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In-situ enhanced bioreduction by functional materials is a cost-effective technology to remove chlorinated
hydrocarbons in groundwater. Herein, a novel polydopamine (PDA)-modified biochar (BC)-based compos-
ite containing nanoscale zero-valent iron (nZVI) and poly-L-lactic acid (PLLA) (PB-PDA-Fe) was synthe-
sized to enhance the removal of 1,1,1-trichloroethane (1,1,1-TCA) in simulated groundwater with actual
site sediments. Its impact on functional microbial community structure in system was also investigated.
The typical characterizations revealed uniform dispersion of PLA and nZVI particles on the BC surface, be-
ing smoother after PDA coating. The composite exhibited a significantly higher performance on 1,1,1-TCA
removal (82.38%, initial concentration 100 mg/L) than Fe-PDA and PB-PDA treatments. The diversity and
richness of the microbial community in the composite treatment consistently decreased during incuba-
tion due to a synergistic effect between PLLA-BC and nZVI. Desulfitobaterium, Pedobacter, Sphaerochaeta,
Shewanella, and Clostridium were identified as enriched genera by the composite through DNA-stable iso-
tope probing (DNA-SIP), playing a crucial role in the bioreductive dechlorination process. All the above
results demonstrate that this novel composite selectively enhances the activity of microorganisms with
extracellular respiration functions to efficiently dechlorinate 1,1,1-TCA. These findings could contribute to
understanding the responsive microbial community by carbon-iron composites and expedite the applica-
tion of in-situ enhanced bioreduction for effective remediation of chlorinated hydrocarbon-contaminated

groundwater.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Chlorinated hydrocarbons are widely used as organic solvents.
Due to their strong toxic effects and easy leakage into surround-
ing environments, they cause significant soil and groundwater pol-
lution, leading to high risks to ecosystem and human health [1,2].
Therefore, research on the remediation of chlorinated hydrocarbon-
contaminated groundwater is of great practical significance and ap-
plication value.

Microbial dechlorination is considered as a low-cost, environ-
mentally friendly technology to effectively remove chlorinated hy-
drocarbons from groundwater [3,4]. In this process, chlororespi-
ration and dissimilatory iron reduction are two important path-
ways of bioreductive dechlorination, which are proceed via direct
dechlorination through the sequential replacement of chlorines by
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hydrogen from microbial fermentation, and indirect dechlorina-
tion by accepting electrons from the microbially generated Fe(II),
respectively [5-11]. However, the toxicity of chlorinated hydro-
carbons and the complex conditions of groundwater inhibit the
dechlorination capabilities of functional microorganisms, such as
iron-reducing bacteria. Therefore, new approaches are needed to
enhance the effectiveness of microbial dechlorination. In-situ en-
hanced bioreductive dechlorination (IEBD) technology aims to pro-
mote the biodegradation of chlorinated hydrocarbons by providing
suitable nutrients and electron donors to microorganisms, attract-
ing significant attention [12,13].

The treatment effect of IEBR is mainly determined by reme-
dial materials, such as zero-valent iron (ZVI) and organic carbon
sources [14-17]. Iron powders, especially nano ZVI (nZVI) particles
exhibit quick removal of organochlorine compounds, along with
simple preparation, low cost and great migration [18-21]. Beside
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the directly chemical reduction by ZVI, the reduction of Fe(Ill) hy-
droxides on ZVI surface by iron-reducing bacteria can also be in-
volved in the dechlorination of pollutants in groundwater [22].
Moreover, in actual contaminated site, the limited availability of or-
ganic carbon sources results in a low population of functional mi-
croorganisms, thus reducing their degradation capacity. Therefore,
extra organic carbon sources like sodium lactate as electron donors
are generally provided to increase the microbial reductive activity
[23]. However, these materials face issues such as easy agglomer-
ation and oxidation, short effective duration, and low utilization
efficiency. Thus, the preparation and application of efficient func-
tional composite materials have gradually become a new research
direction.

