; in different systems was explored, and the re-
sults are illustrated in Figure 2c. In the H,O, /Fe(II) process, the HyO, amount decreased
dramatically from 0.5 mM to 0.371 mM within 1 min, then decreased slowly during the
subsequent reaction from 1 min to 120 min, and finally maintained at 0.345 mM, which
was a similar trend to the variation of iron concentration. In three sulfur-iron material-
enhanced systems, HyO; was gradually consumed during the whole reaction, and the
concentrations decreased from 0.5 mM to 0.035 mM, 0.065 mM, and 0.098 mM within
120 min in HyO, /Fe(Il)/S5-nZVI, HyO, /Fe(1l) /FeS, and Hy,O, /Fe(Il) / FeS, systems, respec-
tively. Notably, the utilization efficiency of H,O; increased from 31.0% in the HyO, /Fe(II)
process to 93.0%, 87.0%, and 80.3% with the addition of S-nZV], FeS, and FeS,, respectively,
demonstrating that sulfur-iron materials could facilitate the Fe(II) /Fe(IIl) circulation and
accelerate the activation of H,O».
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025 =025}
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Figure 2. The variation of (a) Fe(II), (b) total Fe, and (c) HyO, concentrations in different systems.
([H20,]p = 0.5 mM, [Fe(ID)]y = 0.3 mM, [S-nZVI]y = 0.03 g L1, [FeS]y = 0.1 g L1, [FeS,]o = 1.0g L1,
[NAP]y = 0.1 mM).

3.2.2. The Variation in HOe Concentration

Benzoic acid (BA) was used as the capture of HOe to quantitatively analyze the
concentration of generated HOe. p-Hydroxybenzoic acid (p-HBA) was the characteristic
product of the reaction between BA and HOe, and there is a clear conversion coefficient
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(5.87) between p-HBA and HOwe [28]. Therefore, the amount of HOe produced in aque-
ous solution can be quantitatively determined indirectly by measuring the concentration
of p-HBA. As shown in Figure 3, the amount of HOe accumulated within 120 min in
the HyO, /Fe(II) system was 155.0 uM. Notably, the concentrations of HOe increased to
200.8 uM, 195.7 uM, and 218.0 uM with the addition of S-nZV], FeS, and FeS,, respectively,
confirming that the presence of sulfur-iron materials could promote the ROS production
and NAP removal. The presence of sulfur-iron materials could accelerate the circulation of
Fe(Il) /Fe(Ill), achieving the aim of efficient activation of oxidant and production of ROS.

240

210

HOe concentration (uM)
o © = & ®
(=] (=} (=] (=} (=}

1 T T T T

—

w
(=}
T

H,0,/Fe(ll) H,0,/Fe(I1)/S-nZVI H,0,/Fe(Il)/FeS H,0,/Fe(Il)/FeS,

Figure 3. The accumulated concentration of HOe in different systems. ([HyO,]p = 0.5 mM,
[Fe(I)]o = 0.3 mM, [SnZVI]y = 0.03 g L1, [FeS]y = 0.1 g L1, [FeS;]p = 1.0 g L~ 1).

3.3. The Degradation Mechanism of NAP in Sulfur-Iron Material-Enhanced Systems

Reportedly, HOe and superoxide radical (O, e) are the main ROS generated in
the Fenton-like process [29]. In this work, to investigate the ROS produced in sulfur-
iron material-enhanced systems, electron paramagnetic resonance (EPR) was employed,
and 5,5-dimethyl-1-oxypyrrolidine (DMPO) was used as the ROS capture. The initial con-
centrations of H,O,, Fe(Il), S-nZVI, FeS, and FeS, were controlled at 0.5 mM, 0.3 mM,
003 g L101 g L1 and1 g Lt respectively. As shown in Figure 4, the signals of DMPO-
HOe were all found in H,O,/Fe(Il)/S-nZVI, H,O, /Fe(ll)/FeS, and H,O, /Fe(Il) /FeS,
processes, confirming the generation of HOe in these three systems. However, the charac-
teristic peaks of the products generated by the reaction between DMPO and O, e were
not observed by EPR in the above three systems, which might be due to the instability of
O, e in aqueous solution [30].

