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ABSTRACT: Carbonaceous materials, including activated carbon and
pyrolytic carbon, have been recognized for about over a decade as
effective electron shuttles or conductive materials in promoting microbial
Fe(Ill) mineral reduction. However, recent studies reveal inhibitory
effects, sparking debates about their overall impact. We hypothesized that
the physical contact between bacteria and carbon is an overlooked yet
critical factor in determining whether carbon promotes or inhibits
microbial Fe(IIl) reduction. Using systems containing Shewanella
oneidensis MR-1, activated carbon, and ferrihydrite, we investigated how
carbon—iron oxide aggregate structure affects Fe(III) reduction kinetics.
At low activated carbon-to-iron oxide ratios (C/Fe = $:7 by mass),
ferrihydrite aggregated with carbon, forming carbon-encapsulated
particles that suppressed Fe(III) reduction rates. Conversely, at higher
ratios (C/Fe = 100:7), the ferrihydrite dispersed on the carbon surface, enhancing both the rate and extent of Fe(III) reduction.
Tests with 11 different carbonaceous materials (activated carbon and biochar) all confirmed that the microstructure of iron oxides—
whether encapsulating or dispersed—on carbon surfaces is critical for determining Fe(III) reduction rates. This insight resolves the
debate on whether carbonaceous materials promote or inhibit Fe(III) mineral reduction and enhances our understanding of their
roles in biogeochemical processes and environmental remediation.
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B INTRODUCTION The aggregation of iron oxides and carbon particles is
controlled by electrostatic forces and other physical and
chemical effects. Typically, biochar carries a negative charge,
while iron oxides such as ferrihydrite, goethite, and hematite
are positively charged.”® The positively charged Fe—OH
groups on the surface of iron oxides tend to electrostatically
adsorb onto the negatively charged COOH and C=0 groups
on the surface of carbon materials.”® van der Waals forces may
also facilitate the adsorption and aggregation of iron and
carbon particles.27 In the environment, the aggregation of
biochar and iron oxides is influenced by pH, ionic strength,
and the concentration of humic acids, as well as particle
size.”>”®*” How natural variation in the structure of iron
oxide—carbon aggregates affects microbial iron reduction in

Carbonaceous materials, including activated carbon and
biochar, are widely used as soil amendments to reduce the
effects of soil acidification and chemical contamination.'”” In
addition to their traditionally recognized capacity to adsorb
heavy metals®” and regulate pH,"'”'" carbonaceous materials
can also mediate electron transfer between microorganisms
and iron(I1I) (oxyhydr)oxide minerals, which for simplicity we
refer to as iron oxides.'”"? These carbonaceous materials are
capable of electron shuttling,"*™'® the release of dissolved
organic matter (DOM),"” ™" and increasing bulk conductiv-
ity,"”*" thereby accelerating microbial Fe(III) reduction.””
Whether serving as an electron shuttle or a conductive
material, the physical interactions between microorganisms,
the carbon material, and iron oxides are essential for the

reaction to occur.”>** However, many studies overlooked the Received: December 13, 2024
importance of the adsorption of cells and iron on the surfaces Revised:  April 2, 2025
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making the microstructure of carbon—iron oxide aggregates a Published: April 10, 2025

critical yet underexplored factor in understanding the role of
carbonaceous materials in microbial Fe(III) reduction.
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particular and iron—carbon—microbe interactions in general is
not clearly understood.

Although the role of carbonaceous materials in promoting
microbial Fe(III) mineral reduction has been widely
recognized, recent studies have noted that their influence on
interactions between microorganisms, carbon, and minerals
can sometimes lower or even inhibit the rate of Fe(III)
reduction. This is attributed to the effects caused by changes in
physical interactions. It has been observed that biochar can
adsorb bacterial cells, thereby reducing the interaction between
the cells and ferrihydrite.”® A similar phenomenon was
observed in research on nontronite reduction.’’ In these
studies, biochar inhibited microbial Fe(IIl) reduction by
minimizing physical contact between cells and the iron oxides.
However, due to the negative zeta potential of carbonaceous
materials such as activated carbon and biochar in most
environments,”> > along with the positive zeta potential of
poorly crystalline iron oxides (pH < 8.2),>”*" carbonaceous
materials are more likely to adsorb iron oxides than microbes.
In prior studies on ferrihydrite, researchers used optical and
fluorescence microscopy to observe iron—carbon—microbe
interactions.’® While these methods clearly showed microbial
spatial positioning, they provided limited insight into the
physical interactions between carbon and iron oxides. More-
over, these studies did not quantify the physical aggregation
between iron and carbon. Additionally, carbonaceous materials
interact with both minerals and microorganisms and may also
adsorb newly generated Fe(II).”” As Fe(II) is key to catalyzing
iron oxide transformations,*”*" carbonaceous material adsorp-
tion may affect these processes. Considering the importance of
the physical contact between cells, carbon and iron oxides, and
the conflicting findings—some indicating promotion, others
inhibition of Fe(III) reduction by carbonaceous materials—we
hypothesized that the microstructure of carbon—iron oxide
aggregates may be an important factor controlling this process.

