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a b s t r a c t

Sulfidation of zero-valent iron (ZVI) has attracted broad attention in recent years for improving the se-

questration of contaminants from water. However, sulfidated ZVI (S-ZVI) is mostly synthesized in the

aqueous phase, which usually causes the formation of a thick iron oxide layer on the ZVI surface and

hinders the efficient electron transfer to the contaminants. In this study, an alcohothermal strategy was

employed for S-ZVI synthesis by the one-step reaction of iron powder with elemental sulfur. It is found

that ferrous sulfide (FeS) with high purity and fine crystallization was formed on the ZVI surface, which is

extremely favorable for electron transfer. Cr(VI) removal experiments confirm that the rate constant of S-

ZVI synthesized by the alcohothermal method was 267.1- and 5.4-fold higher than those of un-sulfidated

ZVI and aqueous-phase synthesized S-ZVI, respectively. Systematic characterizations proved that Cr(VI)

was reduced and co-precipitated on S-ZVI in the form of a Fe(III)/Cr(III)/Cr(VI) composite, suggesting its

environmental benignancy.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Zero-valent iron (ZVI), with high reduction capacity and en-

vironmental benignancy, has attracted extensive research atten-

tion for the removal of various water contaminants, such as halo-

genated organics, dye, heavy metals, and metal complexes [1–5].

Whereas, during the manufacturing or usage process, ZVI is easy

to be covered by the oxide layer [6,7], severely preventing elec-

tron transfer and leading to low reactivity or durability in con-

taminants removal. In order to improve the reaction performance

of ZVI for various pollutants, multiple measures have been devel-

oped to eliminate the iron oxide shell of ZVI [8], such as pick-

ling [9,10], ultrasound [11,12], reduction [13,14], and magnetization

[15,16]. However, due to the poor selectivity of ZVI to pollutants

and the preference for hydrogen production reaction with water, it

is not satisfactory to achieve efficient pollutants removal in water.

Therefore, how to modify the outer-layer structures and optimize

the performance of ZVI, improving both the reactivity and electron

selectivity, remains a challenge.

Recently, the method of sulfidation has been applied to enhance

the removal performance of ZVI [17,18]. During the sulfidation, an

iron sulfide minerals shell is often formed on the surface of sulfi-
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dated ZVI (S-ZVI), which is a good semiconductor to promote the

electron transfer of ZVI core to the target pollutant compared with

the iron oxide on the ZVI surface [19–21]. At the same time, iron

sulfide minerals shell can inhibit the binding of active hydrogen

(•H) and promote pollutants reduction by •H [22]. Therefore, the

functionalization of ZVI with iron sulfide minerals is an effective

strategy to elevate the activity and selectivity of ZVI in pollutant

remediation.

Generally, S-ZVI is prepared in an aqueous phase with dithion-

ite or sodium sulfide (Na2S) as a sulfur source, which brings sev-

eral disadvantages. For example, when using dithionite as a sulfur

source, ZVI was inclined to be oxidized by dithionite, thus resulting

in substantial reactivity loss for contamination removal [23]. When

Na2S was utilized, the solution tended to release harmful H2S into

the air [24,25]. Accordingly, it is necessary to develop a new and

facile S-ZVI synthesis method to avoid reactivity loss and toxic by-

production formation.

In this study, we proposed a novel method of sulfidation of

ZVI with S powders by alcohothermal method and found that fer-

rous sulfide (FeS) with high purity and fine crystallization was

formed on the surface of ZVI. Taking Cr(VI) as the targeted con-

taminant, it is confirmed that the electron selectivity and removal

performance of S-ZVI synthesized by the alcohothermal method

were much higher than those of un-sulfidated ZVI and aqueous-
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Fig. 1. SEM images of (a) ZVI, (b) S-ZVIA0.01, (c) S-ZVI
A
0.05 and (d) S-ZVIA0.10.

Fig. 2. (a) XRD patterns of samples. (b) HRTEM image of S-ZVIA0.05. XPS spectra of

samples: (c) Fe 2p, (d) S 2p.

phase synthesized S-ZVI. Systematic characterizations proved that

Cr(VI) was reduced and co-precipitated on S-ZVI in the form of a

Fe(III)/Cr(III)/Cr(VI) composite, suggesting its environmental benig-

nancy.

The surface morphologies of pristine ZVI and S-ZVIA were

characterized by SEM. The untreated ZVI surface was found to be

relatively smooth and dense (Fig. 1a). After the sulfidation under

alcohothermal conditions, the surface roughness of ZVI increased

significantly and some cracks with the width of several hundred

nanometers appeared (Figs. 1b–d). More importantly, a large

number of thin nanosheets were formed on the surface of ZVI,

indicating the emergence of new phases during the alcohothermal

treatment.

The XRD patterns (Fig. 2a) show two sharp peaks at 44.7° and
65.1°, corresponding to the (110) and (200) facets of Fe0 [26], in-

dicating that surface sulfidation did not alter the main structure

of ZVI. At the same time, with the increase of the S/Fe mass ra-

tio, some new characteristic peaks at about 43.4° appeared, verify-
ing the formation of FeS [26,27]. TEM images (Fig. 2b and Fig. S1

in Supporting information) reveal the microstructure of the sub-

stances with a crystal plane spacing of 0.285nm on the surface

of S-ZVIA, which is consistent with the (011) plane of FeS [28].