Moreover, the scavenging tests were conducted to confirm the contribution of diverse
ROS to NAP removal and determine the dominant ROS. Tertiary butanol (TBA) and chloro-
form (CF) were used as the scavengers of HOe and O, e due to their great reactivity with
the specific ROS, respectively [31,32]. As illustrated in Figure 5, 88.6%, 83.0%, and 89.1% of
NAP could be removed in H,O, /Fe(Il) /S-nZVI, H,O, /Fe(Il) /FeS, and H,O, /Fe(Il) /FeS,
processes without the presence of scavengers, while NAP removal decreased to 9.9%, 9.0%,
and 7.4% with the addition of 100 mM TBA, respectively, demonstrating that HOe was the
dominated ROS in these three systems and contributed tremendously to NAP degradation.
Notably, with the existence of 50 mM CF, NAP degradation was slightly restrained in
these three processes, and the removal decreased to 69.8%, 77.9%, and 85.8%, respectively,
and the result indicated that O, e also participated in NAP degradation in sulfur-iron
material-enhanced systems, especially in the HyO, /Fe(Il) /S-nZVI system.

https:/ /doi.org/10.3390/w18080918


https://doi.org/10.3390/w18080918

Water 2026, 18,918

8 of 15

© DMPO-HO+

Intensity

® DMPO-HO-

Intensity

L !
3520 3560

X[q]

1
3440 3480

3520
X[G]

!
3600 3440 3480 3560 3600

* DMPO-HO-

Intensity

3440

3480

3520 3560 3600

X[G]

Figure 4. EPR detection in (a) HyO, /Fe(Il)/S-nZ VI, (b) HyO, /Fe(Il) /FeS, and (c) HyO, /Fe(Il) /FeS,
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Figure 5. The effect of different scavengers on NAP removal in (a) HyO,/Fe(Il)/S-nZVI,

(b) HyO, /Fe(Il)/FeS, and (c) HyO, /Fe(II)/FeS, systems. ([HyOz]p = 0.5 mM, [Fe(I)]p = 0.3 mM,

[S-nZVI]y = 0.03 g L™, [FeS]y =
[CF]o = 50 mM).

0.1gL1, [FeSy]g =1.0 g L1, [NAP]p = 0.1 mM, [TBA]y = 100 mM,

3.4. The Influence of Water Matrices on NAP Degradation in Sulfur-Iron

Material-Enhanced Systems

To assess the effectiveness of sulfur-iron materials-nhanced systems on NAP degra-
dation in complex water matrices, the effect of solution pH was first explored. The initial
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dosages of HyO,, Fe(Il), SnZVI, FeS, FeS,, and NAP were set as 0.5 mM, 0.3 mM, 0.03 g Lt
0.1gL"!,1gL"!, and 0.1 mM, respectively. As shown in Figure S3, NAP removal changed
slightly and was more than 80% with the initial solution pH increasing from 3 to 9 in the
Hy0O, /Fe(ll)/S-nZVI system, showing that the S-nZVI-enhanced process could degrade
NAP effectively with the value of initial pH from 3 to 9. Similar experimental results were
observed in HyO, /Fe(Il)/FeS and HyO, /Fe(Il) /FeS; processes, namely, NAP could be
effectively removed in both systems when the solution pH was 3 to 9, demonstrating that
the pH application range of sulfur-iron material-enhanced systems was wide.

Secondly, four common inorganic ions (C1~, HCO3~, SO,42~, and NO; ™) were selected
as the representatives presented in actual groundwater, and the effect of inorganic ions
was explored. The presence of different concentrations of Cl~ exerted an insignificant
influence on NAP removal and solution pH variation (Figure S4 and Table S2). This
can be expounded in the following ways. On the one hand, CI~ can scavenge HOe
generated in aqueous solution. On the other hand, some reactive chlorine species (such
as chloride radical and dichloride radical) can be generated by the chain reaction between
Cl~ and HOe, which may contribute to NAP removal [33]. However, with the presence of
HCO3~, NAP removal was obviously inhibited in sulfur-iron material-enhanced systems,
and the inhibitory effect was more obvious with the augmentation of HCO3;~ concentration
(Figure S4). This is because that the existence of HCO3;~ could increase the pH value,
with the existence of 10 mM HCO;~, the value of solution pH increased from 5.71 to 8.63,
8.55, and 8.56 in H,O, /Fe(Il)/S-nZVI, H,O, /Fe(Il)/FeS, and H,O, /Fe(Il)/ FeS; system,
respectively (Table S2). In addition, the presence of HCO3;~ could enhance the buffering of
the solution and scavenge HOe, thus inhibiting the degradation of NAP [27]. In the presence
of various concentrations (1~100 mM) of SO42~ and NO3;~, NAP removal changed little;
hence, the effect of them on NAP degradation could be omitted in this work (Figure S4).