Biochar (BC) is effective in removing chlorinated hydrocarbons
from the environment due to its enriched pore structures and
redox groups, enhancing absorption and microbial dechlorination
[24]. Moreover, loading ZVI on BC can significantly reduce the ag-
glomeration degree of ZVI and enhance its chemical dechlorination
effect on chlorinated hydrocarbons [25]. However, the bioavailabil-
ity carbon content in BC is relatively low, which cannot provide
sufficient organic carbon sources for microorganisms, affecting fur-
ther microbial reduction dechlorination in the long term [26]. In
addition, the hydrophilicity of BC is poor, limiting its thorough con-
tact with pollutants and microorganisms in groundwater. Poly-L-
lactic acid (PLLA) can slowly release organic carbon that can be
utilized by microorganisms, making it a good sustained-release car-
bon source [27]. Polydopamine (PDA) is rich in amine and hydroxyl
groups, making it an excellent modifier to improve the antioxidant
properties, hydrophilicity, and biocompatibility of base materials
[28,29]. However, there are few reports on the use of PDA modified
BC loading ZVI and PLLA for removing chlorinated hydrocarbons in
groundwater, and indigenous microbial responses to the composite
during remediation should be further explored.

This study developed a new composite of poly-L-lactic acid-
supported biochar (PB)-PDA-Fe, using BC as the carrier, nZVI as
the reducing agent, PLLA as the sustained carbon source, and
PDA as a surface modifier. Through anaerobic microcosm cultiva-
tion, the enhanced bioreductive dechlorination effect of composite
on 1,1,1-trichloroethane (1,1,1-TCA) in simulated groundwater con-
taining actual site sediments was investigated. Furthermore, the
changes in the microbial community structure in the groundwater
system were analyzed using 16S rRNA high-throughput sequenc-
ing and DNA-stable isotope probing (DNA-SIP) technology to re-
veal key functional microbial groups responding to the compos-
ite. The meaning of this study is to offer valuable insights into the
microbial response of 1,1,1-TCA degradation by this PDA-modified
carbon-iron composite, thus providing the profound theoretical ba-
sis for its application in remediation of chlorinated hydrocarbon-
contaminated groundwater through in-situ enhanced bioreductive
dechlorination technologies.

The supporting information includes the process of material
preparation and experimental methods. In general, composite ma-
terials formed by mechanically combining various components of-
ten have many defects. Therefore, it is necessary to organically
combine the components using chemical functional modification
and other means to fully leverage their advantages. This study uti-
lized the methods of solution intercalation and liquid-phase re-
duction to prepare PB-PDA-Fe composite (Fig. 1a), and the X-ray
diffraction (XRD) structures of the products of each component
(nZVI, BC, PB, PB-PDA, PB-PDA-Fe) are shown in Fig. 1b. Specifi-
cally, nZVI exhibits distinct «-Fe® characteristic diffraction peaks
at 20 =44.8°, 64.9°, and 82.3°, indicating that the nZVI prepared
by liquid-phase reduction has a body-centered cubic structure [30].
BC and PB samples show distinct peaks of an amorphous carbon
structure at 26 =23.1° [31]. Sample PB presents a new characteris-
tic diffraction peak at 26 =16.8°, which may be related to PLLA in
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the composite material [32]. Sample PB-PDA contains peaks of the
amorphous carbon structure and PLLA. Sample PB-PDA-Fe exhibits
all three characteristic diffraction peaks mentioned above, indicat-
ing successful loading of both PLLA and nZVI on the BC.

