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However, little is known of its role in the reactivity of nano-sized zero-valent iron (NZVI) in
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the degradation of pollutants. This study shows that the introduction of CYS to the NZVI
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system can help improve the efficiency of reduction, with 30% more efficient degradation
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and a reaction rate constant nine times higher when nitrobenzene (NB) is used as probe
compound. The rates of degradation of NB were positively correlated with the range of con-
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centrations of CYS from 0 to 10 mmol/L. The introduction of CYS increased the maximum
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concentration of Fe(III) by 12 times and that of Fe(II) by four times in this system. A compar-
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ison of systems featuring only CYS or Fe(II) showed that the direct reduction of NB was not

CYS

the main factor influencing its CYS-stimulated removal. The reduction in the concentration

Electron shuttle

of CYS was accompanied by the generation of cystine (CY, the oxidized form of cysteine),

Reactivity

and both eventually became stable. The introduction of CY also enhanced NB degradation
due to NZVI, accompanied by the regeneration of CYS. This supports the claim that CYS can
accelerate electron transfer from NZVI to NB, thus enhancing the efficiency of degradation
of NB.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Nitroaromatic compounds (NACs) are important raw materials for
the production of explosives, pesticides, dyes, and medicine. Therefore, the annual yield of NACs is high, and they are also are
detected in the natural environment, especially in groundwater
(Haderlein and Schwarzenbach, 1995; Yang et al., 2017). NACs may
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accumulate in the food chain, which can seriously harm human
health and pollute the environment (Ju and Parales, 2010).
Nano-sized zero-valent iron (NZVI) has been used as a chemical
reductant for the remediation of water polluted by NACs owing to
its large number of active sites, reduction potential, and specific surface (Eljamal et al., 2019; Falyouna et al., 2020; Johnson et al., 1998;
Peng et al., 2017). In addition, the non-toxic nature and core shell
structure of NZVI enables it for use in the remediation of contaminated water sites through different mechanisms of removal, such
as adsorption, precipitation, and co-precipitation (Eljamal et al.,
2020). The low-cost of maintenance and operational simplicity of
NZVI have allowed for the wide application of the relevant technology (Eljamal et al., 2013). However, the use of bare NZVI always
presents problems: (i) The rapid aggregation of NZVI particles reduce
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the surface area of NZVI, thereby reducing its reactivity (He et al.,
2007; Grieger et al., 2010). (ii) Such iron oxides as hematite (α-Fe2 O3 ),
goethite (α-FeOOH), and magnetite (Fe3 O4 ) form and accumulate on
the surface of NZVI over time to hinder contact between active reaction sites containing pollutants, thus reducing the efficiency of contaminant degradation (Dong et al., 2012; Guan et al., 2015). In view
of these problems with NZVI, it is important to study ways to improve its reactivity in applications to give full play to its advantages
in pollutant removal.
The use of organic ligands to enhance the reactivity of NZVI was
a significantly development in the treatment of organic and inorganic pollutants (Peng et al., 2017). L-cysteine (CYS) is an important
amino acid found widely in many paints and animals. It has the
advantages of biodegradability, a simple preparation process, and
water solubility (Dourado et al., 2016; El-Hafez and Badawy, 2013;
Forman et al., 2009; Ismail, 2007). CYS has a large number of groups,
such as the thiol, carboxyl, amino groups, where this makes it
easy to bind to substrates. For example, CYS can combine with an
iron oxide layer through the formation of the iron–sulfur protein
(Kaden et al., 2002). As a kind of dissolved organic matter (DOM), CYS
has been shown to reduce the aggregation of AgNPs and increase
the dissolution of silver ions from silver-engineered nanoparticles
(Enrique et al., 2008; Miao et al., 2009). In addition, it can cause the reductive dissolution of Fe(III) (hydr)oxides while oxidizing itself to Lcystine (CY) (Amirbahman et al., 1997; Qian et al., 2014). Kaden et al.
also found that CYS can be used as an electron shuttle to transfer
electrons between Geobacter sulfurreducens and Wolinella succinogenes
(Kaden et al., 2002).
The reaction between a contaminant and NZVI generally occurs
on the surface of the latter (Fu et al., 2015; Johnson et al., 1998;
Keum and Li, 2004; Wang, 2011). As discussed above, CYS can modify
the surface properties of NZVI, which affects its reactivity with contaminants. However, to the best of our knowledge, limited information about this is available in the literature. Considering the abundance of CYS in the environment, we investigate its effect in the context of the mechanism of degradation of NB by NZVI. Changes in the
concentrations of ferrous and ferric ions, CYS and CY, were considered throughout our analysis. We also investigated the degradation
capability of NB independently by ferrous ions and CY, along with
the influence of the terpenoid compound on the reaction. In addition, the morphology and iron oxides produced by NZVI are characterized by X-ray diffraction (XRD), scanning electron microscopy
(SEM), and X-ray photoelectron spectroscopy (XPS).

