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• Small particle size biochar and high bio-
char:ferrihydrite (Fh) ratios stimulate
microbial Fe(III) reduction .

• A certain biochar/Fh ratio is necessary
for a close aggregation of the redox ac-
tive components .

• A close aggregation of cells, biochar, and
Fh favors electron transfer from cells to
Fh via redox-active functional groups
of biochar and conductive biochar car-
bon matrices.
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Microbial Fe(III) reduction plays an important role for biogeochemical carbon and iron cycling in sediments and
soils. Biochar is used as a soil amendment to increase fertility and lowerN2O/CO2 emissions. It is redox-active and
can stimulate microbial Fe(III) mineral reduction. It is currently unknown, however, how the aggregation of cells
and Fe(III) minerals with biochar particles influence microbial Fe(III) reduction. Therefore, we determined rates
and extent of ferrihydrite (Fh) reduction in S. oneidensis MR-1 cell suspensions with different particles sizes of
wood-derived Swiss biochar and KonTiki biochar at different biochar/Fh ratios. We found that at small biochar
particle size and high biochar/Fh ratios, the biochar, MR-1 cells and Fh closely aggregated, therefore addition of
biochar stimulated electron transfer and microbial Fh reduction. In contrast, large biochar particles and low bio-
char/Fh ratios inhibited the electron transfer and Fe(III) reduction due to the lack of effective aggregation. These
results suggest that for stimulating Fh reduction, a certain biochar particle size and biochar/Fh ratio is necessary
leading to a close aggregation of all phases. This aggregation favors electron transfer from cells to Fh via redox
cycling of the electron donating and accepting functional groups of biochar and via direct electron transfer
through conductive biochar carbon matrices. These findings improve our understanding of electron transfer be-
tween microorganisms and Fe(III) minerals via redox-active biochar and help to evaluate the impact of biochar
on electron transfer processes in the environment.
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1. Introduction

Iron is one of the most important redox-active elements in nature,
participates in microbial respiration as electron acceptor, and plays an
important role in biogeochemical processes in general (Lovley et al.,
2004; Kappler and Straub, 2005; Weber et al., 2006; Konhauser et al.,
2011).Microbial Fe(III) reduction leads to (trans)formation anddissolu-
tion of minerals and controls the retention and release of trace metals
and nutrients associated with these minerals (Zachara et al., 2001;
Borch et al., 2010;Weber et al., 2009). Themainmechanisms of electron
transfer from microorganisms to Fe(III) minerals include direct contact
of cells to Fe(III) minerals and electron transfer via outer-membrane
proteins (Myers andMyers, 2003; Newman, 2005). However, at neutral
pH, microbial Fe(III) reduction is limited by the low solubility of Fe(III)
minerals (Kappler and Straub, 2005; Weber et al., 2006). Therefore, mi-
croorganismshave developed other pathways to transfer electrons to Fe
(III) minerals (Shi et al., 2016). This includes the release of chelating
agents to solubilize Fe(III) minerals (Shi et al., 2012), conductive cell ex-
tensions (pili; called microbial nanowires) (Reguera et al., 2005;
Malvankar and Lovley, 2014), and the use of redox-active electron shut-
tles such as cell-produced flavins or natural organic matter (NOM)
(Borch et al., 2010; Lovley et al., 1996; Marsili et al., 2008; Bauer and
Kappler, 2009; Fuller et al., 2014; Glasser et al., 2017). Electron shuttles
can accept electrons from Fe(III)-reducing bacteria followed by abiotic
electron transfer from the reduced shuttles to Fe(III) minerals, chro-
mate, chlorinated or nitroaromatic compounds (Lovley et al., 1996;
Bauer and Kappler, 2009; Gescher and Kappler, 2013; Roden et al.,
2010).

