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S-ZVI@biochar constructs a directed
electron transfer channel between
dechlorinating bacteria, Shewanella
oneidensisMR-1 and trichloroethylene
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The combination of micron zero-valent iron (mZVI) and microorganisms is an effective method for
trichloroethylene (TCE) degradation, but electron transfer efficiencyneeds improvement. Anewchem-
bio hybrid process using a composite material (S-ZVI@biochar) was developed, consisting of
sulfurized mZVI and biochar as a chemical remover, and Shewanella oneidensis MR-1 and
dechlorinating bacteria (DB) as a biological agent for TCE degradation. S-ZVI@biochar showed
improved stability, biocompatibility, and TCE removal compared to ZVI and S-ZVI. The hybrid system
DB+MR-1+ S-ZVI@biochar exhibited the highest TCE removal efficiency at 96.5% after 30 days,
which was 3.7 times higher than that of bare ZVI. The study revealed that the enhanced dechlorination
performance was due to improved electron transfer efficiency, adjustment of microbial community
structure, and iron recycling. S-ZVI@biochar constructedelectron transport channels in thecomposite
system, improving the overall dechlorination capacity. This system shows promise for long-term TCE
removal in anaerobic environments.

Trichloroethylene (TCE) is widely used across various industries. However,
TCE is a mutagenic, teratogenic, and carcinogenic substance that threatens
human safety. TCE is also a heavy non-aqueous phase liquid (DNAPL) that
migrates downward under gravity, so TCE in groundwater is usually in an
anoxic or anaerobic environment. Traditional remediation technologies for
TCEpollution typically fall under threemajor categories: physical, chemical,
and biological. The chemical method utilizing zero-valent iron (ZVI) has
proven simple, fast, and efficient. On the other hand, the biological method
involving dechlorinating bacteria (DB) offers a green and low-cost solution.
Both strategies show promise for in situ remediation of TCE-contaminated
groundwater. ZVI is regarded as a good material for the reduction of TCE
due to its high reducing power (E0 =−0.44 V) and the production of non-
toxic iron oxide products1. The main route of electron transfer is direct
transfer, which means that ZVI releases two or three electrons and is con-
verted into Fe(II) or Fe(III), while TCE receives these electrons and gets
reduced2. For example, it has been demonstrated that ZVI degrades TCE by
β-elimination and hydrogenolysis3,4. Dehalococcoides mccartyi strain 195
was found to be the first Dehalococcoides strain capable of completely

reducing perchloroethylene (PCE) or TCE to ethylene5. As TCE is
dechlorinated in themembrane bioreactor,Dehalococcoides are enriched in
the biofilm community, demonstrating the presence of dechlorinating
bacteria (DB) in the autotrophic microbial community6. However, both the
ZVI system and the dehalogenationmicrobial system acting alone have the
following drawbacks: (1) Although ZVI is highly reactive, it easily reacts
with water to produce H2 to escape. However, this H2, as a weak electron
donor, cannot be effectively used as a reducing agent in the ZVI system.
Instead, it accumulates in the porous medium, and the electrons generated
by ZVI corrosion are inefficiently utilized by the pollutants directly7. In
addition, ZVI is prone to agglomerate due to its particle size and magnetic
properties, significantly reducing the contact area between ZVI and the
target pollutants. Meanwhile, in practical applications, ZVI reacts with
substances in the environment (e.g., H2O, O2, NO3

−), resulting in the for-
mation of an oxidized layer that passivates the surface of ZVI8. These factors
impede electron transfer between ZVI and the surrounding environment,
leading to a shorter lifespan for ZVI, and a lack of long-term effectiveness in
practical applications. (2) Anaerobic bioremediation based on
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dechlorinating bacteria often lacks electron donors and nutrients to effi-
ciently complete dechlorination. To overcome this limitation, additional
injection of exogenous electron donors is required, whichpresents technical
difficulties and high investment requirements. In addition, the bior-
emediation process is generally time-consuming, which restricts the wide-
spread application of in situ bioremediation9–13. Moreover, free
microorganisms need to enhance electron transfer in the dechlorination
process. For this reason, a combination of chemical and biological
dechlorination can be considered to build a system for synergistic
dechlorination of materials and microorganisms. However, there are still
unresolved challenges in this synergistic system that ZVI agglomerates and
passivates easily, and the electron transfer efficiency between materials,
microorganisms and pollutants needs to be improved.

Modifying the physicochemical properties of ZVI would have great
application value. There are many options for modification of ZVI,
including modification using surfactants, elemental doping modification,
etc. Surfactants are a class of amphoteric compounds that contain both
hydrophilic and lipophilic groups. This property makes it easier for the
product to be absorbed by the surface of the metal particles to reduce
interfacial energy, which is more suitable for promoting the transfer of
substances in the dechlorination process14. However, the use of surfactants
may block the active sites preventing adsorption and electron transfer
between ZVI and contaminants. Elemental doping modifications can be
categorized intonon-metallic doping andmetallic doping based on the class
of dopant elements. Non-metallic doping modification usually involves
adjusting the electronic structure, surface activity and catalytic activity of
ZVI. For example, nitrogen doping can improve the electronic conductivity
of ZVI and increase its reducing ability. The presence of nitrogen may alter
the surface properties of ZVI and increase its interaction with
contaminants15. Phosphorus doping may improve the surface properties of
ZVI particles and increase their effectiveness in adsorption and catalysis16.
Sulfur doping improves the catalytic activity of zero-valent iron and induces
more efficient degradation of organic pollutants17. The altered properties of
metal doping are mainly in terms of electronic structure, catalytic activity,
corrosion resistance, stability, and surface activity. Although non-metallic
elements such as nitrogen and phosphorus have some advantages in ZVI
modification, they may also have some disadvantages that may affect their
effectiveness in specific applications. Nitrogen doping may sometimes
initiate undesired reactions, such as reacting with oxygen in water to form
oxides, which may slow down the rate of the reduction reaction of ZVI. In
addition, the preparation of nitrogen-doped ZVImay be complex andmay
require special synthesis methods, increasing the difficulty and cost of
preparation. Phosphorus doping may compete with ZVI and affect the
reduction reaction of ZVI, which may slow down the degradation rate of
pollutants. The presence of phosphorus may alter the surface properties of
ZVI and affect its adsorption performance for certain pollutants. Com-
paratively, sulfur has a higher potential for application in themodificationof
ZVI by non-metallic elements. Sulfurized ZVI can become an effective
material for environmental remediation through enhancing catalytic
activity, improving electronic conductivity, enhancing corrosion resistance,
and other properties. In ZVI composites doped with high-electrode
potential metals (Cu, Pd and Ni, etc.), ZVI and the high-electrode potential
metals form amacroscopic protocell, which accelerates the electron transfer
on the surface of ZVI, making the pollutants more susceptible to obtaining
electrons for reduction reactions18,19. However, metal element doping
accelerates chemical corrosion and may cause secondary contamination by
heavy metal leaching. Therefore, sulfide modification is a relatively more
promising method for application20.

Sulfurization-modified ZVI (S-ZVI) has been considered as an effec-
tive modification of ZVI. Sulfurization results in the formation of iron
sulfide (FexSy) on the surface of ZVI, which acts as a good electro-
semiconductor compared to iron (hydr)oxides present on the ZVI surface.
This enhanced electron transfer ability facilitates the electron transfer from
the ZVI core to the electron acceptor3,21,22. Moreover, the presence of iron
sulfide reduces the rate of ZVI corrosion by water, thereby minimizing

unnecessary electron loss. In addition, the hydrophobic nature of iron
sulfide on the surface of ZVI enhances its interaction with hydrophobic
pollutants, leading to improved selective removal of the pollutants23–25. For
instance, research has demonstrated the enhanced selective removal of TCE
using S-ZVI through sulfurization of ZVI was improved3. S-ZVI has been
investigated for the dechlorination of TCE26,27 and other chlorinated
organics22, both independently and as catalysts.However, amajor drawback
of S-ZVI is its tendency to agglomerate and exhibit poor dispersion in
practical applications, which leads to a reduction of reactive active sites and
overall utilization efficiencyof thematerial. Toovercome this limitation, one
possible approach is to combine S-ZVI with biochar with good electrical
conductivity by ball milling as the resulting composites exhibit enhanced
reactivity and biocompatibility. In a synergistic system involving DB and S-
ZVI@biochar, S-ZVI@biochar gradually becomes encapsulated by an oxi-
dized layer, leading to a gradual reduction in reactive sites and hindering the
realization of a self-driven synergistic system.