1.

Experimental methods

1.1.

Materials

Nitrobenzene, iron(Ⅱ) sulfate heptahydrate, and methanol were
obtained from Sinopharm Chemical Reagent Co. Ltd, Shanghai,
China. NZVI powder and 9,10-Anthraquinone-2-sulfonate (AQDS,
C14 H7 O5 S.H2 O, 97%) were purchased from Shanghai Macklin Biochemical Co., Ltd, Shanghai, China. Cystine was purchased from Beijing Solarbio Science & Technology Co., Ltd.

1.2.

Degradation experiments

Batch experiments was performed in a 150 mL conical flask at 25±
0.5°C. A total of 0.05 g of NZVI and 0.5 mmol/L of CYS were added to
the flask filled with 99 mL of ultrapure water. The initial concentration of NB was 2 mg/L. The experiments were initiated by turning
on a rotary shaker at 160 r/min immediately after the addition of 1
mL of NB (200 mg/L) into the flask. The initial pH was adjusted to
7.5, and a no-pH buffer solution was added to the reaction system
to prevent potential disturbances. The conical flask was open to air
during the degradation process. Our previous work has shown that
the degradation of NB by NZVI in this condition is strongly reliant
on the reduction transformation (Peng et al., 2017). All experiments
were conducted in triplicate.
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The second and third degradation cycles were restarted by spiking with a certain amount of 200 mg/L NB solution (ensuring a concentration of 2 mg/L of NB before the start of the reaction) immediately after the completion of the first and second degradation cycles
to observe the reactivity of NZVI in continuous NB degradation.
Three concentrations of CYS (2.5, 5, and 10 mmol/L) were prepared for the same test. The experiments on the degradation ability
of CYS, and a combination of Fe(II) and CYS for NB were conducted
in the same manner, except that NZVI was replaced with CYS and
combination of CYS and Fe(II) at predetermined concentrations. The
experiments to determine the influence of AQDS and CY were conducted in a manner similar to the first set described above, except
that CYS was replaced by either CY at 5 mmol/L or AQDS at 2 mg/L.

1.3.

Characterization

The changes in species and the oxide layer on the surface of NZVI
with and without CYS were characterized by XPS, TEM, and XRD.
To ensure that NZVI was not oxidized during the characterization,
samples of it were prepared using the following procedure: For XPS
analysis (Thermo ESCALAB 250XI, Thermo Fisher Scientific, USA),
NZVI particles were collected in an anaerobic chamber after each
reaction cycle by vacuum filtration using a 0.2 μm PTFE membrane
filter and dried for 48 hr. The samples were packed for XPS sampling and transferred to vials containing ethanol. For XRD analysis
(D8 ADVANCE, Bruker, Germany), the dried samples were packed on
XRD slides with the addition of a 1:1 (V:V) glycerol solution. For TEM
analysis (Tecnai G2 20, FEI, USA), the NZVI suspension was taken
out from a conical flask by using a disposable syringe after each reaction cycle and rapidly mixed with deaerated ethanol in the anaerobic chamber.

1.4.

Analytical methods

The mixture was separated by a magnet, and the solution was
obtained to establish the residual NB concentration via a highperformance liquid chromatograph (Agilent 1200, Agilent, Santa
Clara, CA, USA) by using a C18 reversed-phase column (250 mm × 4.6
mm, 5 μm particles) (Agilent). Isocratic elution (70% methanol/30%
water, V/V) was performed at 20°C at a flow rate of 1 mL/min and an
injection volume of 10 μL. The NZVI particles were ultrasonically extracted with 5 mL of methanol for 10 min and separated, following
which the clear solution was analyzed without further concentration. The efficiency of degradation of NB was determined based on
the difference between the initial and the sum of residual concentrations in the solution and the NZVI particles.
The concentrations of cysteine and cystine were also measured
by liquid chromatography–mass spectrometry (LC-MS, Waters Qtrap
4500, AB SCIEX). The ion spray voltage was 5.5 kV and the MS
capillary temperature was 550°C. The concentrations of Fe(III) and
Fe(II) were determined by the o-phenanthroline spectrophotometric method.