Activated carbon is highly conductive®** and also has active
hydroxyl and carbonyl functional groups.”” Compared to
biochar, activated carbon is a more widely used adsorbent.**
Therefore, to examine how the microstructure of carbon—iron
oxides affects Fe(IIl) reduction, we selected two activated
carbon compounds as representative materials for a systematic
study and later used 9 different biochars from various sources
prepared at different temperatures to verify the general
principles. These carbonaceous materials were incorporated
into a reaction system that included the Fe(III)-reducing
bacterium Shewanella oneidensis MR-1*° and poorly crystalline
ferrihydrite.”® The kinetics and extent of Fe(III) reduction, as
well as the physical contact, were systematically studied. By
varying the proportions of carbon, microorganisms, and iron,
this study aims to test the hypothesis that the physical form of
ferrihydrite on the surface of carbonaceous materials is the key
factor that controls whether microbial Fe(III) reduction is
inhibited or promoted. We hoped to clarify the ongoing debate
about whether carbonaceous materials promote or inhibit
microbial Fe(IlI) reduction, which will advance our under-
standing of the environmental effects of carbonaceous
materials and their role in biogeochemical processes involving
iron oxides.

B MATERIALS AND METHODS

Materials Preparation. The microbial strain used in this
experiment is S. oneidensis MR-1 (MR-1), a model organism
for Fe(Ill)-reducing bacteria, purchased from the Microbial
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Culture Collection Center of the Chinese Academy of
Agricultural Sciences (MCCC). PEC-02 (PEC) and YP-80F
(YP) are coconut shell-based activated carbon materials
obtained from Foshan Porous Carbon Tech Co., Ltd. PEC
(1000 °C) and YP (1000 °C) refer to activated carbon
pyrolyzed at 1000 °C in nitrogen for 2 h (heating rate: S °C/
min) to remove oxygen-containing functional groups from
their surfaces. The main difference between the two lies in
their specific surface areas: YP has a surface area of 2277 m*/g,
while PEC has a surface area of 1885 m*/g. For the description
of all other chemical materials, including the selection of
biochars and ferrihydrite synthesis,* please refer to Text S1.

Construction of the Fe(lll) Reduction System. Fe(III)-
reducing incubations were established using S. oneidensis MR-1
(ODgg = 0.5 or 1.0) with activated carbon or biochar, 10 mM
lactate, S mM ferrihydrite, and 10 mM piperazine-N,N’-bis(2-
ethanesulfonic acid) (PIPES) buffer (pH 7.0). Activated
carbon concentrations were adjusted to achieve C/Fe ratios
(g C/g Fe) of 5:7, 10:7, 25:7, and 100:7 to study carbon—iron
interactions. For biochar, with a lower specific surface area,
higher C/Fe ratios (12.5:7 and 250:7) were used. Log-phase
MR-1 cells were washed with PIPES buffer to remove
metabolites, resuspended, and transferred to serum bottles.
After deoxygenation, serum bottles were sealed and incubated
at 30 °C in the dark on a shaker at 200 rpm.