Biochar, produced by artificial pyrolysis of biomass, was shown to
have potential to serve as a soil amendment to increase soil fertility,
for carbon sequestration, and to lower CO2/N2O emissions, probably
caused by changes in microbial community composition (Cayuela
et al., 2013; Harter et al., 2014; Deluca et al., 2009; Gul and Whalen,
2016; Hagemann et al., 2017; Lehmann and Joseph, 2015). Recently bio-
char has also been shown to stimulate electron transfer from bacteria to
Fe(III) minerals (Kappler et al., 2014; Klüpfel et al., 2014; Yu et al., 2015;
Yuan et al., 2017). Biochar is capable of transferring electrons due to the
redox-active surface quinone/hydroquinone groups and the conjugated
π-electron system in the condensed polyaromatic carbon ring struc-
tures in the carbonmatrices (Keiluweit et al., 2010). Biochar redox reac-
tions can therefore occur through i) redox cycling (i.e. accepting and
donating of electrons) via redox-active quinone/hydroquinone groups
(Klüpfel et al., 2014), ii) storage and release of electrons via the electrical
double-layer capacitance of carbon matrices (Sun et al., 2017; Deeke
et al., 2012; Ji et al., 2014Sudirjo et al., 2019)Sudirjo et al., 2019, and
iii) direct electron transfer through the electrical conductance of carbon
matrices (Sun et al., 2017; Sun et al., 2018). After addition to soils, bio-
char will be gradually broken down to small particles in the μm- to
mm-size range by physical and chemical weathering as well as micro-
bial decomposition (Lehmann and Joseph, 2015; Nguyen et al., 2008).
These small biochar particles can easily be transported through different
soil layers (Wang et al., 2013; Zhang et al., 2010) and aggregatewithmi-
crobes (Gouveia and Pessenda, 2000) and minerals (Ye et al., 2016). It
has been shown that smaller powdered biochar particles caused higher
rates of microbial Fe(III) reduction compared to larger granulated bio-
char (Zhou et al., 2017). However, it remained unclear whether and
how aggregation of biochar and microbes with Fe(III) minerals influ-
ence the electron transfer across the respective solid interfaces, and
which mechanism, i.e. electron transfer via redox-active functional
groups or via carbon matrices in biochar, dominates the electron trans-
fer during stimulation of microbial Fe(III) reduction.

Probing the dependency of microbial Fe(III) reduction on the aggre-
gation with biochar helps to better understand the electron transfer
fundamentals among the three phases and provide practical guidelines
for the implementation of biochar particles in soil. The present study
therefore investigated the dependency of the rate and extent of
microbial ferrihydrite reduction on biochar-cell-ferrihydrite aggrega-
tion at different biochar particle size and biochar/ferrihydrite ratios.
We used Shewanella oneidensisMR-1 as a model Fe(III)-reducing bacte-
rium. S. oneidensis MR-1 is an important dissimilatory Fe(III)-reducing
bacteriumwhich is ubiquitous in freshwater, marine, soil and sedimen-
tary environments. This strain has been used in various electron shut-
tling and Fe(III) mineral reduction studies, including experiments with
ferrihydrite and biochar (Kappler et al., 2014). We employed light/fluo-
rescence microscopy to analyze the aggregates as well as voltammetry
and electron balance calculations to reveal the primary pathways for in-
terfacial electron transfer.We hypothesized that aggregation influences
the phase contact between biochar and minerals leading to either stim-
ulation or inhibition of microbial Fh reduction.
2. Materials and methods

2.1. Preparation of biochar suspensions and biochar leachates

Swiss biochar (s-biochar, Belmont-sur-Lausanne, VB, Switzerland)
was produced from mixed wood waste materials and KonTiki biochar
(k-biochar) from pine wood chips at 700 °C. Due to similar source ma-
terial (wood chips), the elemental composition of the two biochars
was similar (Hagemann et al., 2017). Different particle sizes of biochar
were produced by milling (Pulverisette, zirconium oxide balls, Fritsch,
Idar-Oberstein, Germany) leading to large-, medium- and small-sized
biochars (properties shown in Table S1 and Fig. S3) corresponding to
environmentally relevant particle sizes of 100 nm to ca. 150 μm
(Wang et al., 2013; Zhang et al., 2010; Song et al., 2019). The milling
process results in increased specific surface area of biochar. Compared
to the initial biochar particles (200 and 102 m2/g for s-biochar and k-
biochar, respectively), the biochar particles milled showed an increase
in specific surface area (Table S1). Anoxic biochar suspensions were
prepared as described in the SI.
2.2. Mediated electrochemical analysis