Further characterization was conducted using Fourier transform
infrared spectroscopy (FTIR) on BC, PB, PB-PDA, and PB-PDA-Fe,
with the results shown in Fig. 1c. The infrared spectrum of BC ex-
hibits peaks mainly at 3465, 2982, 1628, 1400, 1011, 835 and 706
cm~!. The broad peak near 3465 cm~! corresponds to the stretch-
ing vibration of O-H; the peak near 2982 cm~! corresponds to the
stretching vibration of C-H; the peak near 1628 cm~! corresponds
to the stretching vibration of the C=C aromatic compound struc-
ture in BC; the peak near 1400 cm~! may be attributed to C=0
in the aromatic compound structure of BC; the peak near 1011
cm~! may be related to the stretching vibration of C-O in phe-
nols and alcohols; the peaks near 835 and 706 cm~! may corre-
spond to the vibration of C-H in the aromatic compound structure
[33]. The FTIR spectrum of PB reveals peaks similar to the base
material BC, with a new peak appearing near 1186 cm~', possibly
due to the presence of C=0 in the PLLA molecular chain, indicating
successful loading of PLLA on BC. Moreover, the peak around 3465
cm~! in the FTIR spectrum of PB-PDA appears broader than in PB,
likely due to the overlap of stretching vibrations of hydroxyl groups
on the PB surface and amine groups on the PDA membrane [34].
Lastly, a new peak at 575 cm~! in the FTIR spectrum of PB-PDA-
Fe corresponds to the stretching vibration of Fe-O [35], indicating
successful loading of nZVI on the material with partial oxidation of
the loaded nZVI.

X-ray photoelectron spectroscopy (XPS) analysis was further
conducted on the surface compositions of various material sam-
ples. The three spectra lines in Fig. 1d represent the XPS full spec-
trum information of PB, PB-PDA, and PB-PDA-Fe. It can be observed
that PB only exhibits distinct C 1s and O 1s peaks near the binding
energies of 284.6 and 530.7 eV. In contrast, PB-PDA-Fe and PB-PDA,
after PDA coating, not only show C 1s and O 1s peaks but also re-
veal a noticeable N 1s peak around 399.7 eV, indicating the pres-
ence of N 1s from PDA, thus suggesting a successful PDA coating
on the material surface. In the XPS full spectrum of PB-PDA-Fe, an
Fe 2p peak appears near a binding energy of 710.5 eV, which is ab-
sent in the XPS spectra of the two materials without loaded nZVI,
further confirming the successful loading of nZVI on the surface of
PB-PDA-Fe.

Figs. S1a and b (Supporting information) show the XPS peak
spectra of elements C 1s and O 1s in PB, while Figs. S1c-f (Sup-
porting information) display the XPS peak spectra of elements C
1s, O 1s, N 1s, and Fe 2p in PB-PDA-Fe. Fig. S1a reveals that
in PB, the C 1s peaks consist of three groups: C-C/C-H (~284.6
eV, ~53.8%), C-0 (~286.4 eV, ~35.4%), and 0-C=0 (~289.0 eV,
~10.8%), whereas the O 1s peaks only contain the C-OH/C-O
(~532.6 eV, ~100%) group as shown in Fig. S1b. The results from
Fig. S1c indicate that after loading of PLLA and nZVA, the C 1s
peaks in PB-PDA-Fe also consist of C-C/C-H, C-O, and O-C=0
groups, but with varying proportions of 50.4%, 40.4%, and 9.2%
respectively. The O 1s peaks transition from a single C—-OH/C-0O
group to a combination of C-OH/C-0 (~73.0%), C=0 (~531.5 eV,
~22.6%), and Fe,03 (~530.2 eV, ~4.4%) groups as shown in Fig.
S1d. These changes are primarily due to the introduction of new
groups from PLLA, altering the types and quantities of surface
groups on PB. The appearance of Fe,03 in the O 1s peaks confirms
the oxidation of the loaded nZVI. The N 1s peaks in PB-PDA-Fe cor-
respond to amine-NH, (~401.7 eV, ~18.5%) and substituted amine-
NH (~399.8 eV, ~81.5%). The transformation of amine groups in
dopamine molecules to substituted amine groups indicates the oc-
currence of self-polymerization of dopamine with the PB matrix
during the oxidation process, demonstrating the chemical encapsu-
lation of PDA on the material surface (Fig. S1e). Analysis of the Fe
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Fig. 1. (a) Schematic diagram of the preparation of PB-PDA-Fe. (b) XRD, (c) FTIR and (d) XPS spectrum of the prepared samples.
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Fig. 2. SEM images of (a) BC, (b) PB, (c) PB-PDA and (d) PB-PDA-Fe. (e-h) TEM and EDS of PB-PDA-Fe.