Thirdly, humic acid (HA) was chosen as the representative of natural organic matter in
groundwater, and the effect on NAP removal is shown in Figure S5. With the concentration
of HA increasing from 0 to 50 mM, NAP removal changed insignificantly in HyO, /Fe(II)/S-
nZVI], HyO, /Fe(Il) /FeS, and HyO, /Fe(II) /FeS, processes, demonstrating that sulfur-iron
material-enhanced systems had a great tolerance to HA. Though the presence of HA could
compete with the target pollutant for the generated ROS, the precipitation of dissolved iron
ions could be slowed down through HA chelation [34]. Thus, the negative effects of ROS
consumption caused by HA could be offset through its chelation of dissolved iron ions and
promoting the generation of ROS.

Moreover, dissolved oxygen (DO) is also an important parameter in actual ground-
water. Thus, three concentrations (0 mg L™}, 4 mg L™!, and 8.8 mg L~! (unadjusted))
of DO were controlled by nitrogen blowing to investigate the influence of DO on NAP
degradation. As seen in Figure 6, when the DO concentration was unadjusted (8.8 mg L™ 1),
NAP removal was 88.6%, 83.0%, and 89.1% in H,O, /Fe(Il) /S-nZVI, H,O, /Fe(Il) /FeS, and
H,0, /Fe(Il) /FeS, processes, respectively. With the amount of DO adjusted to 4 mg L1,
NAP removal decreased to 61.5%, 72.5%, and 68.4% in these three sulfur-iron material-
enhanced systems, respectively. However, only 44.6%, 47.0%, and 45.9% of NAP could
be removed when the concentration of DO was controlled at 0 mg L~'. The above results
showed that DO took part in the degradation of NAP. Our previous study also found that
DO could be involved in the chain reaction of ROS and affect the production of ROS, thus
inhibiting the removal of pollutants [35].

Finally, the degradation performance of NAP in actual groundwater in sulfur-iron
material-enhanced systems was explored, and the results are shown in Figure 7. Only 10.7%,
8.5%, and 9.4% of NAP could be degraded in actual groundwater in H,O, /Fe(II) /S-nZV],
H,0,/Fe(Il)/FeS, and Hy,O, /Fe(Il)/FeS, processes, respectively, which were much lower
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than the results in ultrapure water (88.6%, 83.0%, and 89.1%). This phenomenon can be

clarified as follows. The actual groundwater was alkaline, had the property of buffering,
and contained a lot of organic matter (TOC = 38.25 mg L~!) and HCO;~ (96.8 mg L™1)
(Table S1), which were not conducive to the degradation of NAP. Fortunately, when the

chemical dosages were increased to 10 times, NAP removal increased to 76.5%, 73.6%,

and 83.7% in these three sulfur-iron material-enhanced systems, respectively, demonstrating

that sulfur-iron material-enhanced techniques can be applied to effectively remove NAP in

polluted groundwater.
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Figure 6. The effect of different DO concentrations on NAP removal in (a) HyO, /Fe(II)/S-nZVI,
(b) HyO, /Fe(Il) /FeS, and (c) HyO, /Fe(Il)/FeS; systems. ([HyO3]p = 0.5 mM, [Fe(I)] = 0.3 mM,
[SnZVI]p =0.03 g L1, [FeS]y = 0.1 g L1, [FeS;]p = 1.0 g L1, [NAP]y = 0.1 mM).
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Figure 7. NAP degradation performance in actual groundwater in sulfur-iron material-enhanced

systems. ([NAP]y = 0.1 mM).