Degassed biochar powders with different particle sizes were
suspended in 0.1 M anoxic phosphate buffer (pH 7; final concentration
1 g biochar/L). Electrochemical analysis of biochar suspensionswas con-
ducted as published (Xu et al., 2016; Kappler et al., 2014) recently and
as described in the SI.
2.3. Fe(III) mineral reduction experiments

Microbial Fe(III) reduction experiments were set up in triplicate in
16 mL glass tubes containing 7.2 mL of 30 mM bicarbonate buffer
(pH 7), Fh (0.67, 1.0 1.5, 5, 7.5 and 15mMFe as Fh) synthesized accord-
ing to Amstaetter et al. (2012) as electron acceptor, sodium lactate (3 or
30mM), and 500 μL biochar suspension at different final concentrations
of 1, 5, and 10 g/L, amended with 2 × 109 S. oneidensis MR-1 cells/mL
(cultivated as described in (Kappler et al., 2014). Anthraquinone-2,6-
disulfonate (AQDS, 100 μM) was used as a positive control for electron
shuttling to evaluate the effect of biochar amendments on Fe(III) reduc-
tion. Abiotic control experiments contained biochar and FhwithoutMR-
1 cells. An experiment using DAX-8 resin particles was done as control
for non-conductive but similar-sized particles as the biochars. The effect
of biochar leachates on microbial Fh reduction (Fig. S10) was deter-
mined using cell suspension experiments with bicarbonate buffer
(30 mM), S. oneidensis MR-1 (2 × 109 cells/mL), Fh (15 mM), lactate
(30 mM), and 0.5 mL of biochar leachates. Biochar toxicity was evalu-
ated in a MR-1 Fe(III) reduction cell suspension experiment with bicar-
bonate buffer (30 mM), Fe(III)-citrate (5 mM), lactate (30 mM), and
biochar (1, 5, and 10 g/L) (Fig. S11).
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2.4. Analytical methods

Surface functional groups of s-biochar and k-biochar with different
particle sizeswere analyzed by Fourier Transform Infrared Spectroscopy
(FTIR, IR-Tracer-100, Shimadzu). TOC of freeze-dried biochar powder
and DOC in biochar leachates were determined with a TOC analyzer
(Analytik Jena, Germany). Biochar particle size was determined by
laser diffraction (Malvern Mastersizer 2000). Total Fe(II) (soluble in
1 M HCl) and Fe(tot) (soluble in 1 M hydroxylamine hydrochloride,
HAHCl) were determined using the ferrozine assay (Amstaetter et al.,
2012; Stookey, 1970). The protein and polysaccharide contents of EPS
were quantified using established protocols (Frølund et al., 1996;
Zhang et al., 2013). Cell-mineral-biochar aggregates were visualized
by bright field and fluorescence microscopy (Leica DM 5500B, Leica,
Germany). S. oneidensis MR-1 cells were stained by DNA dye Syto 9
combined with propidium iodide, excited at 488 nm). The three-
dimensional aggregation of S. oneidensisMR-1, Fh and s-biochar was vi-
sualized by Confocal Laser-Scanning Microscopy (CLSM, Leica TCS SPE,
Leica, Germany). The mineral identity and Fe(II)/Fe(III) content of min-
erals formedwere determined byMössbauer spectroscopy (Byrne et al.,
2016). The zeta potentials of biochar particles (at pH 7, NaHCO3 buffer)
were determined by laser Doppler velocimetry (zetasizer, Malvern
Nano ZSP) and applying Smoluchowski's equation to convert
eletrophoretic mobility into zeta potential values.

2.5. Statistical analysis

Differences between treatments were analyzed by ANOVA using
Tukey's test for mean values (p b .05). All statistical analyses were car-
ried out using SPSS Statistics 22.0.