2p peaks in PB-PDA-Fe reveals the presence of Fe(Ill) (~91.3%) and
Fe® (~8.7%), with Fe(Ill) corroborating with the Fe,05 observed in
the O 1s peaks, confirming the oxidation of the loaded ZVI. Addi-
tionally, the presence of Fe® suggests that the oxidation is limited
to the surface of the ZVI and has not further progressed (Fig. S1f)
[36,37].

Figs. 2a-d illustrate the morphological structures of BC, PB, PB-
PDA, and PB-PDA-Fe under scanning electron microscopy (SEM).
In Fig. 2a, BC surface appears smooth with abundant and well-
structured tubular pores. Fig. 2b shows PLLA irregularly dispersed
as granular particles (0.5-3 pm) on the BC surface, increasing its
roughness without significantly covering its pore structure. This
morphology indicates that loading PLLA not only retains the origi-
nal BC structure but also enhances adsorption capabilities for pol-
lutants and microorganisms due to the increased roughness. Fig.
2c reveals that the morphology of PB-PDA is similar to PB, while
PB-PDA surface is smoother due to the PDA coating. In Fig. 2d,
nZVI generated through liquid-phase reduction appears as spher-
ical particles (50-150 nm) loaded on the matrix surface, exhibiting
a relatively uniform distribution with some aggregation due to its
large specific surface area. Figs. 2e-h present transmission electron
microscopy (TEM) and energy dispersive X-ray spectrometry (EDS)
images of the composite PB-PDA-Fe. In Fig. 2e, the darker circular
particles identified by EDS as nZVI have an average size of approx-
imately 100 nm. Fig. 2f shows the EDS results indicating the main
distribution of C, N, and O elements on the matrix surface, with a
significant presence of O elements on the surface of nZVI particles
due to their high surface area prone to oxidation. TEM observation
reveals dark circular particles within the PDA coating on the mate-
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Fig. 3. Different materials were used to remove 1,1,1-TCA in simulated groundwa-
ter (Cp: initial concentration of 1,1,1-TCA; C;: concentration of 1,1,1-TCA at time t).
CT, PZ, PO and POZ represent none, Fe-PDA, PB-PDA and PB-PDA-Fe with sediment-
groundwater mixture, respectively. Data are presented as mean + standard devia-
tion (SD) (n=3).

rial surface, with a lattice spacing of 0.277 nm matching the iron
atom lattice spacing (Figs. 2g and h), suggesting the formation of
smaller nZVI particles during liquid-phase reduction embedded in
the PDA coating. These results are consistent with FTIR, XRD and
XPS analysis.

The effects of the composite and other control materials (treat-
ments are listed in Table S3 in Supporting information) on 1,1,1-
TCA removal in simulated groundwater amended with sediments
from an actual site contaminated with chlorinated hydrocarbons
are shown in Fig. 3. It can be observed that in the sediment-



H. Yin, L. Meng, L. Li et al.

100 Proteobacteria
B 0 T s = D [ | Firmicutes
— || — Bacteroidetes
w - Actinobacteria
= wm — Chloroflexi
S 804 - Spirochaetes
K wem — Patescibacteria
mm Acidobacteria
g Deinococeus-Thermus
=] mm _ Planctomycetes
s 604 —_— Nitrospirae
'g wm - Rokubacteria
= wem _ Dadabacteria
..<O wmmm _ Verrucomicrobia
i mm — Cyanobacteria
o 40 GALLS
> wmm — Gemmatimonadetes
=] wmm _ Armatimonadetes
= — Tenericutes
é 204 — Epsilonbacteraeota
e _ Latescibacteria
== _BRCI
— Fibrobacteres
— Caldiserica
0 T T T T T T T T T Elusimicrobia
b OR CT3 POZ3 PO.3 PZ3 CT.15 POZ.15PO.15 PZ.15 = —Deferribacteres
100 r— w _Acinetobacter