Chemical Characterization. Dissolved Fe(II) was meas-
ured via the o-phenanthroline colorimetric method after
filtering the Fe(III)-reducing system solution through a 0.22
um membrane in an anoxic chamber. HCl-extracted Fe(II),
which includes the sum of dissolved and solid-phase Fe(II),
was obtained by dissolving solid iron oxides in 1 M HCI (1:1
ratio with the sample) for 48 h, followed by filtration and
analysis. Fe(Il) was detected using a Full Wavelength
Microplate Reader (Multiskan Sky, Thermo Scientific, USA).
The concentration of Fe(Il) extracted by HCl has been
converted according to the sampling volume and dilution
multiple. It has been converted back to the total Fe(II)
concentration per milliliter of solution in the reactor,
representing the total concentration of Fe(II) generated in
the experimental vial. Fe(III) reduction kinetics were modeled
with the Box—Lucas equation: y = a X (1 — e™), where a is
the total Fe(II) production, b is the rate constant, and « is the
time (hours). In the X-ray diffraction (XRD) analysis, samples
from the iron-reducing system were collected and dried in a
vacuum freeze-dryer (LGJ-25D, Beijing SiHuan Qihang
Technology Co., Ltd., China) for about 3 days until powdered.
The dried mineral precipitates were then ground and spread
evenly on the X-ray diffractometer stage (Rigaku SmartLab SE,
Rigaku Corporation, Japan). The test used a Cu target (4 =
1.5406 A) with a scanning range of 26 = 10—90° at a speed of
1°/min. The data were processed using MDI Jade 6 software
and compared with mineral PDF cards to identify the
crystalline phases. Other chemical analyses, including con-
ductivity, specific surface area, particle size, zeta potential,
functional groups, leachate dissolved organic carbon
(DOC)'"* concentration, cyclic voltammetry, etc., are
provided in Table SI.

Bioelectrochemical Analysis. In the elucidation of three
different types of electron transfer mechanisms (solid-phase
electron shuttling, leachate release, and electron transfer via
conductivity), bioelectrochemical methods were used to
provide supplementary evidence. We established an electro-
chemical system to assess PEC and YP’s ability to facilitate

https://doi.org/10.1021/acs.est.4c14024
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Figure 1. Microbial Fe(III) mineral reduction kinetics (with Shewanella oneidensis MR-1) in incubations with S mM ferrihydrite and increasing
amounts of activated carbon materials (PEC or YP) to achieve a range of carbon-to-iron mass ratios (g C/g Fe). Results are the kinetics of Fe(1I)
production with (a) PEC and (b) YP, (c) Fe(III) mineral reduction rate constants (/h) and (d) total Fe(II) production over 72 h for both
activated carbon materials at various carbon-to-iron ratios. The concentration of Fe(II) extracted by HCI has been converted according to the
sampling volume and dilution multiple. It has been converted back to the total Fe(II) concentration per milliliter of solution in the reactor,
representing the total concentration of Fe(Il) generated in the experimental vial.

extracellular electron transfer from microorganisms to an
electrode through their conductivity. The setup included MR-1
(ODggp = 2.0), 10 mM sodium lactate, 10 mM PIPES buffer
(pH 7.0), and electrodes (platinum counter, calomel reference,
glassy carbon working electrode coated with PEC or YP).
Experiments were conducted at +0.2 V (vs SCE) and 30 °C
under nitrogen protection, measuring current variations.

Morphology Analysis by Scanning Electron Micro-
scope. The analysis aimed to observe the spatial relationships
among ferrihydrite, microorganisms, and carbonaceous materi-
als. Liquid samples from the Fe(III)-reducing system were
centrifuged, and precipitates were fixed in 2.5% glutaraldehyde
overnight at 4 °C, then washed with phosphate buffer. Samples
were dehydrated in ethanol (30%, 50%, 70%, 90%, and 100%)
and treated with tfert-butanol before freeze-drying. Carbona-
ceous materials were adhered to conductive glue and gold-
coated. The morphology and EDS mapping were captured
using scanning electron microscope (SEM) (ZEISS Gem-
iniSEM 300 and ProX, Phenom, Netherlands) at 3 kV for
imaging and 15 kV for EDS.

Bl RESULTS AND DISCUSSION

Impact of Activated Carbon on Microbial Fe(lll)
Reduction. The kinetics of microbial Fe(III) mineral
reduction in incubations with various activated carbon-to-
iron ratios were determined. Figure 1 illustrates that both the
rate and total amount of microbial ferrihydrite reduction were
influenced by carbon dosage.