3. Results and discussion

3.1. Redox properties of biochars

To evaluate the redox properties of s-biochar and k-biochar, electron
accepting capacity (EAC) and electron donating capacity (EDC) were
quantified by mediated electrochemical analysis (Klüpfel et al., 2014)
for large-sized particles (LP, main fraction N 100 μm), intermediate-
sized particles (MP, small fraction 0.1–0.5 μm and main fraction 10–20
μm), and small-sized particles (SP, small fraction 0.1–0.3 μm and main
fraction 5–10 μm) biochar (Fig. S1). The EAC values of all biochar
particles were 0.752 ± 0.002 to 0.787 ± 0.001 meq e−/g biochar for
s-biochar and 0.530 ± 0.001 to 0.589 ± 0.001 meq e−/g biochar for
k-biochar, while the EDC values of all biochar particles were 0.231 ±
0.001 to 0.232 ± 0.001 meq e−/g biochar for s-biochar and 0.182 ±
0.002 to 0.184 ± 0.001 meq e−/g biochar for k-biochar (Fig. S1). We
found that particle size had no influence on EAC and EDC indicating
that the milling process applied to produce different particle sizes did
not cause any redox property artifacts. EAC and EDC values determined
for s-biochar and k-biochar are similar as determined electrochemically
for anotherwood-derived biochar. (Harter et al., 2014). The redox prop-
erties of the biochar depend on the heat treatment temperature (HTT),
the general trend is that chars produced at intermediate to high HTTs
(400–700 °C) show higher EDC and EAC than that produced at low
HTTs (200–300 °C) (Klüpfel et al., 2014). Biochars produced at 700 °C,
as our biochars, typically are more oxidized (EAC N EDC). The highest
range of EAC values were observed at production temperatures of
500–700 °C (Klüpfel et al., 2014). EAC values of biochar correlate with
its quinone content (Klüpfel et al., 2014)28 suggesting that our s-
biochar has more quinone functional groups than the k-biochar. The
EEC (sum of EAC and EDC), was calculated for s-biochar and k-biochar
to be 0.98–1.02 and 0.71–0.77 meq e−/g biochar for all particle sizes.
These values are higher than EEC values of otherwood-derived biochars
(0.3–0.7meq e−/g) (Klüpfel et al., 2014) but comparable to values of ac-
tivated carbon (1.34–1.42 meq e−/g) (Wu et al., 2017). The EECs of
biochars normalized to TOC (meq e−/mg C) (Fig. S2) show that the
mixed wood-derived s-biochar has a higher EEC than the k-biochar.
The surface functional groups of s-biochar and k-biochar were analyzed
by FTIR. Ketones, aromatic carbon, and carboxyl groups were identified
by C_C and C_O stretching bonds (1700 cm−1 and 1600 cm−1)
(Fig. S3). The absence of significant changes in the C_C and C_O
stretching bonds between LP and SP of s-biochar and k-biochar indi-
cates that the particle size (the milling process) had no obvious influ-
ence on the presence of functional groups in the biochar and confirms
the observation that on a per weight basis, all particle sizes have similar
EAC/EDC values.

3.2. Microbial Fh reduction rates and extent

We conducted cell suspension experiments with Fh as electron ac-
ceptor, S. oneidensis MR-1 as Fe(III)-reducing bacterium and different
particle sizes and concentrations of biochar (leading to different bio-
char:Fh ratios) to determine the rates and extent of microbial Fh reduc-
tion (Fig. 1; 16-hour long-term experiments are shown in Fig. S5). First
Fh reduction experiments were performed with 10 g/L of s-biochar and
15 mM Fe as Fh (Fig. 1A). We found that all biochar particle sizes stim-
ulated Fh reduction; the smaller the biochar particle size, the higher
rates and extents of Fh reduction. AQDS has been shown to be an effi-
cient electron shuttling model compound and was used here as exoge-
nous electron shuttle for comparison to biochar (Rau et al., 2002;
O'Loughlin, 2008; Jiang and Kappler, 2008; Scott et al., 1998; Benner
et al., 2002; Eusterhues et al., 2014). For small-particle s-biochar, the
rate and extent of Fh reduction was even higher than with AQDS that
significantly stimulated the rate and extent of microbial Fh reduction
(ANOVA, p = .012) in accordance with previous studies (Lovley et al.,
1996; Byrne et al., 2016). Addition of DAX-8 resin particles with particle
sizes similar as LP, MP and SP biochar showed no influence onmicrobial
Fh reduction (Fig. S7). Additionally, we found no evidence that surface-
attached microbial growth influenced microbial Fh reduction in the
presence of DAX-8 suggesting that the positive biochar effect in our ex-
periments is not due to a particle effect but is related to the redox activ-
ity of biochar.