_ Curvibacter

mm _ Aquabacterium
w— _ uncultured
|| wmm _ Bacteroides
Cupriavidus
w— _ Methylotenera
_ unidentified
Erysipelothrix
wmm _ Pseudomonas
_ Rhodoferax
mm _ Ralstonia

I BN

uncultured

mmm _ Pedobacter
Desulfitobacterium
_ Thiobacillus

Relative Abundance (%)

w _ Xenophilus
wmm _ Faecalibacterium
unidentified
_ Dialister
wmm _ Phenylobacterium

OR CT.3 POZ3 PO.3 PZ3 CT.15 POZ.15 PO.15 PZ.15

wm—_permafrost-metagenome

wem _ uncultured-Gordonibacter-sp.
Allorhizobium-Neorhizobium

Chinese Chemical Letters 36 (2025) 110313

ae-NK4A136-group

mia-Paraburkholderia

B,
o
O

=
Q
N
O

Fig. 4. Microbial distribution (a) at the phylum level and (b) at the genus level in different treatments. (c¢) Community composition heat map at the genus level in different

treatments.

groundwater mixture (CT) treatment without adding any materi-
als, the removal effect of 1,1,1-TCA was poor, with removal rates
of 13.21% after 360 h. In contrast, in the PB-PDA-Fe + sediment-
groundwater mixture (POZ) treatment with the addition of com-
posite PB-PDA-Fe, the removal rate of 1,1,1-TCA reached 82.38%
at 360 h, which was respectively 32.17% and 40.21% higher than
those in the Fe-PDA + sediment-groundwater mixture (PZ) and PB-
PDA + sediment-groundwater mixture (PO) treatments. This indi-
cates that the composite material can effectively enhance the re-
ductive dechlorination effect of 1,1,1-TCA in actual contaminated
groundwater, showing potential for IEBD remediation at actual
contaminated sites.

Alpha diversity is a crucial component of microbial diversity,
serving as a comprehensive indicator of microbial richness and
evenness within a specific region or ecosystem. Alpha diversity
is primarily related to two factors: species richness and diver-
sity, reflecting the abundance and uniformity of individuals in a
community. Indices of community richness include the Chaol and
abundance-based coverage estimator (ACE). Indices of community
diversity include the Shannon and Simpson. Table S4 (Supporting
information) presents the Alpha diversity indices of microbial com-
munities in different treatments in the simulated groundwater sys-
tem. From Table S4, it is evident that after 3 days of incubation,
both the Chaol and ACE indices in all treatment groups decreased
compared to the original sediment sample, indicating a decrease
in the richness of microbial communities in sediments during the
first 3-day incubation period. This decrease may be attributed to
the initially high concentration of 1,1,1-TCA (100 mg/L), leading to
the death of some microbes. Additionally, the reducing environ-
ment in the microbial culture system enhanced the inhibition of
aerobic microbial growth present in the original sediment sample,
further reducing the overall richness of microbes in the system. Af-
ter 15 days of incubation, the microbial richness in CT treatment
without added materials increased compared to 3 days but re-
mained lower than the original sediment sample. While the micro-
bial richness continued to decrease in PO, PZ, and POZ treatments
with different materials added, with POZ treatment showing the

most significant decrease. This indicates that the addition of these
remedial materials can reduce the richness of microbes in the sys-
tem. Furthermore, the Shannon and Simpson indices of microbial
communities reveals that after 15 days of incubation, the diversity
and evenness of microbes in treatments with different materials
added also decreased. This may be due to the remedial materials
promoting the growth of specific microbial communities, thereby
inhibiting the growth of other pre-existing microbial communities.