https://doi.org/10.3390/w18080918


https://doi.org/10.3390/w18080918

Water 2026, 18,918

11 of 15

3.5. Applicability of Sulfur-Iron Material-Enhanced Systems for Other Pollutants

To assess the wide applicability of sulfur-iron material-enhanced systems for the re-
mediation of actual contaminated groundwater, different pollutants (trichloroethylene
(TCE), perchloroethylene (PCE), phenanthrene (PHE), and fluoranthene (FLT)) were se-
lected as the representatives of common contaminants in polluted groundwater to explore
their degradation performance in sulfur-iron material-enhanced processes. As exhibited
in Figure 8, 96.4%, 92.3%, and 97.6% of TCE could be removed in H,O,/Fe(Il)/S-nZV],
H,0, /Fe(1l)/FeS, and H,O, /Fe(Il) / FeS, processes, respectively, and PCE removal could
reach 95.9%, 91.4%, and 94.7% in these three systems. Notably, PHE and FLT could be
fully removed within 120 min in sulfur-iron material-enhanced systems. The above re-
sults demonstrated that sulfur-iron material-enhanced systems in this work had a great
performance on the removal of other pollutants and had broad prospects of application.

TCE PCE PHE FLT
100 F I
- I
80
S
= 60
>
=}
=
7]
~ 40
20 F
H,0,/Fe(IT)/S-nZVI H,0,/Fe(II)/FeS H,0,/Fe(Il)/FeS,

Figure 8. The degradation performance of various contaminants in sulfur-iron material-enhanced
systems. ([HyO,]p = 0.5 mM, [Fe(I)]y = 0.3 mM, [S-nZVI]y = 0.03 g L~!, [FeS]p = 0.1 g L7,
[FeSy]o = 1.0 g L1, [TCE]y = [PCE]y = 0.1 mM, [PHE] = 5.6 uM, [FLT]y = 1.0 uM).

3.6. NAP Degradation Pathways and Intermediates Toxicity Estimation

NAP degradation intermediates in HyO, /Fe(Il) processes coupled with sulfur-iron
materials (S-nZV], FeS, and FeS,) were detected by LC-MS/MS. As illustrated in Table S3
and Figure S6, three NAP degradation intermediates (benzoic acid, phthalic anhydride,
and 1,4-naphthalenediol) were all found in the above three oxidation processes.

According to the observations of LC-MS/MS, two possible degradation pathways of
NAP were proposed (Figure 9). 1-Naphthol was discovered because of the addition of HOe
on the NAP molecule, then 1,4-naphthalenediol was generated through hydroxylation,
which was further converted to 1,4-naphthoquinone by tautomerism. In the meantime,
two possible removal pathways could exist in the removal of 1,4-naphthoquinone. One was
that benzaldehyde was produced from 1,4-naphthoquinone by hydroxylation and ring-
opening, and it was transformed to benzoic acid through oxidation, resulting in the gen-
eration of phenol through the loss of CO, from benzoic acid. The other was that phthalic
anhydride was generated by 1,4-naphthoquinone through oxidation, ring-opening, and loss
of CO, and then it was transformed to phthalic acid through hydrolysis [36]. Finally, CO,
and HyO could be formed by these degradation intermediates through further oxidation.

The preliminary results of intermediate toxicity estimation by the Toxicity Estima-
tion Software Tool (version 5.1.2) are shown in Figure 10 and Table S4. Except for
1,4-naphthalenediol, the LCs( (chemical concentration that kills half of the fathead minnow
after 96 h) values of the other two intermediates (benzoic acid and phthalic anhydride)
were greater than that of NAP (7.71 mg LY, demonstrating their lower acute toxicity.
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Notably, all the intermediates showed lower values of the bioaccumulation factors than
NAP. Except for 1,4-naphthalenediol, benzoic acid, and phthalic anhydride were classified
as “developmental non-toxicant”, and their developmental toxicity factor was lower than
0.5. Moreover, only phthalic anhydride and 1,4-naphthalenediol showed greater mutagenic-
ity, but they were still categorized into “mutagenicity negative”. In conclusion, although
1,4-naphthalenediol, with greater toxicity, was produced, it could be transformed to the
less toxic intermediates (benzoic acid and phthalic anhydride) through oxidation during

the degradation of NAP.
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Figure 9. Proposed degradation pathway of NAP.
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Figure 10. Toxicity evaluation, (a) acute toxicity, (b) bioaccumulation factor, (c) developmental toxicity,
and (d) mutagenicity.