In contrast to thesefirst experimentswith 10 g/L biochar and 15mM
Fh (biochar/Fh ratio of 0.67 g/mmol Fe), lower biochar concentrations of
either 5 or 1 g/L, resulting in lower biochar/Fh ratios of 0.3 and
0.067 g/mmol Fe, inhibited microbial Fh reduction relative to experi-
ments without biochar (Fig. 1B, C, D and Fig. S5). These results suggest
an effect of the biochar:Fh ratio on microbial interactions with the bio-
char particles. To investigate whether a certain ratio of biochar to Fh is
required to stimulate microbial Fh reduction, we performed experi-
ments at high biochar/Fh ratios of 0.67, 1.0 and 1.5 g/mmol Fe, respec-
tively, using either 5 or 1 g/L s-biochar (Fig. 2). We found that at a
ratio of 0.67 with 5 g/L s-biochar (Fig. 2Aa, 16-hour experiments in
Fig. S6), small-particle s-biochar stimulated electron transfer,
medium-sized particles had no significant effect (ANOVA, p = .62)
while large-particle s-biochar significantly slowed down (but did not
completely prevent) Fe(III) reduction (ANOVA, p = .023) compared to
the setup without biochar. When increasing the biochar/Fh ratio to
1.0 g/mmol Fe (with 5 g/L s-biochar), large and medium-sized particles
showed no significant effect (ANOVA, p= .13) but small-sized particles
stimulated (ANOVA, p = .003) Fe(II) formation (Fig. 2B). For setups
with 1 g/L of s-biochar and a biochar/Fh ratio of 0.67 g/mmol Fe, all bio-
char particle sizes showed an inhibitory effect on Fh reduction (Fig. 2C).
When the biochar/Fh ratio was increased to 1.0 g/mmol Fe with 1 g/L
biochar, small-particle s-biochar stimulated Fh reduction, medium-
sized s-biochar showed no effect, and large-particle s-biochar inhibited
Fe(II) formation (Fig. 2D). At a biochar/Fh ratio of 1.5 g/mmol Fe (with
1 g/L biochar), all biochar particle sizes stimulated microbial Fh reduc-
tion (Fig. 2E).

We also determined for k-biocharwhether a certain biochar/Fh ratio
is required to stimulate microbial Fh reduction (Figs. S8 and S9). When



Fig. 1.Microbial ferrihydrite (Fh, 15 mM) reduction by S. oneidensisMR-1 in the presence
of (A) large, intermediate and small particle size (LP, MP, SP) of Swiss biochar (s-biochar,
10 g/L), (B) 1, 5 and 10 g/L of large particle size s-biochar, (C) 1, 5 and 10 g/L of
intermediate particle size s-biochar, and (D) 1, 5 and 10 g/L of small particle size s-
biochar. Error bars represent standard deviations of triplicate experimental setups. The
results for 16-h incubations are shown in Fig. S5.
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using setups with a k-biochar/Fh ratio of 0.67 g/mmol Fe (with 10 g/L k-
biochar) or a ratio of 1.0 g/mmol Fe (with 1 g/L k-biochar), all k-biochar
particles (LP, MP, and SP) slowed down Fe(II) formation compared to
setups without shuttle. In contrast, at ratios of 2.0 g/mmol Fe (with
10 g/L k-biochar), 2.5 g/mmol Fe (with 5 g/L k-biochar) and
3.3 g/mmol Fe (with 1 g/L k-biochar) all three particles sizes of k-
biochar stimulated microbial Fh reduction.

In summary these experiments have shown that smaller particle
sizes and high biochar:Fh ratios stimulated microbial Fh reduction,
while large particles and lower biochar:Fh ratio inhibited reduction rel-
ative to controls without biochar suggesting that a certain biochar/Fh
ratio was necessary for stimulating Fh reduction (Fig. 2, bottom). For
the biochars used in this study, the biochar/Fh ratio played a more im-
portant role than particle size for stimulation of microbial Fh reduction.
At a certain ratio of biochar/Fh, the s-biochar (due to its higher electron
accepting and donating capacity) showed higher rates and extent ofmi-
crobial Fh reduction than k-biochar.