Fig. 4a illustrates the distribution of dominant microorgan-
isms at the phylum level in different treatments of the simu-
lated system. It can be observed that the top five phyla in relative
abundance in all treatments were Proteobacteria, Firmicutes, Bac-
teroidetes, Actinobacteria, and Chloroflexi. In the original sediment
sample, these five phyla coexisted with abundances of 78.32%,
3.79%, 10.91%, 1.01%, and 0.32%, respectively. In CT treatment with-
out added materials, after 3 and 15 days of cultivation, only the
abundance of the Proteobacteria increased, while the abundances of
the other phyla gradually decreased, with Chloroflexi not detected
after cultivation. In PO treatment, the changes in microbial phy-
lum abundance were similar to those in CT treatment, but the in-
crease in Proteobacteria abundance was greater, indicating that PB-
PDA promoted the growth of Proteobacteria in the system. In PZ
and POZ treatments, the abundance of the Proteobacteria decreased
with prolonged cultivation time, while the abundances of the Fir-
micutes and Actinobacteria increased. After 15 days of cultivation,
the abundance of Firmicutes and Actinobacteria in POZ treatment
increased by 11.2 and 38.6 times, respectively. This indicates that
the nZVI component in the composite contributes to the growth of
Firmicutes and Actinobacteria, inhibiting the growth of Proteobacte-
ria. Studies have shown that within the Firmicutes and Actinobac-
teria phyla, there are various microorganisms capable of reduc-
tive dechlorination, acid-producing fermentation, and iron reduc-
tion [38,39]. Previous research has shown that a similar compos-
ite of BC-supported polycaprolactone and nZVI can synergistically
enhance the removal of 1,1,1-TCA in aqueous solutions with iron
reduction bacteria [40]. The changes in microbial communities at
the phylum level in PZ and POZ treatments indicate that the com-
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posite can also synergistically work with iron-reducing bacteria in
reducing dechlorination in simulated contaminated groundwater.

Fig. 4b shows the distribution of dominant microorganisms at
the genus level in different treatments of the simulated system.
The dominant genera in the original sediment sample were mainly
Curvibacter, Pedobacter, Acinetobacter, Pseudomonas, and Cupri-
avidus, with relative abundances of 47.78%, 9.82%, 2.21%, 1.73%, and
1.46% respectively. After 3 days of cultivation, the dominant genera
in the POZ treatment system were Bacteroides (33.89%), Faecalibac-
terium (8.13%), and Curvibacter (4.31%). After 15 days cultivation,
the dominant genera in the POZ system changed into Clostridi-
aceasexia_uncultured (23.79%), OPB41_unidentified (26.11%), Desulfi-
tobaterium (10.76%), and Pedobacter (8.34%). Desulfitobaterium and
Pedobacter are common reductive bacterial groups capable of re-
ducing various chlorinated organic pollutants, sulfates, and nitrates
[41]. The results in Fig. 4b also indicate that the relative abundance
of microbial genera in the CT, PZ, and POZ treatment systems grad-
ually became more evenly distributed with prolonged cultivation
time, while in the PO system, the relative abundance of Acinetobac-
ter increased with time and gradually became the most dominant
genus in the system. Acinetobacter can produce fatty acids through
fermentation of organic matters, which might further enhance the
bioreduction of chlorinated hydrocarbons as electron donors [42].
They also have reductive ability to directly degrade some refrac-
tory organic pollutants by producing reductase [43]. The PO treat-
ment system was rich in organic matters from PLLA, thus provid-
ing a favorable growth environment for Acinetobacter and making
it become the most dominant genus. These results suggest that the
various components in this composite can selectively promote the
activity of functional bacterial genera, enhancing the removal effi-
ciency of pollutants in the treatment system.