Dissimilated iron-reducing bacteria play a crucial role in the geo-
chemical cycling of iron compounds, which Shewanella is widely used in the
current study, which can enhance the removal of TCE by ZVI through
reactivating the passivated ZVI28. Furthermore, Shewanella modulates the
growth of DB to promote the biological removal of TCE29. Biogenic Fe(II)
exhibits a dechlorination capacity30–32 and is converted to Fe(III) while
dechlorinating.WhenMR-1 is added, the recycling of iron in the systemcan
be realized. Additionally, biochar can complex Fe(II) and reduce the
accumulation of solid-phase Fe(II) on microorganisms and Fe(III), thereby
preventing the accumulation of Fe(II) from hindering the Fe(III) reduction
reaction33. Therefore, the synergistic system of S-ZVI@biochar and deha-
logenating DB, along with the presence of Shewanella, has a significant
positive impact on the construction of a long-lasting TCE degradation
system.

Current research has focused on themodification of ZVI, ZVI coupled
with dehalogenating microorganisms, and iron-reducing bacteria coupled
with dehalogenatingmicroorganisms to enhance the removal of chlorinated
organics27,34,35. Comparing the degradation of TCE by CS@ZVI and
CS@ZVI+ BL5 systems, it was found that the addition of microorganism
BL5 increased the degradation rate of TCE from 78.68% to 99.75%36.
Regarding combineduse ofmZVI and autotrophic hydrogenbacteria, itwas
observed that the mZVI and microbial composite system had a higher
application potential thanmZVI alone, with a removal efficiency of 75% for
TCE (20mg/L) at 20 days. The removal efficiency and removal rate of the
composite systemwere 1.67 and 5.30 times higher than that ofmZVI alone,
respectively9. The combined effects of biochar and microorganisms can
enhance the biodegradation of TCE. Biochar not only adsorbs TCE and
creates a low-toxicity environment for microorganisms but also promotes
the selective colonization of dechlorinating microorganisms. The time for
100% removal of TCE (10mg/L) was shortened by biochar from 330 h to
150 h37. It was shown that nZVI/BC removed approximately 72% of TCE
(47.5mg/L) within 14 days, but removal could reach 100% after 14 days of
biostimulation38. Iron-reducing microorganisms not only enhance the
dechlorination ability of dechlorinating microorganisms but also activate
iron-based materials, thereby extending their service life. It has been
demonstrated that the synergy of iron-reducing bacteria and dehalogenat-
ing microorganisms improves the removal of TCE. When Shewanella
oneidensisMR-1 was added to a culture containing Dehalococcoides, com-
plete TCE dechlorination was shortened from 24 days to 16 days29. The
degradational efficiency of TCE (30mg/L) by agedmmZVI synergizedwith
Shewanella putrefaciens with iron reduction increases from 33.3% to
56.7%28. However, there has been limited research conducted on the aspects
of enhanced electron transfer in chemical and biological processes during
dehalogenation. Biochar has been introduced to enhance the connection
between chemical and biological reactions, but the specific enhancement
effects and mechanisms still require further exploration. It is necessary to
investigate how the addition of Shewanella regulates the transformation of
iron in the system, as well as the changes in the microbial community, in
order to achieve long-lasting dechlorination in the composite system.
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Metagenomic sequencing has emerged as a prominent area of research,
offering a wealth of biological information that can provide insights into
functional aspects beyond the composition of a species39,40.

In this study, S-ZVI@biochar was obtained by the composite of S-ZVI
and biochar using the ball milling method coupled with dehalogenating
microorganisms and Shewanella oneidensis MR-1 (MR-1) for the investi-
gation ofTCEdechlorination.The removal performanceofTCE fromwater
using S-ZVI and S-ZVI@biochar in combination with dehalogenating
microorganisms and Shewanella oneidensis MR-1 was systematically
compared. Then, the removal performance of the systemwas optimized for
economic efficiency by adjusting the dosage of S-ZVI@biochar and the
addition of sodium acetate. The objectives of this work were as follows: (1)
Exploring the enhanced electron transport capacity and dechlorination of
S-ZVIbybiochar in S-ZVI@biochar. (2) Speculating on the electron transfer
between S-ZVI@biochar, microorganisms, and TCE enhanced by biochar
in S-ZVI@biochar. (3)Verifying the long-termremediation ofTCE inwater
through a combination of S-ZVI@biochar, DB, and Shewanella oneidensis
MR-1 using long-term degradation experiments. This study contributes to
the understanding of the coupled dechlorination mechanism between
dehalogenating microorganisms, Shewanella oneidensis MR-1, and S-
ZVI@biochar, providing insights for the design of sustainable remediation
programs for practical applications.

Methods
Chemicals
All chemicals used in this study were of analytical grade or higher. The
mZVI (400 mesh) was purchased from Chengdu Cologne Chemical
Reagent Factory. Trichloroethene (TCE; 99.5%), cis-dichloroethene (cis-
DCE; 98%), trans-dichloroethene (trans-DCE; 98%), 1,1-dichloroethene
(1,1-DCE; 99%) and vinyl chloride (VC; 99%) were obtained from Kmart
(Tianjin) Chemical Technology Co. Sodium dithionite was purchased from
Tianjin Damao Chemical Reagent Factory, China, and 2-(N-morpholine)
ethanesulfonic acidmonohydratewas purchased fromBide Pharmaceutical
Co. Deionized water produced by equipment model CM-RO-C2 was used
for the preparation of all reagents and particle suspensions. The 2-(N-
morpholino) ethanesulfonic acid (MES) buffer solution was configured as
follows: 10.6625 g of 2-(N-morpholine) ethanesulfonic acid monohydrate
was dissolved in 1 L of deionized water and the pH was adjusted to 6 to
obtain the MES solution (50mM, pH = 6).

Cultivation of microorganisms
The dehalogenation bacteria used in this study were isolated from the soil
samples taken fromachemical plant inBinhaiNewArea, Tianjin,China.To
obtain the bacteria, 5 gof soilwas soaked in 20mLof saline solution for 24 h,
and 5mL of the supernatant was taken and transferred to 45mL of anae-
robicmediumcontaining 30mg/L of TCE.After 15 d of cultivation, 5mLof
the bacterial solution was transferred to another 45mL of anaerobic med-
ium with 30mg/L of TCE. This process was repeated three times to obtain
the DB, which included Pseudomonas, Delftia, Comamonas, Para-
clostridium, Tessaracoccus, Stenotrophomonas, Paenibacillus, Acidovorax,
Clostrdium, and Paeniclostridium.

The anaerobic medium was prepared with the following reagents per
liter41: 10mL of salts solution, 1mL of Se/W solution, 1 mL of trace element
solution, and 0.25mLof 0.1% (w/v) resazurin stock solution, as described in
previous research. Additionally, 2.292 g of N-[Tris(hydroxymethyl)
methyl]-2-aminoethanesulfonic acid (TES)was addedas abuffer, and1.87 g
of sodium lactate was added as a carbon source and electron donor. The
anaerobic medium was then flushed with N2, boiled for 10min to remove
oxygen, and autoclaved. Furthermore, 0.048 g of Na2S·9H2O and 0.242 g of
L-cysteinewere added as reducing agents, and 2.52 g ofNaHCO3was added
as a buffer. Finally, 0.0771 g of DL-dithiothreitol was added, and HCl was
used to maintain the pH value of the anaerobic medium as neutral. In
addition, carbon sources (700mg/L sodium acetate) and cofactors such as
VB12 (4 μg/L) were added to the anaerobic medium to promote the
growth of DB.

Shewanella oneidensis MR-1 was purchased from Beijing Biobw Bio-
technology Co. Ltd. MR-1 was cultured anaerobically overnight to the
exponential phase in an LBmedium supplemented with 10 g/L NaCl, 5 g/L
yeast paste, and 10 g/L tryptophan at 30 °C. When the cells reached the
stationary phase, they were collected at 8000 r/min for 5min and then
washed three timesusing sterilized saline solution to remove any residual LB
medium. Finally, the cellswere resuspendedwith sterilized saline solution to
obtain a cell suspension for further experiments.

Preparation of S-ZVI@biochar
In this experiment, pine wood chips were used as the raw material for the
preparation of biochar. The pine wood chips were washed and dried in a
blast drying oven at 80 °C. Subsequently, the dried pine wood chips were
placed in a vacuum atmosphere furnace and pyrolyzed to produce biochar.
The vacuum atmosphere furnace was evacuated and filled with nitrogen to
create an oxygen-free environment. A constant nitrogen flow rate of
500mLmin−1 wasmaintained throughout the atmosphere furnace, and the
temperaturewas increased at a rate of 5 °Cmin−1 from room temperature to
600 °C. The carbonization process was maintained at 600 °C for 2 h. Once
the instrument cooled down to room temperature, it was turned off and the
biochar was removed for preservation and further use, which was recorded
as biochar.