In a control experiment with 15 mM Fh and MR-1 cells we deter-
mined whether biochar leachate, i.e. redox-active molecules mobilized
from the biochar particles during incubation in our experiment, had
any effects onmicrobial Fh reduction (Fig. S10).We found that leachates
from our biochar (ca. 4.5 mg C/L) did not have any apparent influence
on rates and extents of microbial Fh reduction. Our result is in contrast
to a previous study (Song et al., 2019) that showed stimulation ofmicro-
bial Fhmineral reduction by straw-derived biochar leachates (TOC con-
tent up to 26.5 mg C/L), but is in agreement with Wu et al. (2017) who
showed that the leachate from activated carbon could not enhance Fh
reduction. These differences may be rationalized by the low DOC con-
tent of our leachate (ca. 4.5mgC/L) that is lower than the threshold con-
centration (ca. 5–10 mg C/L) required for electron shuttling (Jiang and
Kappler, 2008). Finally, a Fe(III) reduction experiment with Fe(III) cit-
rate (5mM) andMR-1 cells with and without biochar particles showed
that there is no toxic effect of the biochar used in our experiments on
the MR-1 cells (Fig. S11).

3.3. Aggregation of S. oneidensis MR-1 cells with biochar and Fh

In the absence of dissolved electron shuttles (neither from biochar
leachate nor from the MR-1 cells since they are not producing shuttles
in non-growing cell suspensions), electron transfer from the MR-1
cells to Fh depends on the ability of electrons to be transferred either
from cells directly to the Fh particles or from cells via redox-active bio-
char particles to the Fh. Therefore, we monitored aggregates of s-
biochar with Fh and MR-1 cells by fluorescence microscopy at different
s-biochar/Fh ratios. In setups of small-particle s-biochar with Fh (ratio
of 0.67 g/mmol) where stimulation of Fh reduction was observed, the
s-biochar particles were associated with the Fh (Fig. 3A) and the cells
were attached to both Fh and biochar (Fig. 3B). Overlay images of
bright-field and fluorescence images (Fig. 3C) indicated a close associa-
tion of cellswith s-biochar and Fh obviously facilitating electron transfer
and therefore stimulating Fh reduction. In contrast, in images with 5 g/L
large-particle s-biochar (ratio of 0.3 g/mmol Fe), the s-biochar particles
were less associated with Fh (Fig. 3D) and the MR-1 cells were mainly
attached to the s-biochar but not to Fh (Fig. 3E). Consequently, these
setups showed inhibition of Fh reduction compared to setups without
biochar, probably due to limited electron transfer from the cells to the
Fh based on the greatly diminished contact with the Fh (Fig. 4F).
When keeping the same s-biochar concentration of 5 g/L but with
small-particle s-biochar and decreasing the Fh to 5 mM yielding a
ratio of 1.0 g/mmol Fe, s-biochar particles showed an intimate associa-
tion with Fh (Fig. 3G) and MR-1 cells were also associated with both
s-biochar and Fh (Fig. 3H and I), suggesting again a close association
of cells, Fh and s-biochar thus leading again to stimulation of Fh reduc-
tion. While dissolved electron shuttles can also contribute to a stimula-
tion of electron transfer by diffusion, in the case of biochar particles
diffusion probably plays a minor role as the biochar rather may act as
a solid-state bridge between cells and Fh to accelerate electron transfer
(Fig. 3A–C, and G–I). Additionally, these results suggest that MR-1 cell
adhesion to biochar that is associated with Fh is necessary for stimulat-
ing electron transfer in the presence of biochar as an electron shuttle be-
tween MR-1 cells and Fh. Interestingly, a cell suspension experiment