Combined with the XRD data, we can further identify the exist of

Fig. 3. (a) The Cr(VI) removal performance of samples. (b) Pseudo-first-order kinet-

ics model for removal of Cr(VI). (c) Tafel scans in the absence of Cr(VI). (d) The

release of Fe(Ⅱ) from ZVI and S-ZVIs in the absence of Cr(VI).

FeS nanocrystals on the surface of S-ZVIA. The surface composi-

tions and chemical environments of these samples were obtained

through XPS. From the Fe 2p XPS spectra (Fig. 2c), we can see that

the Fe0 feature peak at 707.4 eV on the surface of S-ZVIA is missing,

and the surface Fe(II) content at 710.0 eV is significantly increased

[29]. The S 2p XPS spectra (Fig. 2d) confirms the presence of S

species on the surface of S-ZVIA [29]. Through water contact an-

gle experiments, as shown in Fig. S2 (Supporting information), the

contact angle of untreated ZVI is around 21°. After surface sulfida-

tion, the contact angle of S-ZVIA increases to around 33°, indicating
that the material becomes more hydrophobic due to the formation

of FeS layers.

Taking Cr(VI) as the target contaminant, the reactivity of

S-ZVI samples was investigated at room temperature. As shown

in Fig. 3a, Cr(VI) was completely removed by S-ZVIA0.05 within

30 min, while ZVI has almost no removal activity under the same

reaction conditions. To quantify the influence of sulfidation on the

reactivity of ZVI, the kinetic process of Cr(VI) removal was sim-

ulated by using the pseudo-first-order rate law (Fig. 3b). As the

S/Fe mass ratio increased from 0 to 0.05, the rate constants (k) for

Cr(VI) removal by S-ZVIA gradually enhanced from 0.0007 min−1 to

0.1870 min−1, increasing about 267 times. However, when the S/Fe

mass ratio increased to 0.10, the rate constants decreased, which

means the S/Fe mass ratio has its optimum. To exclude the effect of

surface areas of S-ZVIA on the Cr(VI) removal ability, their apparent

rate constants were normalized by using specific surface areas (Ta-

ble S1 in Supporting information). The lack of positive correlation

between specific surface area and rate constant indicates that it is

not the root cause of the improvement of Cr(VI) removal capacity.

As is well known, Cr(VI) can be reduced by direct electron sup-

ply from ZVI. Generally, the electrons transfer from ZVI to ab-

sorbed Cr(VI) is a rate-limiting step. Owing to its lower band gap

(Eg = 0.2–1.0 eV) and strong reducibility, FeS has good electron

conductivity and can act as the electron acceptor to promote Cr(VI)

reduction [30]. To verify the influence of electron transfer on the

removal performance of S-ZVI on Cr(VI), we measured the free

corrosion potential of ZVI samples by Tafel polarization diagram

(Fig. 3c). The free corrosion potentials of the ZVI samples are in the

range of −0.88V to −0.54V, and their negative potentials follow a

trend of S-ZVIA0.05 > S-ZVIA0.01 > S-ZVIA0.10 > S-ZVIW0.05 > ZVI.

It is known that an electrode of a more negative free corrosion po-

tential value possesses a higher electron transfer rate [31]. There-
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Fig. 4. (a) Effect of the initial pH for Cr(VI) removal. (b) Hydrogen yield with ZVI

and S-ZVIA during Cr(VI) removal process.

fore, the electron transfer rate of the ZVI also follows the above

trend. However, it is inconsistent with the normalized apparent

constants (k’) for Cr(VI) removal by the S-ZVI, possibly due to some

other reasons that influence the removal efficiency of Cr(VI). In

addition to the direct reduction by electrons, Cr(VI) can also be

rapidly reduced by Fe(II). We compared the concentration changes

of Fe(II) release in an aqueous solution in the absence of Cr(VI)

(Fig. 3d) and found that it fitted well with the Cr(VI) removal effi-

ciency of S-ZVIs, indicating Fe(II) production is another key factor

for Cr(VI) removal. Also, through comparing with the reported ZVI

for Cr(VI) removal in literatures (Table S2 in Supporting informa-

tion), the significantly advanced activity of the S-ZVIA was demon-

strated.

The removal process of Cr(VI) mainly consists of adsorption

and reduction, where the adsorption process is caused by electro-

static interactions, hydrophobicity, and hydrogen bonding, which is

largely influenced by pH [32–35]. As displayed in Fig. 4a, when

pH = 3, Cr(VI) was completely removed within 10 min while

the removal rate decreased by 24.4% at pH9. Under acidic condi-

tions, the surface of S-ZVI is positively charged, while Cr(VI) mainly

exists in the form of HCrO4
2−/CrO4

2−, enhancing their electro-

adsorption. At the same time, the corrosion rate of Fe is acceler-

ated and the formation of Fe(II) can effectively reduce and remove

Cr(VI). While under alkaline conditions, the surface of S-ZVI is neg-

atively charged, which hinders the adsorption of Cr(VI).