S-ZVI@biochar was prepared by first sulfurizing mZVI with sodium
dithionite, followed by the direct ball milling of the sulfurized S-ZVI with
biochar. The specific methods were as follows: 1.23 g of mZVI and
190.99mg of Na2S2O4 (S:Fe molar ratio of 1:10) were mixed in a 50mL
centrifuge tube, and 50mL N2-purged MES solution (50mM, pH = 6) was
added42 before the tube was sealed and then spun and mixed on an oscil-
lating mixer for 12 h. After centrifugation of the solution, the solid was
washed three times with deionized water and separated by centrifugation at
8000 rpm. The obtained material was freeze-dried in a lyophilizer for 24 h,
stored under anaerobic conditions, and named S-ZVI. 1.875 g of S-ZVI and
0.625 g of biochar were added to a stainless-steel milling tank, as well as
3mmstainless steel balls (250 g). Ballmilling at 300 rpmwas performed in a
nitrogen atmosphere. After 12 h, the material was collected in an anaerobic
glove box and stored under anaerobic conditions, and named as S-
ZVI@biochar.

Batch experiments
Unless otherwise stated, the DB used was cultured to the logarithmic stage
and used in subsequent experiments, 700mg/L of sodium acetate was added
to the different reaction systems, and the TCE level in the system was
10mg/L. Batch experiments were carried out in 20mL brown glass vials
sealed with aluminum caps with Teflon. In addition to the added micro-
organisms and TCE, the rest of the reaction system was brought up to 7mL
using the anaerobicmediumdescribed above. The dosage of thematerial was
0.5 g/L in the ZVI, S-ZVI and S-ZVI@biochar systems. In the DB+ S-ZVI
and DB+ S-ZVI@biochar systems, the inoculum of DB was 0.7mL29, and
the dosage of the material was 0.5 g/L. In the DB+MR-1+ S-ZVI and
DB+MR-1+ S-ZVI@biochar systems, theDBwas inoculated at 0.7mL, the
material was dosed at 0.5 g/L, and the volumetric ratio of the addition ofMR-
1 (OD600 = 0.1) to the final reaction volume was 1:25029. The design of the
batch experimentswas presented inTable 1.All experimentswere performed
at 30 °C in the dark. In this work, each experiment was repeated three times,
the average value was taken as the result, and the results of the repeated
experiments were shown as error bars added to the figures. Sterile anaerobic
medium containing 10mg/L TCE was run as a negative control.

Analytical methods
TCE and related dechlorination products (i.e., cis-DCE, trans-DCE, 1,1-
DCE,VC, acetylene, and ethylene)weredeterminedby gas chromatography
(GC) and the analytical procedure was as follows. Brown serum vials were
heated in the headspace (7697 A, Agilent Technology, USA) at an equili-
brium temperature of 80 °C for 30min. GC-FID (7890B, Agilent Tech-
nology, USA) with a GS-Q column of 30m length and 0.53mm outer
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diameter and nitrogen carrier gas is used. The inlet temperature was 200 °C,
the inlet split ratio was 10:1, the flow rate of carrier gas was 25mL/min, and
the temperature of the FID detector was 230 °C. The column temperature
was 50 °C for 7min, then 20 °C/min until 230 °C, and the column tem-
perature was maintained at 230 °C for 10min. The injection volume was
1000 μL of gas, and the quantitative analysis of TCE was performed by the
external standard method. Concentrations of TCE, DCEs, VC, acetylene,
and ethylene were determined by comparison of GC peak areas to a five-
point external standard curve. The detection range of TCE was
0.1−10mg/L.

The concentration of total Fe was determined by Inductively Coupled
Plasma Atomic Emission Spectrometry (ICP-AES) (IRIS Intrepid II XSP,
Thermo Elemental, Waltham, MA, USA). The concentration of dissolved
Fe(II) was measured by the Phenanthroline method (3500B)43. H2 con-
centration was detected by a gas chromatograph (GC 7900, Shanghai
Tianmei Scientific Instrument Co., China) equipped with a thermal con-
ductivity detector. The pH and ORP of the systems were measured using a
pH orORPmeter (HQ 11d Portable pH/ORPMeter, Hach Inc., USA). The
growth of the bacteria was presented with OD600 using a Shimadzu UV-
1800 spectrophotometer.

Solid particles were collected after 30 days of the experiment and
were freeze-dried for 48 h for subsequent characterization. Field emis-
sion scanning electron microscopy (Thermo Scientific K-Alpha, USA)
was used to view the morphology and determine the elemental com-
position. X-ray photoelectron spectroscopy (XPS; K-Alpha, Thermo
Fisher Scientific, UK) analysis was conducted with a monochromatic Al
Kα X-ray source at 1486.6 eV and XRD diffraction spectroscopy (XRD,
Ultima IV, Rigaku) was used to identify mineral components before/
after the reaction.

Metagenomic sequencing
Samples of DB before reaction, DB, DB+ S-ZVI@biochar and DB+MR-
1+ S-ZVI@biochar after 30 days of reaction were taken respectively, and
were used to assess the changes in the bacterial community and gene before
and after the bioremediation process.

Extraction was performed using the Tengen DP705 kit, Qbiut (Invi-
trogen, Qubit 3.0, Qubit TM dsDNA HS Assay Kit) was used for con-
centration testing of the extracted nucleic acids, and agarose electrophoresis
was used to test the integrity of the extracted nucleic acids on a 1% agarose
gel. PCR amplification reaction conditions: initial 95 °C for 3min, followed
by 9 cycles of 98 °C for 20 s, 60 °C for 15 s, 72 °C for 3 s, and afinal extension
of 72 °C for 5min. Purification was performed with Vazyme DNA Clean
magnetic beads,whichwere equilibratedat roomtemperature formore than
30min before use.

Library construction was performed with the VAHTS® Universal
Plus DNA Library Prep Kit for IIIumina ND617 kit, following the
instructions. The libraries were subjected to fragment quality control
using Qsep-400, quantification of library concentration using Qubit 3.0,

and sequencing of the constructed libraries using the Illumine Novassq
6000 sequencing platform.

Raw reads obtained from sequencing contain low-quality sequences,
which need to be filtered to obtain clean reads for subsequent analysis to
ensure the quality of the information analyzed. The raw tags were then
filtered using fastp software to obtain clean tags. Macrogenome assembly
was performed using the software MEGAHIT to filter contig sequences
shorter than 300 bp. QUAST software was used to evaluate the assembly
results.MetaGeneMark softwarewas employed to identify coding regions in
the genome using default parameters. Finally, MMseqs2 software was used
to remove redundancy in the data, with the similarity threshold set at 95%,
and the coverage threshold set at 90%.

Result and discussions
TCE removal in different reaction systems
It can be seen that the removal efficiency ofDB for TCE increased rapidly
during the initial and middle periods (Fig. 1), reaching 47.6% and 55.5%
at 14 and 30 d, respectively. This might be attributed to the high nutrient
content of the system during the first two weeks, which led to the rapid
growth of DB and improved dechlorination capacity. However, as TCE
was dechlorinated, it produced more toxic dechlorination byproducts
that were harmful to DB, ultimately reducing the biological dechlor-
ination of TCE by DB. The ZVI reaction system showed a low removal
efficiency, with only 20.6% and 26.0% removal rates at 14 and 30 days,
respectively. This was due to the iron oxides on the surface of ZVI, which
greatly hindered internal contact with the outside world, while the
agglomeration of ZVI largely reduced its reactive active sites. Sulfur-
ization of ZVI enhanced the removal of TCE by the material. The S-ZVI
system showed an increase in TCE removal, with rates of 31.0% and
37.8% at 14 and 30 days, respectively. Although S-ZVI was effective in
removing TCE, agglomeration could still occur and affect its utilization
efficiency. Biochar-modified S-ZVI had a large improvement in TCE
removal capacity. In the S-ZVI@biochar system, the removal of TCE
showed a rapid increase in the first andmiddle stages, with a removal rate
of 80.8% at 14 days and 88.5% at 30 days. It was found that the
dechlorination of DB alone and materials alone was not satisfactory.
However, when the DB was combined with the material for 30 days, the
DB+ S-ZVI system improved the removal efficiency of TCE by 81.4%
over the S-ZVI system and the DB+ S-ZVI@biochar system improved
the removal efficiency of TCE by 5.7% over the S-ZVI@biochar system.
This suggested that the synergistic effect of DB with the material has
faster removal kinetics.

Although MR-1 was found to have no degradation effect on TCE29,
experimental results revealed that the synergistic effect of DB and MR-1
enhanced the dechlorination of DB. After 30 d of reaction, the addition of
MR-1was found to improve the TCE removal efficiency by 16.3% and 3.2%
for DB+ S-ZVI system and DB+ S-ZVI@biochar, respectively. The final
removal efficiency improvement was less, but it is evident that MR-1

Table 1 | The constituents of batch experiments

System TCE (mg/L) DB (OD600 = 2.0) (mL) MR-1 (OD600 = 0.1) (μL) Materials

Type Dosage (g/L)

DB 10 0.7 × × ×

DB+MR-1 10 0.7 28 × ×

ZVI 10 × × ZVI 0.5

S-ZVI 10 × × S-ZVI 0.5

S-ZVI@biochar 10 × × S-ZVI@biochar 0.5

DB+ S-ZVI 10 0.7 × S-ZVI 0.5

DB+MR-1+ S-ZVI 10 0.7 28 S-ZVI 0.5

DB+ S-ZVI@biochar 10 0.7 × S-ZVI@biochar 0.5

DB+MR-1+ S-ZVI@biochar 10 0.7 28 S-ZVI@biochar 0.5
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accelerated the removal ofTCE.For example,DB+ S-ZVI@biochar took21
days to reach 92.1% removal efficiency, whereas DB+MR-1+ S-ZVI@-
biochar achieved 90.6% in just 14 days. The experimental results demon-
strated that S-ZVI@biochar could act as a bridge to construct an electronic
channel between DB, MR-1 and TCE, and the combined action of the
material and microorganisms improved the removal of TCE.