Image of Fig. 1


Fig. 2. Top: Microbial ferrihydrite (Fh) reduction by S. oneidensis MR-1 at different Swiss biochar (s-biochar) particle sizes and biochar:Fh ratios (g biochar per mmol Fe). (A) Ratio 0.67
with 7.5 mM Fh and 5 g/L biochar; (B) Ratio 1.0 with 5 mM Fh and 5 g/L s-biochar; (C) Ratio 0.67 with 1.5 mM Fh and 1 g/L s-biochar; (D) Ratio 1.0 with 1 mM Fh and 1 g/L s-biochar;
(E) Ratio 1.5 with 0.67 mM Fh and 1 g/L s-biochar. Error bars represent standard deviations of triplicate experimental setups. The results for 16-h incubations are shown in Fig. S6.
Bottom: Influence of biochar (s-biochar and KonTiki biochar, k-biochar) particle size (indicated by the size of the symbols) and biochar:Fh ratios (g biochar per mmol Fe) on microbial
Fh reduction. Blue symbols and red symbols show experiments in which inhibition (blue) and stimulation (red) of microbial Fh reduction were observed, while yellow symbols show
experiments where biochar addition had no effect on rates of Fe(III) reduction compared to setups without biochar addition.
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conducted with higher cell numbers (5 × 109 cells/mL) at the same s-
biochar/Fh ratio of 0.3 g/mmol Fe showed no apparent increase in
rates and extent of Fh reduction (Fig. S13), suggesting that there were
still not enough cells that had access to Fh - either directly or indirectly
via redox-active s-biochar particles.

Influence of Cell-Biochar-Ferrihydrite Aggregation (Depending on
Biochar Particle Size and Biochar:Fh Ratio) on Electron Transfer
Mechanisms and the Fate of Electrons from Lactate Oxidation. To evalu-
ate the electron transfer mechanisms and the fate of electrons released
from lactate oxidation in the presence of different biochar:Fh ratios, we
calculated the percentage of electrons recovered as Fe(II), electrons the-
oretically accepted by functional groups of biochar and remaining elec-
trons in biochar carbonmatrices or in cells (Table S2, Fig. 4). This allows
to evaluate the contributions of different electron transfer pathways, i.e.

Image of Fig. 2


Fig. 3. Aggregation of Swiss biochar (s-biochar) with ferrihydrite (Fh) and S. oneidensisMR-1 cells (stained by DNA dye Syto 9 combinedwith propidium iodide) analyzed by fluorescence
microscopy. Experiments with s-biochar:Fh ratios (g/mmol) of 0.67 (A-C), 0.3 (D-F) and 1.0 (G-I). The gray parts represent Fh, the black parts represent s-biochar particles andMR-1 cells
are shown in green. (A) 10 g/L small particle size (SP) s-biochar associated with 15 mM Fh (bright field, no fluorescence), (B) MR-1 cells attached to particles (fluorescence), and
(C) overlay of A and B showing the aggregation of MR-1 cells with s-biochar and Fh (which showed a stimulation of microbial Fh reduction). (D) 5 g/L large particle size (LP) s-biochar
and 15 mM Fh, (E) MR-1 cells and particles, and (F) overlay of D and E showing aggregation of MR-1 cells with s-biochar and Fh (which showed an inhibition of microbial Fh
reduction). (G) 5 g/L SP s-biochar associated with 5 mM Fh, (H) MR-1 cells attached to particles and (I) overlay of G and H showing the aggregation of MR-1 cells with s-biochar and
Fh where a stimulation of microbial Fh reduction was observed again. Please note that the fluorescence images shown are representative images chosen among ca. 100 images. Due to
overlay of cells, minerals and s-biochar particles they cannot be used for quantification of certain aggregates/associations.
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electron transfer via redox cycling of functional groups of biochar as
well as conductance and capacitance of the biochar carbon matrices,
based on the extent of aggregation of cells, biochar and Fh (Fig. 5).