The effects of dissolved oxygen on Cr(VI) removal were assessed

and the results are shown in Fig. S3a (Supporting information). It

is found that dissolved oxygen can promote Cr(VI) removal, which

may be due to the promotion of ZVI corrosion and the release of

Fe(II). This conjecture was then verified by the higher concentra-

tion of soluble Fe(II) under air than N2 atmosphere (Fig. S3b in

Supporting information). The electron utilization rate of ZVI in the

Cr(VI) removal process counts a great deal because under acidic

conditions, protons could compete with Cr(VI) to produce H2 by re-

acting with electrons, resulting in hydrogen evolution corrosion of

ZVI. Significantly, the H2 yield decreased from 7.5 μmol to 0.1 μmol

after the surface sulfurization of ZVI (Fig. 4b), possibly due to pen-

dent protons of the FeS on the surface of S-ZVIA hindered the evo-

lution of H2. This result indicates that surface sulfidation reduces

the ineffective corrosion of ZVI and improves electron utilization

for Cr(VI) removal.

According to the reported literature, the sulfidated S-ZVIW was

also synthesized in aqueous-phase conditions to compare the re-

moval performance differences [36]. The phase structure and sur-

face morphology of S-ZVIW was characterized by XRD and SEM

(Figs. 2a and 5a). We found both of the sulfidation methods could

make ZVI surface rougher and the FeS phase was formed on the

surface. However, under the same conditions, the removal percent-

age of Cr(VI) by S-ZVIW was less than 65%, much lower than that

of S-ZVIA with the same S modification (Fig. 3a). From the Tafel

scan in Fig. 3c, S-ZVIA exhibited the more negative potentials than

S-ZVIW when S/Fe was 0.05, suggesting S-ZVIA synthesized by al-

Fig. 5. (a) SEM image of S-ZVIW. (b) Cr 2p XPS spectra of S-ZVIW and S-ZVIA sam-

ples after reactions.

cohothermal method possesses a higher electron mobility. We also

detected the Fe(II) dissolution for S-ZVIA and S-ZVIW in an aqueous

solution and found that the Fe(II) concentration of S-ZVIA was 3.5

times higher than that of S-ZVIW (Fig. 3d). The difference in the

content of Fe(II) on the surface is undoubtedly the main reason

for the difference in activity between the two. Therefore, whether

this difference will have an impact on the Cr(VI) reduction prod-

ucts, the Cr 2p XPS spectra of the two S-ZVI after reactions were

tested, and the results are shown in the Fig. 5b. The broad peak

of Cr 2p3/2 could be fitted to two peaks at 578.0 eV and 576.3 eV,

which belongs to Cr(VI) and Cr(Ш) species, respectively [32,37].

The Cr(III)/total Cr ratios are 73% and 40% for S-ZVIA and S-ZVIW

respectively, implying more Cr(VI) was reduced in the S-ZVIA sys-

tem. Also, it can be seen from Fig. S4 (Supporting information) that

the contents of Fe(II) on the S-ZVIA surface still accounts for 44%

after reactions, while the proportion of S-ZVIW is only 35%. We can

conclude that the synthetic methods indeed have a vital impact on

S-ZVI, affecting the corrosion of Fe0 and the release of Fe(II) which

have an important role in Cr(VI) removal.

Compared to the aqueous-phase synthetic method, alcohother-

mal synthesis can slow down the crystallization rate because of the

weak polarity of the alcohol solvent, which is conducive to con-

trolling the crystallization and morphology of solid products. From

the environmental perspective, the use of alcohol and elemental

S eliminates the risk of producing harmful H2S. More importantly,

benefiting from high temperature and a non-aqueous environment,

the alcohothermal method is helpful to the formation of iron sul-

fide minerals with good crystallinity on the ZVI surface. Therefore,

the alcohothermal method exhibits greater potential for the prepa-

ration of S-ZVI than the aqueous-phase synthetic method.

In summary, we prepared sulfidated ZVI by surface sulfidation

in an alcohothermal environment. Choosing Cr(VI) as the model

pollutant, we found that the rate constant of S-ZVI synthesized

by the alcohothermal method was 267.1- and 5.4-fold higher than

those of un-sulfidated ZVI and aqueous-phase synthesized S-ZVI,

respectively. Combined with comprehensive characterization such

as SEM, XRD, XPS, and Tafel polarization, it was found that dif-

ferent synthesis methods would lead to differences in the forma-

tion of iron sulfide and (hydro) oxides on the surface. Compared

with the aqueous phase, the alcohol phase synthesis method could

promote the corrosion of ZVI and avoid the formation of iron (hy-

dro) oxides on the surface of ZVI. Cr(VI) was reduced and co-

precipitated on S-ZVIA in the form of a Fe(III)/Cr(III)/Cr(VI) com-

posite, suggesting its environmental benignancy. This method is of

great significance for the synthesis and modification of zero-valent

iron to remove water pollutants.
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