2.

Results and discussion

2.1.

Reductive degradation of NB by NZVI

The degradation experiments for the removal of NB by NZVI began with the addition of NB. As shown in Fig. 1, when NZVI alone
was used, less than 70% of NB degraded in 1 hr, where complete
degradation took 5 hr during the first cycle. Surprisingly, the addition of CYS promoted the degradation of NB, and all of it was removed in 1 hr in the CYS-modified NZVI system. These findings suggest that the introduction of CYS significantly promotes the degradation of NB. Furthermore, as shown in Table 1, all curves of NB
degradation can be describe by the following pseudo-first-order kinetic model: (ln CC0t = −kobs t). In the first cycle, kobs for the NZVI–
CYS system was calculated as 9.6620±1.4998 hr−1 (R2 =0.9880), 6.64
times that of the system with only NZVI (referred to hereinafter as
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Table 1 – Corresponding kinetics parameters of NB reduction at different conditions.
Item

Pseudo first-order kinetics
Kobs

R2

1st cycle
2rd cycle

1.4560±0.4140
0.4169±0.1476

0.8756
0.8028

1st cycle
2rd cycle
2.5 mmol/L CYS
10.0 mmol/L CYS

9.6620±1.4998
0.4654±0.1827
7.0270±1.2919
13.9072±1.8631

0.9880
0.7676
0.9739
0.9973

2.5 mmol/L CY
5.0 mmol/L CY
10.0 mmol/L CY

1.9738±0.1617
2.2999±0.2243
2.4351±0.4139

0.9903
0.9874
0.9641

NZVZI

NZVI+CYS

NZVI+CY

CYS/CY served as an electron shuttle to transfer electrons between
NZVI and NB. Therefore, further experiments were carried out to
confirm these possible roles of CYS in the degradation of NB by NZVI.

2.2.

Fig. 1 – (a) Reductive degradation of NB by NZVI with and
without CYS during three reaction cycles. (b) Influence of
CYS concentration on NB degradation. Initial conditions (if
not noted): NB0 2 mg/L, NZVI 0.5 g/L, CYS 5 mmol/L, pH 7.5,
and temperature 25 °C.

the “NZVI-alone system;” 1.4560±0.4140 hr−1 , R2 =0.8756). In the second cycle, values of kobs of the NZVI–CYS and the NZVI-alone systems were 0.4654±0.1827 hr−1 (R2 =0.7676) and 0.4169±0.1476 hr−1
(R2 =0.8028), respectively, and their final efficiencies of the degradation of NB were 41% and 27%, respectively. Due to the oxidation of
NZVI, a significant decrease in the degradation of NB by it was observed in both systems. However, the value of kobs of the NZVI–CYS
was also enhanced by the introduction of CYS in the second cycle.
In the third cycle, NB degradation slowed considerably, and the difference between the systems was negligibly small (Fig. 1a).
To further investigate the influence of CYS, various concentrations of it (2.5, 5, and 10 mmol/L) were added to the degradation
system (Fig. 1b). An evident increase in the degradation dynamics
of NB due to NZVI can be attributed to a rise in the concentration of
CYS (0 to 10 mmol/L). The value of kobs increased from 1.4560±0.4140
hr−1 at 0 mmol/L of CYS to 13.9072±1.8631 hr−1 at 10 mmol/L of
CYS, confirming that the reactivity of NZVI was enhanced by CYS.
A CYS concentration of 5 mmol/L was chosen as optimal addition
in subsequent experiments in this study. In addition, the efficiency
of degradation of NB was also dependent on NZVI dosage, the initial concentration of NB, pH of the solution, and temperature. The
results and a discussion of these factors are provided in Appendix A.
Potential explanations for the effect of CYS are as follows: (i) The
ferrous ions generated and CYS in the system might have acted
as reducing agents for NB degradation. (ii) The iron oxide layer on
the surface of NZVI might have been dissolved by CYS, thus exposing more reactive sites and showing higher reductive activity. (iii)