First, iron reduction rate has changed. Addition of the lowest
concentrations of activated carbon resulted in a decrease in
Fe(IIl) reduction rates relative to incubations without
activated carbon, but when the C/Fe ratio exceeded 25:7 for
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PEC or 10:7 for YP, Fe(IIl) reduction rates increased (Figure
la,b). Thus, in incubations with a C/Fe ratio of 5:7, the rate
constant of ferrihydrite reduction decreased from 0.077/h in
the absence of activated carbon to 0.0058/h and 0.023/h with
added PEC and YP, respectively (Figure 1c). However, with
the highest amounts of activated carbon (C/Fe ratio of 100:7),
rate constants of ferrihydrite reduction increased to 0.57/h and
0.64/h, for PEC and YP, respectively. The decrease in Fe(III)
reduction was especially pronounced at low concentrations of
PEC. Specifically, in the PEC incubations with C/Fe ratios of
5:7 and 10:7, the Fe(III) reduction rate constant decreased by
factors of 12 and 2.2, respectively, compared to incubations
with no added activated carbon. This suggests that lower
concentrations of activated carbon inhibit microbial Fe(III)
mineral reduction. These trends align with previous studies of
biochar in which lower carbon concentrations tended to
suppress Fe(III) mineral reduction, while higher concen-
trations enhanced the process.””>"**

Second, the total reduction of Fe(III) has changed. Total
Fe(Il) production over 72 h in low activated carbon-to-iron
ratio (S5:7 and 10:7) incubations was not significantly different
from that in incubations without added activated carbon,
whereas the production of Fe(II) increased in incubations with
high activated carbon-to-iron ratios (25:7 and 100:7) (Figure
1d). The total Fe(Il) production increased from 109 mg/L in
the absence of activated carbon to 237 and 262 mg/L with the
highest amount of activated carbon. Activated carbon therefore
influenced both the rate of Fe(IlI) reduction and the total
amount Fe(II) produced. To investigate whether the total
ferrihydrite reduction was limited by the number of Fe(III)-
reducing bacteria, we conducted an experiment maintaining
the activated carbon-to-iron ratio at 25:7 while doubling the
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Figure 2. (a) Fe(III) reduction kinetics in incubations of ferrihydrite and Shewanella oneidensis MR-1 with PEC and YP before and after 1000 °C
pyrolysis; (b,c) FTIR spectra of YP and PEC before and after pyrolysis; (d) Fe(III) reduction kinetics before and after washing treatment; (e)
DOC concentration and EEM of DOC leached from 4.0 g/L PEC or YP (C/Fe ratio 100:7); (f) cyclic voltammetry of YP and PEC leachates; (g)
schematic of the bioelectrochemical test system, where activated carbon blocks direct contact between microorganisms and the electrode, with
stirring for mass transfer and microbial contact; (h) bioelectric current in activated carbon-loaded and unloaded (CK) systems; (i) conductivity of

YP and PEC. ES: electron shuttling.

microbial biomass. The results showed that the Fe(III)
reduction remained largely unchanged (Figure S1), suggesting
that the extent of ferrihydrite reduction is primarily influenced
by the activated carbon-to-iron ratio rather than microbial
biomass.

Carbon materials also affect mineral transformation through
the adsorption of dissolved Fe(II), which decreases the
formation of reported reactive Fe(III) intermediates® ™" and
inhibits the Fe(II)-catalyzed phase transition.*”*" This effect is
evident in our XRD and Fe(II) adsorption results (Figure S2,
Text S2), which show that both YP and PEC slowed down the
conversion rate of ferrihydrite to thermodynamically stable
cryggalli“ne phases such as goethite, hematite, and magnet-
ite.””

Mechanism by Which Activated Carbon Accelerates
Electron Transfer. According to previous reports, pyrolyzed
carbon promotes electron transfer and accelerates Fe(III)
mineral reduction through three mechanisms. First, oxygen-
containing functional groups on the carbon material’s surface
can act as solid-state electron shuttles, mediating electron
transfer between microorganisms and minerals.'”' %%
Second, the leachate of the carbon material contains DOC,
and the oxygen-containing functional groups (such as carbonyl
and hydroxyl groups) in the DOC are redox active, serving as
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dissolved shuttles to accelerate extracellular electron transfer
by microorganisms.”’ " Third, high-temperature pyrolyzed
carbon has good electrical conductivity, facilitating electron
transfer through direct conductivity.””®"%” To clarify the main
pathways by which activated carbon promotes electron
transfer, we studied these three mechanisms.

First, we examined the role of surface functional groups as
solid electron shuttles in Fe(III) reduction. High temperatures
can degrade these groups, reducing their contribution.”®
Therefore, we pyrolyzed activated carbon at 1000 °C under
anoxic conditions and compared its ability to promote Fe(III)
reduction before and after treatment (Figure 2a). Results show
a 20% decrease in total Fe(IlI) reduction with YP and a 17%
decrease with PEC after pyrolysis. FTIR analysis revealed
significant reductions in carbonyl and hydroxyl peaks on YP
(Figure 2c), while PEC showed less reduction (Figure 2b),
aligning with observed changes in Fe(III) reduction. Although
Fe(III) reduction decreased after pyrolysis, high concen-
trations of activated carbon (C/Fe = 100:7) still significantly
enhanced Fe(III) reduction compared to controls (Figure S3).
These findings suggest that surface functional groups
contribute to electron transfer, but other factors may also
play a role.
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disperses on the carbon surface, allowing direct cell contact.