Variation of H2, pH, and ORP in different reaction systems
The accumulation of H2 in different reaction systems was summarized in
Fig. 2a1–a3. In the S-ZVI and S-ZVI@biochar systems, the amount of H2

increased rapidly within 14 d and accounted for about 75.6% and 55.4% of
the total residual amount at the end of the experiment, respectively. The
loading of S-ZVI with biochar resulted in the effective dispersion of
S-ZVI@biochar particles. Furthermore, the biochar demonstrated excellent
electron transfer capacity, leading to a higher reactivity of S-ZVI@biochar
and a relative increase in hydrogen precipitation reaction.

In this study, there wasH2 production in theDB system, whichmay be
due to the presence of bacteria with hydrogen-producing capacity in DB
(Fig. 2a2, a3). The microbial community analysis revealed the presence of
Clostridium, which can produce hydrogen when exposed to high con-
centrations of chlorinated organicmatter37,44–46. However, the accumulation
of H2 decreased after 14 d, possibly due to the change in the microbial
community structure as the reaction continued, and the dechlorinating
bacteria utilized theH2 for the biodegradation of TCE. The addition ofMR-
1 increased the production of H2 in the pre-mid phase (Fig. 2a2, a3), which
might be because the growth of MR-1 consumed the sodium acetate in the
solution, leading to a decrease in the pHof the solution (Fig. 2b2, b3), which
was more suitable for the growth of hydrogen-producing
microorganisms47,48.

Hydrogenase activity controlling microbial hydrogen production is
affected by pH48. Increasing pH could enhance the ability of hydrogen-
producing bacteria to produce hydrogen during the fermentative hydrogen
production process over an appropriate range, but exceeding a certain pH
range would result in a decrease in hydrogen production capacity49. At the
same time, the growth and metabolism of MR-1 might produce nutrients
that promote the growth of hydrogen-producing microorganisms50.

During the experiment, there was a rapid increase in hydrogen
levels within 7 d in the DB+ S-ZVI, DB+ S-ZVI@biochar, DB+MR-
1+ S-ZVI and DB+MR-1+ S-ZVI@biochar systems. When the
reaction reached 14 days, hydrogen levels rapidly decreased and then
gradually increased until the end of the reaction. This might be due to
less fluctuation in pH over 7 days and the rapid growth of hydrogen-
producing microorganisms on the surface of material, which produced
more H2. In addition, the material reacted with water in a hydrogen
precipitation reaction, causing a gradual increase in pH, slowing down

the growth of hydrogen-producing microorganisms in the DB, and
allowing dehalogenating microorganisms to rapidly consume the H2 in
the system to degrade the TCE within 14 d, which corresponded to the
TCE removal trend in Fig. 1a–c. The gradual increase in hydrogen
accumulation occurred towards the end of the reaction. This is due to a
reduction in TCE as an electron acceptor and a subsequent reduction in
the amount of H2 consumed by microorganisms as an electron donor.
The trend ofORP also showed a higher reactivity of S-ZVI@biochar than
ZVI and S-ZVI. In general, the coupling of DB, MR-1, and S-ZVI@-
biochar demonstrated a greater reduction potential (Fig. 2c1–c3).

Characterization of materials and the formation and evolution of
corrosion products
The electrochemical properties of ZVI, S-ZVI, S-ZVI@biochar, and Biochar
are shown in Fig. 3. The electron accepting capacity (EAC) of ZVI, S-ZVI, S-
ZVI@biochar, and Biochar were 12.25, 14.32, 38.58, and 20.31mmol e−/g,
and the corresponding electron giving capacities (EDC) were 0.12, 0.39,
0.43, and 0.08mmol e−/g, respectively (Fig. 3a, b). The electron transfer
capacity (ETC = EAC+ EDC; mmol e−/g) of a material describes its total
capacity to accept or donate electrons51. Therefore, the EACs of ZVI, S-ZVI,
S-ZVI@biochar, andBiocharwere 12.37, 14.71, 39.01, and 20.39mmol e−/g,
respectively. It was observed that S-ZVI@biochar has good electron transfer
ability. The cyclic voltammetry (CV) curves indicated that the modified S-
ZVI@biochar possessed the redox properties of both S-ZVI and Biochar
(Fig. 3c). The galvanostatic charge-discharge (GCD) of ZVI, S-ZVI, S-
ZVI@biochar andBiocharwere 2.27, 3.45, 4.22, and 3.02 F/g, respectively. It
showed that the capacitive performance of S-ZVI@biochar was better than
that of ZVI, S-ZVI, and Biochar. Therefore, it can be proved that S-
ZVI@biochar has good electrochemical properties.

TCE is a hydrophobic volatile organic compound (VOC) and there are
two problems in biodegrading this type of pollutant. The first is the mass
transfer of contaminants from the gas phase to the liquid phase, and the
second is the low efficiency of microbial extracellular electron transfer. The
current effective method to increase the solubility of hydrophobic VOC is
the use of surfactants52. In addition, the use of electron shuttles improves the
efficiency of extracellular electron transfer and thus enhances
biodegradation53.

The outward transfer of electrons from the cell is usually through its
extracellular polymers, in which redox mediators are present to transfer
electrons to electron acceptors through electron leaps. When an electron
shuttle is present, it accelerates the transfer of electrons to electron
acceptors51. The common electron shuttles are soluble anthraquinone
substances54. This type of substance is consumptive and can’t maintain the
role of transferring electrons for a long time. Therefore, insoluble electron
shuttles suchasbiocharhave greater potential for application. In the coupled
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Fig. 1 | Variation in degradation efficiency of TCE at different times in different
degradation systems. a Comparison of the effect of modification of materials on
their degradation efficiency. It shows that sulfurization modification and biochar
modification improve the dechlorination capacity of ZVI. b Shows the degradation
efficiency of DB alone and DB when synergized with S-ZVI and S-ZVI@biochar,

respectively. It shows that DB has better synergistic effect with S-ZVI@biochar.
c Shows the degradation efficiency of the microbial action of DB+MR-1 and
DB+MR-1 in synergistic interaction with S-ZVI and S-ZVI@biochar, respectively.
It shows that DB, MR-1, and S-ZVI@biochar have good synergistic ability to
degrade TCE.
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system of materials and microorganisms, microorganisms grow on the
surface of S-ZVI@biochar and the electron shuttles were in close contact
with the extracellular polymers, thereby constructing an electron transport
channel. This process made it easier for electrons to hop from the extra-
cellular polymers to the electron shuttles and ultimately to the electron
acceptors. The electron transfer channel can enhance the electron transfer of
microorganisms. DB can enhance its dechlorination through electron
transfer channels, and MR-1 can enhance its iron reduction and produce
reduced Fe(II) through electron transfer channels. Furthermore, the elec-
tron transfer channel can strengthen chemical dechlorination between S-
ZVI@biochar and TCE.