Changes in Fe(II) and Fe(III) concentrations

Several studies have reported the interactions involving dissolved
Fe(III), Fe(II), and CYS(Santana-Casiano et al., 2000; Sisley and Jordan, 1995) as well as the abiotic reduction of iron(III) oxides by CYS
(Amirbahman et al., 1997). To investigate the effects of CYS on the
reactions, variations in the concentration of Fe(III) and Fe(II) with
time in NZVI with and without the CYS system were observed. From
Fig. 2a and b, it is clear that the concentrations of both Fe(III) and
Fe(II) in the NZVI–CYS system were much higher than those in NZVIalone system throughout the reaction, especially for Fe(II) ions. This
might have obtained owing to the reductive dissolution of ferric oxides by CYS during the reaction. A one-electron-transfer reaction
then occurred between CYS and Fe(III), which resulted in the reduction of Fe(III) to Fe(II) and the oxidation of cysteine to cystine.
However, the curve of formation of Fe(II) exhibited no lag, and was
quicker than even that of Fe(III) in the initial 10 min. Therefore, the
reductive dissolution of Fe(II) oxides was not the main factor in the
CYS-stimulated release of iron ions. We propose that the high concentrations of Fe(III) and Fe(II) in the NZVI–CYS system occurred owing to the accelerated redox reaction between Fe0 and the oxidizing
agent. The mechanisms of reduction of organic pollutants by NZVI
have been well documented, as described below:
Fe0 + P + 2H2 O → Fe2+ + Preduced + 2OH−
Fe° can provide electrons during the corrosion of iron to form
Fe(II), and the organic pollutant (P) accepts electrons to be reduced
(Peng et al., 2017). The introduction of CYS can promote the formation of Fe(II) and the degradation of pollutants by accelerating electron transfer between Fe0 and the pollutants. Furthermore, in the
NZVI–CYS system, the iron ions sharply increased in the initial 20
min and then gradually declined with reaction time. After 1 hr, the
concentration of these ions became relatively steady. This decreasing tendency might have resulted from the adsorption of Fe(III) onto
the surface of ferric oxides or the formation of other iron oxides
(Ruey-An and Bernhard, 2002).

2.3.

Comparison of systems

Due to the reducibility of CYS and the possibility of Fenton-like reactions in the system, CYS (5 and 10 mmol/L), and a combination
of Fe2+ (50 mg/L) and CYS were added in the NB degradation experiments, but without the introduction of NZVI, respectively. As shown
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Fig. 2 – Concentrations of (a) Fe(II) and (b) Fe(III) during the
degradation of NB. NB0 2 mg/L, NZVI 0.5 g/L, CYS 5 mmol/L,
pH 7.5, and temperature 25 °C.

in Fig. 3a, 11% and 17% of NB were removed by 5 and 10 mmol/L of
CYS, respectively, indicating that although the reduction of NB using
CYS alone is possible, the reducing capacity of CYS is limited. Moreover, CYS might have formed complexes with ferrous ions in the system as they were available to react with O2 and produce hydrogen
peroxide. Subsequently, Fenton-like reactions might have occurred
to generate hydroxyl radicals responsible for degrading NB. However, less than 5% of NB was degraded by the combination of Fe2+
and CYS. Considering that the highest Fe2+ concentration during the
reaction was only 14 mg/L, the degradation of NB by a Fenton-like
reaction in the system can be ruled out. These findings suggest that
the accelerating effect of CYS on the degradation of NB was not primarily caused by the reduction of NB by CYS alone or the oxidation
of NB by a Fenton-like reaction.
Previous studies have reported that CYS/CY can act as an electron transfer mediator to accelerate the reduction of Fe(III) oxides by
Geobacter sulfurreducens (Ruey-An and Bernhard, 2002), and to accelerate the production of methane from propionate in paddy soil enrichment (Zhuang et al., 2017). AQDS, a quinone model compound,
has been commonly used as an electron shuttle to enhance the reduction rate of contaminants using NZVI or ferrous ions as an electron donor (Tratnyek et al., 2001). We also introduced AQDS to the
NZVI system to verify the role of CYS in reactions of NB and NZVI,
and the results are illustrated in Fig. 3b. The introduction of AQDS
clearly accelerated the extent and rate of NB degradation, implying
that CYS/CY might also have facilitated the transfer of electrons between NB and NZVI.
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Fig. 3 – (a) Reductive degradation of NB by Fe(II) (50 mg/L)
using 5 and 10 mmol/L CYS. (b) Reductive degradation of NB
by NZVI with and without AQDS (0.5 mmol/L). NB0 2 mg/L,
NZVI 0.5 g/L, pH 7.5, and temperature 25 °C.