Second, we examined the role of activated carbon leachate
by comparing Fe(III) reduction rates before and after leachate
removal. Results showed that removing the leachate had little
impact on Fe(III) reduction ability (Figure 2d). YP’s reduction
decreased by only 4.3%. Although PEC’s total Fe(III)
reduction dropped by 19%, its reduction rate remained nearly
identical (Figure S4). Excitation—emission matrix fluorescence
(EEM) showed no fluorescence signals from DOC-like
substances (Figure 2e), and cyclic voltammetry of the leachate
revealed weak redox peaks (Figure 2f). The DOC concen-
tration of the leachate was 4.0—4.2 mg C/L, below the effective
electron shuttle concentration (>5 mg C/L).°* These findings
suggest that leachate has limited impact on electron transfer
between microorganisms and iron oxides.

Finally, we constructed a bioelectrochemical system to
evaluate the ability of activated carbon materials to mediate
electron transfer through conductivity (Figure 2g). Applying a
positive potential to the electrode simulated electron transfer
between microorganisms, carbon, and iron oxides, with
bioelectric current used as a measurement of conductivity.
Since activated carbon separates the electrode from micro-
organisms, electron transfer depends mainly on the carbon’s
conductivity. In activated carbon-loaded systems, the current
was slightly higher than that in unloaded systems, indicating
that carbon’s conductivity (Figure 2h) aids electron transfer.
YP showed a stronger current than PEC (Figure 2h),
consistent with their different conductivity (Figure 2i). The
conductivities of YP (1.8 + 0.67 S/cm) and PEC (12 + 4.14
S/cm) were much higher than that of Fe(III)-reducing
microbial nanowires (5 mS/cm),” sufficient to support
microbial electron transfer.”” This suggests that activated
carbon mediates electron transfer effectively through its
conductivity.

The above three mechanisms can explain the promotion of
microbial Fe(IlI) reduction by carbon materials but cannot
account for their inhibitory effects.

Microstructure of Activated Carbon—Ferrihydrite
Aggregates. Physical contact among activated carbon,
terrihydrite, and microorganisms critically influenced electron
transfer efficiency in our Fe(III)-reducing microcosms. There-
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fore, we conducted further investigation of the microstructure
of activated carbon—ferrihydrite aggregates.

SEM observations of incubations with low (C/Fe = 5:7) and
high (100:7) activated carbon-to-iron ratios revealed signifi-
cant differences in the spatial relationships among iron, carbon,
and microorganisms (Figure 3a). In the low activated carbon-
to-iron ratio group (C/Fe 5:7), ferrihydrite formed
aggregates with activated carbon, simultaneously encasing
some microorganisms as well. This configuration limited direct
contact between microorganisms and carbon, as shown in the
high-magnification SEM images (Figure SSa,c), where
abundant iron oxide minerals surround the microorganisms.
In addition, it limited the contact between outer-layer
microbes and inner-layer iron oxides. Furthermore, low-
magnification photos show that under low carbon conditions
(C/Fe = 5:7), PEC exhibits greater ferrihydrite aggregation
compared to YP (Figure S6a,c), which correlates with the
lower Fe(IlI) reduction rate and total Fe(Il) production
observed in Figure 1. This may be due to the more negative
zeta potential of PEC compared to YP (Figure 3b).

In contrast, in incubations with a high activated carbon-to-
iron ratio (C/Fe = 100:7) in which carbon is abundant and
iron is limited, ferrihydrite did not aggregate but was instead
dispersed on the surface of the activated carbon (Figure 3a).
Microorganisms were also dispersed and adhere to the surface
of activated carbon, with sparse ferrihydrite visible on the
microbial surfaces, as shown in the high-magnification SEM
images in Figure S5b,d. This indicates effective contact
between the microorganisms, carbon material, and ferrihydrite.
Low-magnification photographs (Figure S6) offer a broader
view, demonstrating that the observed phenomenon is
widespread. Correspondingly, these high activated carbon-to-
iron ratio treatments exhibit quick Fe(III) reduction rates and
higher total Fe(II) production (Figure lc,d). These results
preliminarily verified our hypothesis that microstructure of
activated carbon—iron oxide aggregates is the key switch that
triggers carbonaceous materials to either promote or inhibit
microbial iron reduction.