To intuitively display the abundance information of microbial
community at the genus level, the community composition data
at the genus level is clustered based on the abundance distri-
bution of taxonomic units. The taxonomic units and samples are
sorted according to the clustering results, and displayed in the
form of a heatmap, as shown in Fig. 4c. Through clustering, it
is possible to distinguish between high and low abundance tax-
onomic units, with the color gradient reflecting the similarity
of community composition between samples. In this representa-
tion, red represents genera with higher abundance in the corre-
sponding samples, while green represents genera with lower abun-
dance. It can be observed that in PO treatment with the addi-
tion of PB-PDA, Pseudomonas, Acinetobacter, and Rhodoferax be-
came the main genera over time. In PZ treatment with the addi-
tion of Fe-PDA, the dominant genera changed to Erysipelothrix, Bre-
vundimonas, and Caenimonas over time. In POZ treatment with the
addition of the composite PB-PDA-Fe, after 3 days of cultivation,
the dominant genera included Bifidobacterium, Escherichia-Shigella,
Lachnospiraceae_UCG-008, and 17 other genera. However, when the
cultivation time reaches 15 days, the number of dominant gen-
era decreased to 3, namely Ochrobactrum, Desulfitobacterium, and
Permafrost_metagenome. Studies have shown that genera such as
Desulfitobacterium are capable of both iron reduction and certain
reductive dechlorination abilities [9,44]. This result indicates that
the studied composite can preferentially promote the growth of
microorganisms in the system that possess both iron reduction and
reductive dechlorination abilities, further validating the synergis-
tic effect with extracellular respiration microorganisms on 1,1,1-TCA
removal in groundwater.

To assess the similarity of microbial community structures in
treatments with different remedial materials, principal component
analysis (PCA) was conducted on samples from each treatment.
The results, depicted in Fig. 5, reveal that the first principal com-
ponent axis (PC1) accounted for 54.38% of the community struc-
ture variation, while the second principal component axis (PC2)
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explained 17.34%, totaling 71.72%. These findings suggest distinc-
tions in microbial community structures between CT.3 (3 days) and
CT.15 (15 days) samples compared to the original sediment sample
(OR) along the PC2 axis, indicating that natural substances in the
sediment can influence microbial community structure. Notably,
PO.3 and P0.15 samples exhibited significant differences in micro-
bial community structure, and their microbial community struc-
tures displayed disparities on both PC1 and PC2 axes compared to
OR and CT samples. Conversely, the microbial community structure
in PZ.3 and PZ.15 samples only varied on the PC2 axis compared
to the OR sample, and showed greater similarity to the microbial
community structure of CT treatment samples. Furthermore, the
microbial community structure in POZ.3 and POZ.15 samples dif-
fered significantly from both PO and PZ treatment samples. These
results highlight PLLA-BC and nZVI in the composite, can alter
microbial community structures in groundwater to some degrees,
with the former exerting a notably higher impact. Importantly, a
synergistic effect between PLLA-BC and nZVI leads to a novel se-
lective effect on microbial community structures.