2.4.

Characterization of NZVI after reacting with NB

To compare the NZVI particles after NB degradation with and without CYS, XRD, XPS, and TEM analyses were carried out (Figs. 4–6). The
TEM images suggest that particles of NZVI after reactions without
CYS preserved their characteristic core shell structure and spherical shape, with a thicker oxide layer on the surface (Fig. 4b). In the
presence of CYS, the morphology of NZVI was mostly transformed,
assuming a flaky appearance consisting of needle-shaped particles.
Flaky minerals and needle shape, which are characteristics of lepidocrocite and have been observed as the final product of the corrosion of iron (Yoon et al., 2016; Yoon et al., 2011), are shown in Fig. 4a.
These results were further confirmed by XRD analysis.
As shown in Fig. 5, an XRD diffractogram of the reacting NZVI
in the absence of CYS revealed the appearance of peaks of magnetite (Fe3 O4 ) at 35.3° and 62.3° 2θ , and those of α-Fe at 44.8° and
65.0° 2θ in the initial NZVI. These results indicate the formation of
an iron oxide layer on the NZVI surfaces. However, in the presence
of CYS, the XRD analysis of the reacting NZVI showed an increase
in peaks of lepidocrocite (γ -FeOOH, 14, 27, and 47° 2θ ), magnetite
(Fe3 O4 , 35.3° and 62.3° 2θ ), and goethite (a-FeOOH) (60.5° 2θ ). The
peak of Fe0 decreased significantly in intensity compared with the
NZVI that had not reacted. The XRD results were consistent with
the TEM images, which indicate that the introduction of CYS caused
prominent changes in the crystalline phase of NZVI after reaction
with NB. Previous publication (Yoon et al., 2011; Yoon et al., 2016) reported that ZVI preferentially transforms into magnetite after reac-
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Fig. 4 – TEM images of NZVI particles after NB degradation
(a) with and (b) without CYS.

Fig. 6 – XPS spectra of the narrow scan of Fe (2P3/2 ) on the
surface of NZVI before and after reaction with and without
CYS.

tively (Bae and Lee, 2010). As illustrated in Fig. 6, the amount of Fe(III)
(44.1%) in the reacting NZVI in the absence of CYS was similar to that
in the initial NZVI (45.3%), but that of Fe0 decreased from 17.2% to
10.4%, as did that of Fe(II) (37.5%→45.5%). In the presence of CYS, the
XPS analysis indicated a significant increase in Fe(III) (78.6%), with
sharp declines in Fe0 (0.5%) and Fe(II) (20.9%). These results support
our hypothesis that CYS enhanced electron transfer between NZVI
and NB, and thus accelerated the exhaustion of the Fe° core as well
as the reduction of NB. Moreover, we can confirm that the dissolution of the oxide layer and exposure of more reactive sites were not
the main reasons for enhancement in the reactivity of NZVI in the
CYS-amended system.

Fig. 5 – XRD patterns showing the oxidation of NZVI (a)
with and (b) without CYS surface after reaction.

tion with Se(VI) with the addition of Fe(II) for 2 hr; when the ZVI was
allowed to react for 10 hr, the final product was mainly lepidocrocite.
The results of TEM and XRD analyses clearly illustrate the rapid oxidation of NZVI to form lepidocrocite, magnetite, and goethite during
the reaction of NB with the addition of CYS.
In XPS analysis, the spectra of the narrow region of Fe(2p3/2 ) featured four peaks, which can be attributed to the binding energies
of Fe0 (706 eV), Fe(II) (710 eV), and Fe(III) (711 and 713 eV), respec-

2.5.