At the beginning of the reaction, Fe(II) was accumulated due to the
high reactivity of the material, which constantly produced Fe(II). As
the reaction proceeded, the reactivity of the material decreased and the
Fe(II) in the solution was constantly consumed, causing the Fe(II)

content to initially rise and then fall in the process of the reaction Fig. 4.
The solution had an overall alkaline environment, so Fe(III) was
mostly in form of solids. A comparison between the S-ZVI@biochar
and S-ZVI reaction systems showed that the Fe(II) concentration was
lower in the S-ZVI@biochar system during the first and middle stages
of reaction than the Fe(II) in the S-ZVI system. Thismight be due to the
negative charge on the biochar surface adsorbing Fe(II). However, as
the reaction progressed, the Fe(II) concentration in the S-ZVI@biochar
system increased consistently and began to decrease after 21 d, whereas
in the S-ZVI system, it continuously decreased after a consistent
increase for 14 d. The reason behind this could be the homogeneous
dispersion of S-ZVI@biochar and the agglomeration of S-ZVI in the
water. As the reaction proceeded, the gradually produced corrosion
products encapsulated S-ZVI, reducing the reactive sites. Although
Fe(II) from ZVI corrosion could not be utilized by microorganisms as
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Fig. 2 | Variation of H2 accumulation, pH, and ORP in different degradation
systems.Variation ofH2 accumulation (a), pH (b), andORP (c) at different times in
different degradation systems. a1–c1 Show the variation of H2 accumulation, pH
and ORP in ZVI, S-ZVI, and S-ZVI@biochar systems. It shows that compared to
ZVI and S-ZVI, S-ZVI@biochar produces more H2, increases the pH and decreases
the ORP of the system in a greater extent. a2–c2 Show the variation of H2 accu-
mulation, pH and ORP in DB, DB+ S-ZVI, and DB+ S-ZVI@biochar systems. It
shows that DB has the ability to produce hydrogen, and S-ZVI and S-ZVI@biochar
promote the production of hydrogen by DB. DB decreases the pH of the system,
while DB+ S-ZVI and DB+ S-ZVI@biochar increase the pH of the system. DB
decreases the ORP of the system, and DB+ S-ZVI and DB+ S-ZVI@biochar

decrease the ORP of the system further. a3–c3 Show the variation of H2 accumu-
lation, pH and ORP in DB+MR-1, DB+MR-1+ S-ZVI, and DB+MR-1+ S-
ZVI@biochar systems. It indicates that the presence of MR-1 promotes the H2

accumulation in the DB+MR-1, DB+MR-1+ S-ZVI,and DB+MR-1+ S-
ZVI@biochar systems. Compared to the DB, DB+ S-ZVI, and DB+ S-ZVI@-
biochar systems without MR-1, the presence of MR-1 decreases the pH of the
DB+MR-1 system more, while DB+MR-1+ S-ZVI and DB+MR-1+ S-
ZVI@biochar increase the pH of the system more. Also, the presence of MR-1
decreases ORP of DB+MR-1, DB+MR-1+ S-ZVI, and DB+MR-1+ S-
ZVI@biochar systems further.
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an electron donor, it could still be used as an inorganic nutrient to
promote microbial growth55.

Comparing S-ZVI@biochar,DB+ S-ZVI@biochar, andDB+MR-
1+ S-ZVI@biochar, it was observed that DB had a promoting effect on

the corrosion of S-ZVI@biochar, which might be that DB directly or
indirectly utilized the electrons generated by the corrosion of S-ZVI@-
biochar. Meanwhile, the addition of MR-1 increased the amount of
Fe(II) in the system, which was attributed to the fact that the addition of
MR-1 not only affected the community structure of DB but also con-
verted Fe(III) into Fe(II) by its action. As a result, the reduction potential
of the system was increased, which also coincided with TCE removal
efficiency.

The different morphological structures of S-ZVI@biochar before/
after 30 days of reaction, DB+ S-ZVI@biochar reaction for 30 d, and
DB+MR-1+ S-ZVI@biochar reaction for 30 d are shown in Fig. 5. It
was observed that S-ZVI existed in the form of spherical particles and
their distribution was relatively uniform, with large gaps between them
and no agglomeration (Fig. 5a), which indicated that the poor dispersion
of S-ZVI was improved after using biochar as a carrier. Due to its high
density, S-ZVI was deposited at the bottom of the culture flasks and
clumped together during resting (Supplementary Fig. 4a), which greatly
reduced the reactive active sites of S-ZVI and its efficiency. Since biochar
is loose, porous and less dense, S-ZVI@biochar was less dense than
S-ZVI and was mostly suspended in the solution of the reaction system
(Supplementary Fig. 4d). During in-situ remediation, S-ZVI tends to
settle at the bottomof groundwater, reducing itsmigration performance.
In contrast, S-ZVI@biochar can migrate with groundwater flow,
increasing the scope of groundwater remediation.
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Fig. 4 | Variation of Fe(II) and Fe(III) in solution in different reaction systems. It
shows that S-ZVI@biochar has a better ability to consistently produce Fe(II) than
S-ZVI. The total content of dissolved Fe(II) and Fe(III) in the microbial-material
coupling system shows an increasing and then decreasing trend, and the turnaround
time is 7 days. Compared to DB+ S-ZVI system and DB+ S-ZVI@biochar system
without MR-1, the presence of MR-1 increases the dissolved Fe(II) content in the
DB+MR-1+ S-ZVI system and DB+MR-1+ S-ZVI@biochar system.
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Fig. 3 | Electrochemical characterization of ZVI, S-ZVI, S-ZVI@biochar and
Biochar. a EAC of different materials, and it shows that S-ZVI@biochar has the
highest EAC. b EDC of different materials, and it shows that S-ZVI@biochar has the

highest EDC. c Cyclic voltammetry characteristic curve, and it shows that the
modified S-ZVI@biochar has good electron transfer ability. d GCD of different
materials, and it shows that S-ZVI@biochar has the highest GCD.
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Comparing Fig. 5a, b, it can be observed that the surface of S-ZVI in the
reacted S-ZVI@biochar appears to be rougher with some agglomeration,
which was attributed to the continuous production and accumulation of
iron oxides on the surface of S-ZVI during the reaction process of S-
ZVI@biocharwithwater andTCE in the system.After the addition ofDB, it
can be seen that the reacted S-ZVI@biochar occurs an obvious agglom-
eration phenomenon, while a large number of blocks with concentric layers
and radial fiber structures can be observed on the surface, which has been
verified as acicular ferrite by XRD (Fig. 6c1, c2). This might be due to the
growth of microorganisms on the S-ZVI@biochar surface (Fig. 6c3). The
electrons that were generated by the corrosion of S-ZVI@biochar were
transferred via biochar to the microorganisms, which were then utilized by
the microorganisms for the dechlorination of TCE. As a result of the
microorganisms’ vital activities, the corrosion of mZVI was promoted. By
comparing Fig. 5c, d, it was found that after the addition of MR-1, more
spherical particles were produced on the surface of S-ZVI@biochar, which
were identified as pyrite through XRD analysis (Fig. 6c).

The success of in-situ remediation of the TCE-contaminated
groundwater using modified zero-valent iron materials and microorgan-
isms depends on how these materials and dechlorinating microorganisms

migrate and distribute in the groundwater. There were differences in their
distribution in water, as shown in Supplementary Fig. 4b, c. S-ZVI tends to
settle at the bottom of the groundwater and has limited mobility, while
microorganisms remain suspended in the groundwater and have a stronger
migration capacity. In the actual remediation of groundwater, flowing
groundwater amplifies the disadvantage of synergistic action between
materials and microorganisms due to the impediment of differences in
mobility, which limits their contact and weakens the process of material
exchange.

Biochar contains a large number of nanoscale and microscale pore
structures56,57. Nanoscale micropores not only give biochar a large surface
area, but also play an important role in physically adsorbing small
molecules58. And micron-scale macropores could provide the right-sized
habitats for microbiota. In addition, biochar is rich in oxygen-containing
reactive groups, which can affect the reduction of pollutants by functional
microorganisms. The S-ZVI@biochar material takes advantage of biochar’s
attachment sites for microbial growth and reduces the distance between S-
ZVI@biochar and microorganisms, facilitating their interaction. The elec-
trons generated by S-ZVI@biochar were transferred to microorganisms by
means of direct or indirect contact,which increased the electron efficiency in

Microorganisms

Microorganisms

Fig. 5 | SEM images of the materials before and after the reaction. a S-ZVI@-
biochar before reaction, and it shows that S-ZVI@biochar has good dispersibility.
b S-ZVI@biochar for 30 d of reaction, and it shows that the surface of S-ZVI@-
biochar produces corrosion products leading to roughness, but still presents a
dispersed state. c DB+ S-ZVI@biochar for 30 days of reaction, and it shows that

the structure of corrosion products on the surface of S-ZVI@biochar is changed,
while DB grows on the surface of S-ZVI@biochar. d DB+MR-1+ S-ZVI@-
biochar for 30 days of reaction, and it shows that the presence of MR-1 results in
more spherical particles on the surface of the corrosion products of S-
ZVI@biochar.
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the reaction system. Microbial growth on the surface of the material
improved the co-migration between the material and the microorganism.

As shown in Supplementary Figs. 3c, 4e, f, microorganisms grew on
the surface of S-ZVI@biochar in flocculent growth with a high degree of
incorporation both in the anaerobic medium and LB medium. This
suggested that the addition of biochar increased the potential for
synergistic interaction between materials and microorganisms in prac-
tical applications.

From the comparison of unreacted S-ZVI and ZVI in Fig. 6a, it was
found that the diffraction peaks of Fe2O3 of S-ZVI tend to disappear, while
the diffraction peaks of Fe0 were enhanced, which suggested that the anti-
oxidant property of S-ZVI was enhanced compared to that of ZVI, which
was due to the role of the sulfide ferrite that covers the surface of Fe0.
Comparing S-ZVI and S-ZVI@biochar before and after the reaction, the
diffraction peaks of Fe0 after the reaction of S-ZVI were significantly wea-
kened, while the diffraction peaks of Fe0 after the reaction of S-ZVI@biochar
were relatively lessweakened,which implied that the antioxidant property of
S-ZVI@biochar loadedwith biocharwas higher than that of S-ZVI59,60. After
the reaction of S-ZVI and S-ZVI@biochar with TCE, S-ZVI@biochar gen-
erated more corrosion products, which demonstrated that S-ZVI@biochar
was more reactive. Both S-ZVI and S-ZVI@biochar reactions produced
green rust and acicular ferrite, whichwas consistentwith previousfindings28.