To validate this phenomenon, we conducted a comparative
study using Geobacter sulfurreducens PCA, which relies on
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nanowires and direct electron transfer for iron reduction. The
trend of iron reduction in the Geobacter system, from no
enhancement to enhancement, mirrors that in the Shewanella
system (Figure S7). In addition to the activated carbon
materials PEC and YP, we tested 3 types of biochar, and the
results were consistent: a low carbon-to-iron ratio did not
promote the reaction, while a high ratio did (Figure S8). This
supports the existence of a physical interaction mechanism
governing promotion and inhibition. However, unlike the
Shewanella system, the inhibitory effect in Geobacter becomes
less pronounced with low carbon. SEM images (Figure S9)
show that iron—carbon aggregation in the Geobacter system (as
observed from the wide-field view) is less pronounced than
that in the Shewanella system (compare with Figure S6a),
which may explain the weaker inhibition. Differences in media
composition, buffering agents (Geobacter uses a carbonate-
based medium), or bacterial surface properties may influence
aggregation. Significant inhibition occurs only when aggrega-
tion is intense, whereas weaker aggregation results in a neutral
effect—neither promoting nor inhibiting iron reduction. This
may explain the irregular patterns of inhibition and promotion
observed in previous studies.

In earlier studies, researchers proposed that activated carbon
materials adsorb bacteria cells.”” This adsorption reduced the
cell concentration in suspension and decreased direct contact
between the microorganisms and iron oxides. However, based
on the zeta potential of activated carbon, microbial cells, and
ferrihydrite (Figure 3b), the previous models cannot explain
the physical contact between cells, activated carbon and
terrihydrite in our incubations. Zeta potentials for PEC, YP,
and the microbial cells are negative, specifically —24 + 1.8,

—18 + 1.7, and —4.4 + 0.62 mV, respectively. In contrast, the
zeta potential of ferrihydrite is positive, at +9.7 + 1.2 mV. This
indicates that activated carbon is likely to preferentially
aggregate with ferrihydrite due to their opposite charges,
rather than that with bacteria. Therefore, we propose a cell-
activated carbon contact model, as shown in Figure 3c.
Activated carbon may primarily impact the contact between
microorganisms and iron oxides by influencing the aggregation
of ferrihydrite on the surface of the carbon materials. The
extent of aggregation, regulated by the iron-to-carbon ratio,
will determine whether it promotes or inhibits Fe(III)
reduction.

Quantitative Aggregate Size Analysis Explains the
Switch Mechanism. We quantified the size of carbon—iron
aggregates. Figure 4a,b shows the particle size distributions of
PEC and YP mixed with ferrihydrite, while Figure 4c presents
those of PEC, YP, and ferrihydrite alone. In the absence of
carbon, ferrihydrite particles ranged from 1.9 to 80 yum, with a
peak at ~26 um. PEC and YP exhibited smaller size ranges of
0.4 to 16.4 ym and 0.5 to 24.1 um, respectively (Figure 4c).
When carbon materials are mixed with ferrihydrite (Figure
4a,b), a strong peak persisted at 0—40 pm, likely corresponding
to carbon materials and partially to weakly aggregated
ferrihydrite. Notably, a new peak above 100 um emerged,
which likely represents newly formed carbon—iron aggregates,
as inferred from the particle size data (Figure 4c) and SEM
images (Figure 3a). The intensity of the peak above 100 pm
decreased as the carbon-to-iron ratio increased, indicating that
higher carbon content reduces aggregate size. This observation
aligns with SEM results, which show that under high carbon-
to-iron ratio conditions, ferrihydrite transitions to sparsely
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attached cluster on carbon surfaces. Together, these findings
demonstrate that under low-carbon conditions, ferrihydrite
forms large aggregates, whereas under high-carbon conditions,
it disperses across carbon materials.

The specific surface area of samples with different carbon-to-
iron ratios was further tested using the BET technique. The
results show that as the carbon-to-iron ratio increases, the
specific surface area gradually increases from 523 m*/g (PEC)
and 718 m*/g (YP) to 1341 m*/g (PEC) and 1725 m*/g (YP)
(Table S2), approaching the intrinsic specific surface area of
PEC and YP (1885 and 2276 m?/g, respectively) (Table S3).
This increase in specific surface area is consistent with the
observed decrease in the particle size. Moreover, these surface
area correlates positively with iron reduction rates (Figure
$10), highlighting the critical role of aggregate size in microbial
Fe(III) reduction.