Recycling cystine and cysteine

To check the cycle between CYS and CY (the oxidized form of CYS),
the transformation of CYS and production of CY during NB degradation by NZVI were examined. As shown in Fig. 7a, the concentration
of CYS declined rapidly in the first 10 min, where this decline then
gradually slowed and eventually stabilized. The concentration of CY
increased quickly at first and stabilized after 20 min (Fig. 7b). The
concentration of CYS decreased in accordance with the increase in
that of CY in the system. It has been reported that two moles of CYS
can be oxidized to one mole of CY (Ruey-An and Bernhard, 2002),
which is consistent with the data shown in Fig. 7a and b.

journal of environmental sciences 100 (2021) 110–116

115

Fig. 7 – Concentrations of (a) CYS and (b) CY during the
degradation of NB by NZVI with CYS. NB0 2 mg/L, NZVI 0.5
g/L, pH 7.5, and temperature 25 °C.

If CYS played an important role as electron shuttle in the reaction, CY should have been regenerated by NZVI, where the reduced
form accelerated electron transfer from NZVI to NB. To verify this
hypothesis, the reductive degradation of NB by NZVI with the additions of different volumes of CY was examined. As illustrated in
Fig. 8, the presence of CY inhibited the degradation of NB in the first
20 min, and then stimulated the extent and rate of NB reduction.
The values of kobs using NZVI with the addition of CY (2.5, 5, and
10 mmol/L) were 1.9738±0.1617 hr−1 (R2 =0.9903), 2.2999±0.2243 hr−1
(R2 =0.9874), and 2.4351±0.4139 hr−1 (R2 =0.9641), respectively. In the
initial stage of the reaction, the competitive reactive sites and electrons on the surface of NZVI between CY and NB inhibited its reactivity, resulting in slower rate of degradation of NB compared with
in the NZVI-alone system. Following the necessary reduction of CY,
the regenerative CYS significantly enhanced the reactivity of NZVI
in the subsequent reaction. Furthermore, the rate of degradation of
NB by NZVI-CY was slightly lower than that by NZVI–CYS (Figs. 1b
and 4a), suggesting that CY could not be transformed entirely into
the corresponding CYS.
The concentrations of CYS and CY versus time during the degradation of NB were also measured. From Fig. 8b and 8c, it is clear that
the concentration of CY decreased rapidly in the first 10 min, accompanied by an increase in that of CYS, and both tended to finally
become stable. Increasing the amount of CY added also enhanced
the amount of CYS produced. The highest concentrations of CYS (8,
4.2, and 1.5 mmol/L) were observed after 20, 20, and 10 min in systems where 10, 5, and 2.5 mmol/L of CY were added, respectively.

Fig. 8 – (a) Reductive degradation of NB by NZVI with the
addition of different concentrations of CY. Concentrations of
(b) CY and (c) CYS during the degradation of NB by NZVI
with CY. NB0 2 mg/L, NZVI 0.5 g/L, pH 7.5, and temperature
25 °C.

Based on the aforementioned results and analyses, a potential
reaction mechanism is shown in Scheme 1. We think that the reductive degradation of NB was promoted by CYS-mediated electron
transfer. Through this pathway, the presence of CYS in the system
transferred electrons to NB for reduction, and then was oxidized
to form CY. With NZVI as electron donor, the resulting CY was reduced to CYS to form the CYS/CY cycle. This process accelerated
electron transfer between NZVI and NB to significantly enhance the
efficiency of degradation. As discussed above, CYS acted as an electron shuttle in the reaction.
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Scheme 1 – Enhancement mechanism of CYS in the
degradation of NB by NZVI

3.

Conclusions

Our results here have shown that the addition of CYS significantly
promotes NB reduction by NZVI. The removal of NB increased with
increase in the concentration of CYS. During the reaction, CYS was
oxidized to CY, and this was accompanied by the accelerated corrosion of iron, and higher concentrations of Fe(III) and Fe(II) in the
NZVI–CYS system. TEM, XRD and XPS analyses further suggest that
CYS accelerated the formation of iron oxides and the exhaustion of
the Fe° core during NB reduction. Furthermore, CY also enhanced NB
degradation and partly reacted with NZVI to regenerate CYS, resulting in the formation of a CYS/CY cycle in the system. We concluded
that CYS/CY served as an “electron shuttle” between NZVI and NB to
provide more electrons for NB reduction. CYS is rich in nature, and
can be easily extracted. This makes it possible to apply NZVI and
CYS in pollutant treatment. These findings provide new insights in
the interactions between CYS and NZVI in the degradation of nitroaromatic compounds, and can facilitate the development of remediation technologies with enhanced NZVI capability.
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