After the reaction with TCE, the material in the DB+ S-ZVI system
retained more Fe0 than the material in the S-ZVI system (Fig. 6b), which
might be because whenmicroorganisms were added to the reaction system,
they grew and multiplied rapidly to form biofilm on the surface of S-ZVI,
which reduced the reactive active sites of S-ZVI and preserved the Fe0.
Moreover, the addition of MR-1 increased the amount of Fe(II) in the
reaction system, which was evident in the increase of green rust and FeS2
content in both the DB+MR-1+ S-ZVI+TCE system and the MR-
1+ S-ZVI+TCE system.

The addition ofMR-1 increased the amount of Fe(III) on the surface of
the solid-phase material after the reaction, comparing the DB+ S-ZVI+
TCE system and the S-ZVI+ TCE system. This increase may be attributed
to the fact that MR-1 converted the dissolved Fe(III) in the solution into
biogenic Fe(II) with dechlorination ability61. Then, the biogenic Fe(II)
provided electrons to the contaminants for dechlorination, which trans-
formed into Fe(III) and attached to the surface of the material, so that
enhanced diffraction peaks of Fe2O3 and α-FeOOH could be observed. It’s
worth mentioning that under the effect of iron reduction by MR-1, the
diffraction peak of FeS2 was enhanced and the diffraction peak of green rust
was weakened. This indicated that the species of biogenic Fe(II) is mainly
FeS2, which was consistent with the SEM plot situation (Fig. 5).

Studies have shown that Fe(II) bound to the surface of iron minerals
has a greater reducing ability than that of dissolved Fe(II)62. This is because

surface hydroxyl groups can act as ligands, forming internal bonds and
increasing the electron density around the Fe(II) centers. Additionally,
adsorption of multiple Fe(II) atoms in close proximity promotes multi-
electron transfer reactions in dechlorination63. This corresponded to an
increase in the removal efficiency of TCE after the addition of MR-1.

In the C1s orbital of XPS, themost prominent peak at 285.1 eVwas for
the C-C bond, and the peaks for C-O and C =O bonds were at 286.5 and
288.9 eV, respectively64. In the Fe2p orbitals of XPS, at 706.8 and 719.8 eV
belonged to Fe065, 709.2, 714.18, and 723.5 eV corresponded to Fe(II)9, and
711.2, 717.5, and 725.8 corresponded to Fe(III)66–68. In the O1s orbitals of
XPS, 529.94, 530.73, and 531.97 eVcorresponded to Fe-O,O2−, and Fe-OH,
respectively69.

It can be observed that before the reaction of S-ZVI@biochar, the
percentage of C-C bonds on the surface was high (Fig. 7a2–d2), which was
due to the breaking of someof the biochar particles during ballmilling in the
preparation process, which then covered the surface of the material.
However, during the reaction, the broken biochar particles on the surface of
S-ZVI@biochar were dispersed into the solution while the internal S-
ZVI@biochar continued to act.

The contents of C =O in Fig. 7b2–d2 accounted for 58.9%, 37.9%, and
41.9%of Fig. 7a2, respectively, and it was observed that the content of C =O
in S-ZVI@biochar decreased to varying degrees after the reaction. This
might be due to the fact that biochar served as an electron transfer agent
between chemical and microbial reactions, and the oxygen-containing
functional groups such as quinone and carboxyl groups on the surface of S-
ZVI@biochar were depleted64,70. When S-ZVI@biochar and DB worked
together, it was observed that the oxygen-containing functional groups on
the surface of S-ZVI@biochar were consumed to a greater extent. This
suggested that biochar played a crucial role in facilitating electron transfer
between S-ZVI@biochar, DB, and TCE.

The oxygen-containing functional groups of biochar played an
important role in the electron transfer process. For example, the reversible
redox reaction between quinone and hydroquinone allowed for the transfer
of electrons without requiring additional oxidizing or reducing agents. The
reduction of quinone involved the transfer of two electrons. To illustrate,
p-quinone can be reduced by accepting one electron to form a
p-semiquinone radical as an intermediate and thengaining another electron
and two protons for complete reduction to hydroquinone. Conversely, the
oxidation of hydroquinone results in the loss of two electrons and two
protons70. Thus, electrons could be captured and stored by quinone and
hydroquinone and released to reduce the target compounds.

TheFe(II)/Fe(III) ratios inFig. 7a3–d3were0.6097, 0.5466, 0.4782, and
0.6690, respectively. As S-ZVI@biochar degraded TCE the ZVI was con-
sumed,whichproducedmore Fe(II) andFe(III).However, the Fe(II)/Fe(III)
ratio decreased from 0.6097 to 0.5466, indicating that some Fe(II)
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Fig. 6 | XRD of the materials before and after the reaction. a XRD of the different
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transformed to Fe(III) after participating in reductive dechlorination. The
addition of DB increased the total amount of iron corrosion products
because the biochar in S-ZVI@biochar accelerated the electron transfer
between S-ZVI@biochar and DB, and DB received the electrons from S-
ZVI@biochar, promoting the corrosion of iron. This correspondedwith the
trend of Fe(II) andFe(III) in Fig. 4. whereMR-1bioreducedFe(III) to Fe(II),
and the Fe(II)/Fe(III) ratio in the system increased from 0.4782 to 0.6690.
The increase in the elemental percentage of Fe2p on the surface of the
material after the addition of MR-1 suggested that MR-1 might have dis-
solved the Fe(III) on the surface of the S-ZVI@biochar to promote the
further reaction of the internal ZVI71.

After the reaction, the O2− percentage increased in both S-ZVI@-
biochar and DB+ S-ZVI@biochar systems. However, the percentage of
O2− decreased significantly after the addition of MR-1. This phenom-
enon is associated with the production of more FeS2 and less green rust
in the presence of MR-1. Green rust is a class of iron oxides with a

complex structure in which oxidizing bonds are formed between iron
and oxygen. Specifically, the iron-oxygen bonds in green rust are mainly
characterized by chemical bonds between iron ions (Fe2+ and Fe3+) and
oxygen ions (O2−). These bonds connect the iron ions to the oxygen ions
and form the structural unit of green rust72. The biological effect ofMR-1
was to reduce the lattice oxygen content. Microorganisms have different
antioxidant defenses to protect themselves from oxidative damage,
including enzymatic and non-enzymatic antioxidants, which neu-
tralized oxidants such as mono-linear oxygen and superoxide anions,
thus minimizing oxidative-induced damage73,74.

Metagenomic sequencing analysis
During the initial stages of the reaction, Comamonas was the most pre-
dominant genus, followed by Pseudomonas andDelftia (Fig. 8a). However,
after 30 days, the percentage of Pseudomonas increased slightly, withDelftia
becoming the most abundant genus. Delftia survived at higher

0 200 400 600 800 1000 1200 1400

Binding Energy (eV)

 DB + MR-1 + S-ZVI@biochar

).
u.

a(
ytis

n
et

nI C1s

O1s

Fe2p

d1

280 285 290 295

C=O

C-O

Binding Energy (eV)

C-C

d2

700 705 710 715 720 725 730 735 740

Binding Energy (eV)

Fe (Ⅱ)
Fe (Ⅲ)

Fe (Ⅱ)

Fe (Ⅲ)
Fe (Ⅱ)

d3

525 530 535 540 545

O2-

Fe-OHFe-O

Binding Energy (eV)

d4

700 705 710 715 720 725 730 735 740

Fe (Ⅲ)

Fe (Ⅲ)Fe (Ⅲ) Fe (Ⅱ)

Fe (Ⅱ)

Fe (Ⅱ)

c3

525 530 535 540 545

O2-

Fe-OHFe-O

c4

0 200 400 600 800 1000 1200 1400

Fe2p

).
u.

a(
ytis

n
et

nI

 DB + S-ZVI@biocharc1

C1s

O1s

280 285 290 295

C=O

C-O

C-C

c2

525 530 535 540 545

O2-

Fe-OHFe-O

b4

0 200 400 600 800 1000 1200 1400

).
u.

a(
ytis

n
et

nI

 S-ZVI@biochar + TCEb1

C1s

O1s

Fe2p

700 705 710 715 720 725 730 735 740

Fe (Ⅱ)
Fe (Ⅱ)