Based on the above results, we propose a physical interaction
mechanism for the changes in particle size when carbon and
iron coexist, as shown in Figure 4d. When ferrihydrite exists
alone, it can aggregate to some extent, as shown in state (I)
However, due to the more negative zeta potential of the carbon
materials, when a small amount of carbon materials come into
contact with ferrihydrite, a larger aggregate structure of iron
coated with carbon forms, and the aggregate particle size
increases, as shown in state (II). Collectively, the larger
particles have a lower total surface area and microorganisms
cannot interact with the iron-encased carbon particles. As the
carbon-to-iron ratio continues to rise, the total surface area of
the carbon gradually increases, causing ferrihydrite to disperse
on the surface of the carbon materials, which leads to smaller
aggregate particles, as shown in state (III). This process is
similar to the previously reported effects of humic substances
on the aggregation of ferrihydrite,24 further suggesting that it

9582

may be a common behavior when ferrihydrite interacts with
various elements in the natural environment. This change in
the physical interaction mechanism explains the observed shift
in the effect of carbon materials on iron reduction from
inhibition to promotion.

Total External Surface Area Determines Electron
Transfer Rate and Extent. The total external surface area
of the carbon materials (specific surface area X total amount
added) is likely a key factor influencing both the rate and
extent of Fe(III) reduction. This is because the pores of the
carbon materials are primarily on the nanometer scale, while
ferrihydrite aggregates range from 1.4 to 80 um, suggesting
that ferrihydrite likely attaches to the external surface of the
carbon materials. Based on the SEM (Figure 3) and particle
size quantification results (Figure 4) mentioned above, which
suggest that iron aggregation on carbon to form “iron-coated
carbon” may be a key factor affecting the iron reduction rate,
we hypothesized that the external surface area of carbon
materials is a critical parameter influencing aggregation and
Fe(Ill) reduction. Therefore, we performed a correlation
analysis between the total external surface area of carbon
materials and Fe(Ill) reduction rates in different reaction
systems.

Furthermore, to verify the general applicability of this
relationship across a broader range of carbonaceous materials,
we included an expanded set of carbon samples for correlation
analysis, comprising 9 types of biochar derived from different
sources (corn cob, rice straw, and bamboo) and pyrolyzed at
various temperatures (600, 800, and 1000 °C). SEM images of
the interactions between all 9 types of biochar and iron oxides
(Figures S11—S13) exhibited patterns similar to those of
activated carbon shown in Figure 3. Specifically, carbon was
encapsulated by ferrihydrite at low biochar carbon-to-iron
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ratios, while ferrihydrite was dispersed on the biochar surfaces
at high biochar carbon-to-iron ratios. BET-determined, specific
surface areas of all carbonaceous materials used in this study
are presented in Table S3. The total surface areas and total
external surface areas of the two activated carbons and 9
biochars, calculated by multiplying the area per unit mass by
the amount added in each experiment, are shown in Tables
S4—S7. Their zeta potentials, as shown in Table S8, are all
negative. For the biochar materials, we measured the amount
of Fe(IlI) reduction before the reaction reached steady-state
(at 6 h, ODgy = 0.5) for correlation analysis, as shown in
Figure S14. We used this value to represent the Fe(IIl)
reduction rate of each incubation. The results of the
correlation analysis are shown in Figure Sa—d.

We categorized the materials from S different sources and
conducted separate correlation analyses for each group. The
results revealed a strong positive correlation between the
amount of Fe(III) reduction and the total external surface area
across all cases (Figure Sa,b). The correlation coefficients were
as follows: PEC R? = 0.96, YP R? = 0.86, biochar-corn cob R* =
0.74, biochar-bamboo R* = 0.96, and biochar-rice straw R> =
0.87. The correlation coefficients for biochar were slightly
lower than those for activated carbon, likely because each
group of biochar includes materials produced at three different
pyrolysis temperatures. Nevertheless, the correlations were still
significant. Then, we performed correlation analyses across all
activated carbon materials and all biochar materials, without
distinguishing between their sources. The positive correlation
between iron reduction and total external surface area
remained significant (activated carbon R* = 0.83; biochar R?
= 0.67) (Figure Sc,d). Although the infrared characterization
shows significant differences in the surface functional groups of
the different biochars we selected (Figure S15), the promotion
and inhibition mechanisms they exhibit remain consistent.
These materials, derived from different raw materials and
processed at various temperatures, exhibited differences in
surface functional groups, conductivity (Table S9), and
dissolved leachates, yet the correlation remained strong,
highlighting the importance of external surface area as a key
factor influencing Fe(III) reduction.