To further clarify the response of functional microorganisms in
sediment-groundwater mixture to the composite, 13C-labeled and
unlabeled sodium acetate were added to the microcosm systems
with and without PB-PDA-Fe, and the composition characteristics
of the functional microbial community response to the compos-
ite in the mixture systems were analyzed after 5 days of culti-
vation through isopycnic density gradient ultracentrifugation and
16S rRNA high-throughput sequencing. Here, the sodium acetate
was considered as the organic carbon released from the compos-
ite. After the total sediment DNA in each treated system was sep-
arated by density gradient, the quantitative analysis of bacterial
DNA in each fraction with different buoyant density is shown in
Fig. 6a. It can be observed that 16S rRNA gene in treatments us-
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ing 13C-sodium acetate as the organic carbon source (13C-CK and
13C-p0Z) were detected in the high density DNA layer, while 16S
rRNA gene in the treatments using '2C-sodium acetate (2C-CK
and 12C-POZ) were relatively enriched in the lower density DNA
layer. This result indicates that bacterial DNA in the treatments
with 13C-sodium acetate as the organic carbon source was suc-
cessfully labeled with 13C and effectively separated. The composi-
tions of dominant microorganisms at the genus level of 3C-DNA
in the treatments using 3C-sodium acetate as the organic car-
bon source are shown in Fig. 6b. It can be observed that after 5
days of cultivation, the diversity of microbial communities of 13C-
DNA in the sediment in 3C-POZ treatment did not show signif-
icant changes compared to the control treatment without added
materials (3C-CK), but there was a significant difference in the
relative abundance of dominant microorganisms. The dominant
genera present in both treatments include: Desulfitobaterium, Pe-
dobacter, Sphaerochaeta, Shewanella, Clostridium, Enterococcus, Ace-
tobacterium, Cupriavidus, Curvibacter, and Bacteroidete. Compared to
the control treatment, the relative abundances of Desulfitobaterium,
Pedobacter, Sphaerochaeta, Shewanella, and Clostridium in 13C-POZ
treatment increased by 24.2%, 13.0%, 11.1%, 6.7%, and 1.6% respec-
tively, and these genera have been proven to possess characteristics
such as iron reduction, sulfate reduction, hydrogenotrophic acido-
genesis, and electroactivity, and play important roles in the biore-
ductive dechlorination process [45-48]. In contrast, the relative
abundances of Enterococcus, Acetobacterium, Cupriavidus, Curvibac-
ter, and Bacteroidete, which mainly perform carbon metabolism and
energy storage functions, decreased or remained unchanged in 13C-
POZ treatment. These results indicate that the microorganisms in
the sediment-groundwater mixture that exhibited a positive acti-
vated response to the composite were mainly reductive bacteria
with extracellular electron transfer capability. They further explain
that this composite mainly enhanced the activity of iron-reducing
bacteria through the Fe(Il)/Fe(Ill) system generated by Fe® oxida-
tion and promoted the bioreductive dechlorination of chlorinated
hydrocarbons via the electron shuttle capability of BC.

This study successfully prepared a novel composite with BC as
the carrier, PDA as the modifier, containing PLLA and nZVI as effec-
tive components, and aimed at enhancing the bioreductive dechlo-
rination of 1,1,1-TCA in groundwater. The results indicate that PLLA
and nZVI were uniformly dispersed on the surface of biochar in
granular form, and PDA modification reduced the roughness of
the composite. Furthermore, this composite exhibited excellent re-
moval efficiency for 1,1,1-TCA in simulated groundwater contain-
ing actual site sediments. The final pollutant removal rate reached
82.38%, surpassing the Fe-PDA and PB-PDA treatments by 32.17%
and 40.21%, respectively. Compared to the blank control, the com-
posite significantly reduced the diversity and richness of microbial
communities in groundwater system, notably decreasing the rel-
ative abundance of Proteobacteria, while increasing Firmicutes and
Actinobacteria. The impact of PLLA-BC in the composite on the mi-
crobial community composition was significantly larger than that
of nZVI, yet both exhibited a synergistic effect, leading to a new
selective effect on the microbial community. DNA-SIP analysis re-
veals that the enriched genera in the 3C-heavy fractions in the
composite treatment were associated with extracellular respira-
tion function, playing a crucial role in the bioreductive dechlori-
nation. In summary, this study provides a deeper understanding
of the response of functional microbial communities to carbon-
iron composites modified by PDA, which is contribute to the ra-
tional preparation and utilization of remedial materials to sus-
tain key microbial activities, and ultimately improve the prospects
of in-situ enhanced bioreductive dechlorination technologies, such
as permeable reactive barrier (PRB) and in-situ injection, for
the efficient remediation of chlorinated hydrocarbon-contaminated
groundwater.
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