Fe (Ⅲ)
Fe (Ⅱ) Fe (Ⅲ)

b3

280 285 290 295

C=O

C-O
C-C

b2

525 530 535 540 545

Fe-OH
Fe-O

O2-

a4

280 285 290 295

C=O
C-O

C-Ca2

0 200 400 600 800 1000 1200 1400

Fe2p

O1s

).
u.

a(
ytis

n
et

nI
 S-ZVI@biocharC1sa1

700 705 710 715 720 725 730 735 740

Fe (Ⅲ)Fe (Ⅱ)

Fe (0)

Fe (0)

Fe (Ⅱ) Fe (Ⅲ)

a3a1 a2 a3 a4

b1 b2 b3 b4

c1 c2 c3 c4

d1 d2 d3 d4

Fig. 7 | XPS spectra of CMC-FeS@biochar before and after TCE reaction in
different degradation systems. a1–d1XPS peaks of S-ZVI@biochar in the initial S-
ZVI@biochar and after 30 d of reaction in the S-ZVI@biochar system, the DB+ S-
ZVI@biochar system, and the DB+MR-1+ S-ZVI@biochar system. There is a
decrease in the content of C = O in S-ZVI@biochar after the reaction of different

systems. a2–d2 Corresponds to the C1s orbital analysis of a1–d1. a3–d3 Corre-
sponds to the Fe2p orbital analysis of a1–d1. The presence of MR-1 increases the
Fe(II)/Fe(III) ratio on the surface of S-ZVI@biochar after the reaction. a4–d4
Corresponds to the O1s orbital analysis of (a1–d1). The presence of MR-1 reduces
the O2−content on the surface of S-ZVI@biochar after the reaction.

https://doi.org/10.1038/s41545-024-00376-9 Article

npj Clean Water |            (2024) 7:81 10

www.nature.com/npjcleanwater


concentrations of TCE and exhibited dechlorination activity75,76. In contrast,
Pseudomonas showed slow growth when exposed to high TCE concentra-
tions, but effectively dechlorinated the compoundat low concentrations77–79.
This process was employed in conjunction with nZVI to remove TCE,
whereby Pseudomonas could degrade TCE when nZVI was passivated80.
Therefore, the proportion ofDelftia increased dramatically after 30 d of DB
reaction and played a major role in dechlorination. When S-ZVI@biochar
was added to the system, it reduced the concentration of TCE through
physicochemical action, allowing Pseudomonas to adapt and grow abun-
dantly. This, in turn, increased the biological dechlorination potential and
resulted in further dechlorination37,81.

This study analyzed the alpha diversity (ACE index, Chao1 index,
Shannon index, and Simpson index) of bacterial communities in dif-
ferent systems based on OTU clusters82. The results showed that TCE, S-
ZVI@biochar, andMR-1 all had a significant effect on the alpha diversity
indices of the microbial community in the system (all p < 0.05). The
results showed that community abundance and diversity in DB
decreased after the addition of TCE, indicating that TCE has a toxic
effect on microorganisms (Fig. 8b−e). However, after the addition of S-
ZVI@biochar, the abundance of microorganisms increased but the
community diversity still decreased. According to Fig. 8a, it was
observed that Pseudomonas became the most dominant genus, which
was because the biochar in the material promoted the selective coloni-
zation of reductive dechlorinating microorganisms attached to the
surface of the biochar. This increased the relative abundance of Pseu-
domonas, while reducing the relative abundance of hydrogen-competing

microorganisms, resulting in an efficient reductive dechlorination
system37. Community abundance further increased after the addition of
MR-1 to the system, and community diversity continued to decrease
with an increase in the percentage of Pseudomonas. This might be due to
the fact that the vital activities of MR-1 provided nutrients (e.g., carbon
sources and riboflavin) to other microorganisms, promoting the growth
of microorganisms with dechlorinating functions29.

In this study, PCoA, NMDS, and UPGMA analyses were conducted
based on a weighted unifrac to reveal the differences in bacterial commu-
nities among the systems83. The PCoA plot revealed that 93.5% of bacterial
community variance was explained by two axes, 74.7% by the first axis and
18.8%by the second axis (Fig. 8f). The closer the sampleswere to each other,
the more similar their species composition was. Overall, the DB system had
greater variability before and after the reaction, whereas the DB+ S-
ZVI@biochar system and the DB+MR-1+ S-ZVI@biochar system had
similar community compositions, but they both differed significantly from
the DB system. The NMDS plot (stress = 0) showed that bacterial com-
munities in different systems were distinct from each other (Fig. 8g). Fur-
thermore, the UPGMA analysis confirmed the effects of TCE, S-
ZVI@biochar, and MR-1 on bacterial communities in different systems
(Fig. 8h).

It should be noticed that MR-1 was not observed in the community
analysis,whichwasdue to the initial additionofMR-1being set at a low level
to reduce its competitive relationship with DB. Additionally, a certain
amount of Fe(III) was reduced to Fe(II) in the system, which suggested that
theremay be other types of bacteria with iron-reducing functions present in

Fig. 8 |Analysis ofmicrobial communities. aMicrobial community composition at
the genus level. When DB alone reacts with TCE, Delftia is the largest percentage of
microorganisms in the community. When S-ZVI@biochar is added, Pseudomonas
becomes the most dominant microorganism in the community in both DB+ S-

ZVI@biochar system and DB+MR-1+ S-ZVI@biochar system. b ACE index of
alpha diversity. cChao1 index of alpha diversity. d Simpson index of alpha diversity.
e Shannon index of alpha diversity. f PCoA plot of bate diversity. g NMDS plot of
bate diversity. h UPGMA circular tree of bate diversity.
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theDB community. Based on the analysis of the community structure at the
genus level (Fig. 8a), it can be found that the Clostridium, Paraclostridium,
and Pseudomonas present in the community all had the ability of iron
reduction84–86. In the absence of S-ZVI@biochar, there was no significant
change in thepercentage ofClostridium,Paraclostridium, andPseudomonas
after 30 d in the DB system. After 30 d of reaction, compared to the DB
system, it can be observed that the increase in the percentages of Clos-
tridium, Paraclostridium, and Pseudomonas in the DB+ S-ZVI@biochar
system were 500.6%, 531.7%, and 145.6%, respectively. And it can be
observed that the increase in the percentages of Clostridium, Para-
clostridium, andPseudomonas in theDB+MR-1+ S-ZVI@biochar system
were 93.7%, 67.1%, and 165.7%, respectively. The addition of MR-1
decreased the proportion of Clostridium and Paraclostridium in the com-
munity and increased that ofPseudomonas. In terms of iron reduction,MR-
1, Clostridium and Paraclostridium were in a competitive relationship. For
dechlorination, MR-1 promoted the viability of Pseudomonas. This indi-
cated that Clostridium and Paraclostridium played a major role in iron
reduction, while Pseudomonas played a major role in dechlorination.

Functional annotation was performed based on KEGG to infer the
genetic potential of microbial communities in TCE-containing systems and
their adaptive characteristics for the biodegradation of xenobiotic com-
pounds. The predicted enzymes were mapped onto TCE biodegradation
pathways to elucidate possible catabolic pathways in the microbial com-
munity. As shown in Fig. 9a, the microorganisms within the system have
multiple metabolic pathways for degrading TCE and have the potential to
completely dechlorinate TCE, which was similar to the results of previous
studies81. Additional metabolic pathways using different enzymes might
cater for the removal of more toxic intermediates, such as cis-1,2-dichlor-
oethene, trans-1,2-dichloroethene, and vinyl-chloride. In addition, the
microbial community has a wide range of dechlorination capabilities, and
can degrade not only PCE/TCE but also trans-dichloropropene, cis-
dichloropropene, 1,1,1-trichloroethane, and other pollutants. This is highly
beneficial to the environment andgreatly increases thepotential for practical
application of microbial dechlorination.

It was observed that the percentage of chloroalkane and chloroalkene
degradation pathways varied in different reaction systems. Compared to the
DB systemat 0 days, the increase of relative proportions of chloroalkane and
chloroalkene degradation processes to all life processes in the DB, DB+ S-
ZVI@biochar, and DB+MR-1+ S-ZVI@biochar systems after 30 d of
reaction were 4.8%, 13.0%, and 17.6%, respectively. The trend of the change
in relative proportions due to the dechlorination process in the different
systems was similar to the relative content of Pseudomonas in different
systems (Fig. 8a), which confirmed that Pseudomonas was a major
dechlorinator of DB. It indicated that S-ZVI@biochar and MR-1 increased
the dechlorination capacity of DB to varying degrees, and the coupling of
DB, S-ZVI@biochar and MR-1 was significant.