These results strongly demonstrate the universality of this
mechanism: although there are differences in chemical
structure and conductivity among various carbonaceous
materials, whether they mediate electron transfer through
electron shuttling or conductivity, the physical contact of cells
with carbon material remains the most critical factor
determining whether they promote or inhibit Fe(III)
reduction. It reveals a key mechanism that determines whether
carbonaceous materials promote or inhibit microbial Fe(III)
reduction, as shown in the model presented in Figure Se. After
carbon materials aggregate with iron oxides, internal
ferrihydrite becomes inactive, leading to a decline in both
the rate and extent of Fe(III) reduction. As the activated or
biochar carbon-to-iron oxide ratio increases, although the
carbon material still adsorbs ferrihydrite and causes aggrega-
tion, ferrihydrite can no longer occupy all the sites on the
surface of the carbon material but instead sparsely adheres to
the surface. At this point, whether microorganisms are
suspended in the solution or attached to the surfaces of iron
or carbon, they can effectively transfer electrons to the
ferrihydrite on the carbon surface through direct contact,
electron shuttling, or conductive transfer, leading to a
significant increase in Fe(IIl) reduction rates. While the

9583

conductivity of carbon materials can accelerate electron
transfer between microorganisms and iron oxides, biochar
with low conductivity (at 600 °C) and rich in surface
functional groups also shows good iron reduction performance.
Therefore, it is still unclear whether direct conductivity or
surface functional groups contribute more to electron transfer
in this system. However, our results confirm that the effective
dispersion of iron oxide on the carbon surface is essential for
the enhancement of these reactions, highlighting the
importance of considering the spatial configurations of solid
phase reactants in heterogeneous aggregate—microbe systems.
For over a decade, the promoting and inhibiting effects of
materials like biochar and activated carbon on microbial
Fe(IlI) reduction have been a subject of debate. The
mechanism elucidated in this study may help resolve this
important scientific question.

B ENVIRONMENTAL IMPLICATIONS

In 2014, pyrolytic carbon (biochar) was first reported to act as
a solid-state electron shuttle, accelerating electron transfer
between microorganisms and iron oxides.'” Over the following
decade, a series of studies emerged on biochar, black carbon,
and activated carbon-mediated electron transfer. These include
research on biochar promoting interspecies electron transfer,°
biochar-mediated anaerobic methane oxidation,®” biochar
accelerating N,O emissions,”*” and high-temperature pyro-
lyzed carbon enhancing microbial electron transfer through its
inherent conductivity.”’> Although the concept of “biochar
promoting microbial Fe(III) mineral reduction” became widely
recognized, some subsequent studies reported cases where
biochar inhibited microbial Fe(III) reduction. For instance,
low concentrations of biochar inhibited ferrihydrite reduc-
tion,”® and biochar with adsorbed microorganisms inhibited
nontronite reduction.”’ To date, no research has systematically
addressed the factors controlling the “switch” by which
pyrolyzed carbon and activated carbon either promote or
inhibit microbial Fe(III) reduction. Early studies reported that
phosphate and humic substances inhibited microbial iron
reduction, with the authors attributing this to increased
aggregation of ferrihydrite.”* Recent studies have shown that
activated carbon inhibits iron reduction and methane
emissions in soil, contradicting the previous understanding
that carbon materials promote iron reduction by virtue of their
conductivity. Lower iron reduction was mainly due to activated
carbon strongly adsorbing soil DOM, reducing available
carbon sources and electron shuttles.” The inhibition of
respiration by DOM adsorbed on activated carbon particles is
consistent with the viewpoint that “physical interaction is
critical”, as proposed in this study. Our study proposes the
theory of “physical contact: the key switch triggering
carbonaceous materials to promote microbial Fe(III) mineral
reduction” and validates the universality of this process using
11 different types of carbonaceous materials, including
activated carbons and biochars. This mechanism partially
addresses the debate over whether carbonaceous materials
promote or inhibit Fe(IIl) mineral reduction. This work has
significant implications for advancing the understanding of the
fundamental properties of both activated carbon and pyrolytic
carbon, as well as the theory of microbial Fe(III) reduction.
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