4. Conclusions

In this work, NAP degradation in Fenton-like processes enhanced by S-nZVI, FeS,
and FeS; was investigated, and the enhancement performance and mechanism of these
three sulfur-iron materials were revealed and compared. The results showed that only 56.4%
of NAP was degraded in the HyO, /Fe(Il) system, while NAP removal increased to 88.6%,
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83.0%, and 89.1% with the addition of S-nZVI, FeS, and FeS,, respectively, demonstrating
that the existence of sulfur-iron materials could promote the removal of NAP. Based on the
results of the variation in Fe concentration in the above systems, it can be concluded that the
three sulfur-iron materials could all reduce Fe(Ill) produced in aqueous solution, regenerate
Fe(II), and slow down the precipitation of dissolved iron. In addition, the addition of sulfur-
iron materials could promote the generation of HOe in aqueous solution, thus enhancing the
degradation of NAP. The results of scavenging tests indicated that HOe was the dominant
ROS for NAP removal, while O, e also contributed to the degradation of NAP. The effect
of complex water matrices on NAP removal was evaluated, and the results showed that
sulfur-iron material-enhanced techniques had a wide pH application range and great
tolerance to inorganic ions and humic acid. Moreover, three degradation intermediates
of NAP were found by LC-MS/MS in sulfur-iron material-enhanced processes, among
which the acute toxicity of 1,4-naphthalenediol was stronger, while those of benzoic acid
and phthalic anhydride were weaker. Two degradation pathways of NAP were proposed.
Finally, according to the removal performance of other PAHs and chlorinated alkene (>90%),
sulfur-iron material-enhanced processes could be suitable for the efficient restoration of
complex polluted groundwater.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w18080918/s1, Text S1. Materials. Text S2. Analytical meth-
ods. Figure S1. NAP degradation performance in different systems. Figure S2. The effect of
(a) H,O, ([Fe(I)]y = 0.3 mM, [S-nZVI]y = 0.03 g L™}, [FeS]y = 0.1 g L1, [FeSy]p=1.0gL™1),
(b) Fe(Il) ([H,05]o = 0.5 mM, [S-nZVI]y = 0.03 g L1, [FeS]y = 0.1 g L1, [FeSy]p = 1.0 g L),
and (c) surfur-iron materials ([HyO2]p = 0.5 mM, [Fe(Il)]p = 0.3 mM) dosages on NAP degra-
dation in different systems. ([NAP]y = 0.1 mM). Figure S3. The effect of solution pH on
NAP degradation in (a) H,O,/Fe(Il)/S-nZVI, (b) HyO,/Fe(Il)/FeS, and (c) H,O,/Fe(Il)/FeS,
systems. ([HpyOz]p = 0.5 mM, [Fe(I)]y = 0.3 mM, [S-nZVI], = 0.03 g L, [FeS]y = 0.1 g L™},
[FeSylp = 1.0 g L~1, [NAP], = 0.1 mM). Figure S4. The effect of different inorganic ions on
NAP removal in (a) HyO, /Fe(Il) /S-nZV], (b) HyO, /Fe(Il) /FeS, and (c) HyO, /Fe(II) /FeS; systems.
([H20,]p = 0.5 mM, [Fe(I)]p = 0.3 mM, [S-nZVI]y = 0.03 g L1, [FeS]o =0.1 g L1, [FeSy]o = 1.0 g L1,
[NAP]p = 0.1 mM). Figure S5. The effect of HA on NAP removal in (a) HyO,/Fe(Il)/S-nZV],
(b) HyO, /Fe(Il)/FeS, and (c) HyO, /Fe(Il) /FeS, systems. ([H;O,]p = 0.5 mM, [Fe(Il)]y = 0.3 mM,
[S-nZVT]y = 0.03 g L™, [FeS]y = 0.1 g L™, [FeSy]p = 1.0 g L™, [NAP]y = 0.1 mM). Figure S6. LC-
MS/MS mass spectrums of NAP degradation intermediates. Table S1. The main characteristics
of actual groundwater. Table S2. Parameter values in various systems. Table S3. The details of
NAP degradation intermediates detected by LC-MS/MS in negative electrospray ionization mode.
Table S4. The toxicological properties of NAP and intermediates.
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