Dechlorination Mechanisms of DB, MR-1, and S-ZVI@biochar
During the degradation of TCE by the DB system and DB+MR-1 system,
the dechlorination products produced were cis-DCE and VC, indicating
that hydrogenolysis was the pathway through which TCEwas degraded. At
a reaction time of 30 days, cis-DCE and VC in the DB system were
10.5 μmol/L and 2.6 μmol/L, respectively, and cis-DCE and VC in the
DB+MR-1 system were 14.4 μmol/L and 3.7 μmol/L, respectively. MR-1
could indirectly enhance the role of dehalogenating microorganisms by
changing the structure of the microbial community, providing more
coenzymes for dehalogenatingmicroorganisms, promoting the secretion of
VB12 bymicroorganisms like methanogens, reducing high-valent VB12(III)
to low-valent VB12(II), and creating conditions conducive to the reduction
of TCE by dehalogenating microorganisms.

During the study, both the S-ZVI system and S-ZVI@biochar system
produced ethylene and ethyne as dechlorination products. The process of
β-elimination was identified in S-ZVI and S-ZVI@biochar systems. The
ethylene and ethyne contents in the S-ZVI system were 2.2 μmol/L and
2.3 μmol/L, respectively, while they were 5.5 μmol/L and 15.7 μmol/L in the

S-ZVI@biochar system at 30 days. It was observed that S-ZVI modified by
biochar, resulting in S-ZVI@biochar, had higher reactivity and produced
more dechlorination products. Comparing the changes of dechlorination
products between the S-ZVI system and S-ZVI@biochar system, it was
found that S-ZVI@biochar still had dechlorination potential after 21 days,
while S-ZVI had almost lost its dechlorination ability after 21 days, which
might be due to the fact that S-ZVI was deposited at the bottom of the
culture flasks, and the number of reactive sites of S-ZVI were greatly
reduced. Iron corrosion products also accumulated on the surface of S-ZVI,
which prevented electron transfer between internal Fe0 and the outside
world. In contrast, thebiochar in S-ZVI@biochar increased thedispersionof
S-ZVI@biochar and reduced aggregation, which coincided with the actual
reactions in Supplementary Fig. 4a, d. Furthermore, biochar served as an
electron shuttle, facilitating the electron transfer between S-ZVI@biochar
and the outside world, which improved the reactivity and service life of the
material.

The total amount of ethylene and ethyne produced by the S-ZVI sys-
temwas higher than that produced by the DB+ S-ZVI system (Fig. 10c, d),
which indicated that the addition of microorganisms prevented the
dechlorinationperformanceof S-ZVI. Similarly, thedechlorination capacity
of S-ZVI@biochar was found to be influenced by microorganisms. This
might be due to the microorganisms adhering to the surface of S-ZVI,
reducing its contact with the outside world. At the same time, the total
amount of cis-DCE and VC in the DB+ S-ZVI system and DB+MR-
1+ S-ZVI system was lower than that in the DB system and DB+MR-
1 system, which indicated that S-ZVI also hurt microbial dechlorination
ability.

S-ZVI had a typical core-shell structure consisting of Fe0 as the core
center and FexSy as the outer shell structure, and both of them had com-
plementary or synergistic effects on the removal of pollutants87. The
structure Fe(II) in FexSy is an important active substance that oxidizes and
removes a wide range of organic and inorganic pollutants in the environ-
ment. However, it also has toxic effects on microorganisms by influencing
cell growth and metabolic functions88.

However, the adsorption effect of biochar reduces the spatial distance
between S-ZVI, microorganisms, and TCE, which indirectly enhances the
transfer of substance between them. In addition, biochar has surface func-
tional groups89,90 and a graphite-like structure91,92, which gives it good
electrical conductivity. During the dechlorination process of S-ZVI@-
biochar, the generated corrosion products accumulated on the surface of S-
ZVI, hindering the electron transfer between S-ZVI and TCE. However, at
the interface of S-ZVI in contact with biochar, biochar could directly pro-
mote the electron transfer between S-ZVI and TCE, increasing the S-
ZVI@biochar efficiency. It is worth mentioning that the VC/cis-DCE ratios
in the DB+ S-ZVI@biochar system and DB+MR-1+ S-ZVI@biochar
system was higher than those in the DB system and DB+MR-1 system,
indicating that microbial dechlorination was enhanced, which was attrib-
uted to the biochar in S-ZVI@biochar. The pore structure of biochar pro-
vides an ideal environment for microbial growth by offering space and
protection93. Additionally, biochar contains nutrients and energy that
microorganisms require to thrive, while also reducing the growth inhibition
caused by interspecific competition between different species, and sig-
nificantly influenced the composition and activity of microbial
communities64,94. Moreover, biochar decreased the toxicity of S-ZVI to
microorganisms. At the same time, biochar acted as an electron shuttle to
transfer electrons from the bacterial surface to halogenated organic matter,
accelerating biological dehalogenation95,96. Thus, biochar can increase
microbial dechlorination97. In addition to transferring electrons between
microorganisms and contaminants, biochar also strengthened the con-
nection between microorganisms and materials. For instance, biochar can
transfer electrons generated by S-ZVI@biochar to microorganisms, which
can then be used by DB for bioreductive dechlorination98. Moreover, MR-1
canutilize the electrons generated by S-ZVI@biochar to reduceFe(III) in the
system to biogenic Fe(II). This leads to an improvement in the practical
efficiency of the electrons produced during the reaction. The Fe(II) was then
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reconverted back to Fe(III) after dechlorination of chlorinated organic
matter, realizing the recycling of iron in the system, which has potential for
sustainable remediation applications.

In this study, thedechlorinationprocess andpromotedmechanismsby
the couplingofDB,MR-1 andS-ZVI@biocharwere explained as follows: (1)

The biochar in S-ZVI@biochar acted as a support for DB and MR-1,
allowing microorganisms to grow rapidly on its surface. (2) The biochar in
S-ZVI@biochar could adsorb TCE, which drew microorganisms, S-
ZVI@biochar, andTCEcloser, and facilitatedelectron transfer among them.
Bio-dechlorination and chemical dechlorination were synchronized and
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Fig. 10 | Dechlorination product content over time in different reaction systems.
a The cis-DCE content over time in different reaction systems, and the DB+MR-
1+ S-ZVI@biochar system produces more cis-DCE. b The VC content over time in
different reaction systems, and the DB+MR-1+ S-ZVI@biochar system produces
more VC. c The Ethylene content over time in different reaction systems, and the S-

ZVI@biochar system produces more Ethylene. d The Ethyne content over time in
different reaction systems, and the S-ZVI@biochar system produces more Ethyne.
e Degradation pathways of TCE. Dechlorination of TCE through DB hydro-
genolysis, β-elimination by S-ZVI@biochar, and hydrogenolysis by biogenic Fe(II).
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enhanced. (3) S-ZVI@biochar degraded TCE by β-elimination (formation
of an additional C-C bond with loss of two vicinal halogens) and hydro-
genolysis (replacement of a halogen substituent by hydrogen). DB degraded
TCE via hydrogenolysis. (4) The good electrical conductivity of biochar
benefited the transfer of electrons generated by S-ZVI@biochar to DB and
MR-1, and DB utilized the electrons for dechlorination of the electron
acceptor TCE, whileMR-1 utilized them to convert Fe(III) generated by the
corrosion of S-ZVI@biochar into Fe(II), which continued to participate in
the removal of TCE. (5) MR-1 consumed sodium acetate in the system to
provide nutrients for DB and promote the growth of microorganisms with
functions such as hydrogen production and dehalogenation.

This study is the first to construct a directed electron transfer channel
between microorganisms and TCE by modifying S-ZVI with biochar. The
modified S-ZVI@biochar showed goodmobility and synergistic effects with
microorganisms. Comparing the DB+MR-1+ S-ZVI system with the
DB+MR-1+ S-ZVI@biochar system, S-ZVI@biochar had apositive effect
on both chemical remediation and bioremediation, significantly improving
the overall removal performance of the system forTCE.TheTCE removal of
system DB+MR-1+ S-ZVI@biochar was 73.9% and 9.1% higher than
system DB and S-ZVI@biochar, respectively. In the DB+MR-1+ S-
ZVI@biochar system, hydrogen accumulation lagged behind the significant
removal of TCE, verifying that dehalogenating microorganisms effectively
utilized hydrogen. Based on SEM,XRD, andXPSdata, theDB+MR-1+ S-
ZVI@biochar systemshowed theadditionofMR-1 increased the solid-phase
Fe(II)/Fe(III) ratio from 0.4782 to 0.6690 in the DB+MR-1+ S-ZVI@-
biochar system compared to the DB+ S-ZVI@biochar system, suggesting
that MR-1 can bioconvert Fe(III) to Fe(II) with dechlorination ability, thus
cycling iron in the system. S-ZVI@biochar played a key role in linking the
chemical dechlorination process with the biological dechlorination process.
The electrons generated by S-ZVI@biocharwere transferred toDB andTCE
via biochar, and DB transferred electrons to TCE via biochar, which made
biochar a promising option for in situ remediation of TCE linking the
chemical materials with microorganisms.

Data availability
The datasets used and analysed during the current study available from the
corresponding author on reasonable request. All applicable data is provided
in the figures and tables of the manuscript.
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