In the presence of biochar and Fh (biochar:Fh ratio of 0.067 g/mmol
Fe), for all particle sizes, 10–11% of the electrons that were released
from lactate oxidation by S. oneidensisMR-1 to acetate and CO2 (4 elec-
trons per lactate) were recovered as Fe(II) and up to 8–9% of the re-
leased electrons could have been (theoretically) accepted by the
redox-active functional groups of the biochar. Up to 80% of the remain-
ing electrons were probably stored either within the biochar due to its
electrical double-layer capacitance or in the cells (Figs. 4 and 5). In ex-
periments with a biochar to Fh ratio of 0.067, biochar was poorly asso-
ciated with Fh (i.e. the extent of aggregation of biochar with Fh is
close to 0%; see Fig. S14a). The electrons donated from MR-1 cells
were therefore stored in the π-electron system of the carbon matrices
instead of being released to Fh. These stored electronswere surrounded
and charge balanced most likely by protons which were co-products
with electrons in the MR-1 metabolism (Pinchuk et al., 2011). This mi-
crobial electron-proton system could have constituted an electrical
double-layer in biochar andwas responsible for capacitive electron stor-
age. A similar electron storagemechanismhas also been found in capac-
itive microbial fuel cells (Deeke et al., 2012). Due to the insufficient
association of biochar and Fh, the 10–11% of Fe(II) formation probably
stemmed from cells that were directly attached to Fh and reduced the
Fh.

When increasing the biochar:Fh ratio to 0.3 g/mmol Fe with 5 g/L of
biochar, more electrons were recovered as Fe(II) (13–22%) and more
electrons can be accepted by redox-active functional groups of the bio-
char (34–36%). The fraction of remaining electrons, probably stored by
the capacitance of the carbonmatrices, decreased to 42–53%.When fur-
ther increasing the biochar/Fh ratio to 0.67 g/mmol Fe, although a sim-
ilar percentage of electrons can be accepted by the functional groups of

Image of Fig. 3


Fig. 4. The fate of electrons released from lactate oxidation in the presence of large (LP), medium (MP) and small particles (SP) of Swiss biochar (s-biochar) at biochar:Fh ratios (g biochar/
mmol Fe) of 0.067, 0.3, 0.67 and 1.0. Electrons released from oxidation of lactate to acetate are recovered as either i) Fe(II) stemming frommicrobial Fe(III) reduction ((quantified as Fe(II)
in our experiments), ii) electrons theoretically accepted by s-biochar (quantified from EAC of biocharmeasured) or iii) remaining electrons calculated as the difference between electrons
released from lactate oxidation andelectrons accepted by s-biochar and recovered as Fe(II),which includes electrons stored by the carbonmatrices capacitance andelectrons stored in cells
(e.g. as lactate). ‘I’ (black), ‘N’ (orange), and ‘S’ (red) symbols on the top of bars indicate whether inhibition, no change or stimulation of microbial Fe(III) reduction occurred compared to
setups without biochar amendment.
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biochar as in the 0.3 ratio setup,more electronswere recovered as Fe(II)
(26–48%) and consequently less electrons (19–39%) were stored in the
biochar and/or cells. These results suggest that at higher biochar/Fh
Fig. 5. Electron transfer pathways between S. oneidensisMR-1 cells and ferrihydrite (Fh) in the
on the extent of aggregation of biochar and Fh.When Fh as electron acceptor is not close to the b
microbial lactate oxidation can be accepted by the quinone groups of biochar or can be stored i
reduction is only possible by cells directly associated with the Fh. With increasing extent of ag
donation of the hydroquinone groups and direct electron transfer by the electrical conductanc
ratios, as a result of the increased aggregation of biochar with Fh, elec-
trons were directly transferred from the cells to the Fh by the conduc-
tive biochar carbon matrices, promoting Fe(II) formation, (Fig. S14b);
presence of small-sized (2–10 μm) and large-sized biochar particles (N100 μm) depending
iochar (i.e. the extent of aggregation of biochar to Fh is close to 0%), electrons released from
n biochar by the electrical double-layer capacitance of the carbonmatrices. In this case, Fh
gregation of biochar with Fh, the electrons start to be transferred to Fh by both electron
e of the carbon matrices, so that more and more Fe(II) will be produced.

Image of Fig. 4
Image of Fig. 5
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the biochar conductivity was similar as it was described for a 700 °C py-
rolyzed sawdust biochar which contributed to electron transfer during
persulfate oxidation (He et al., 2019). At the same biochar/Fh ratio of
0.67 g/mmol Fe with small-sized particles or at an even higher bio-
char/Fh ratio of 1.0 g/mmol Fe with all particle sizes, only a small frac-
tion of electrons (8–19%) was stored in biochar and cells (Fig. 4)
suggesting an efficient transfer of electrons from the cells to the Fh via
the conductive biochar and via reduced functional groups of biochar.
Generally, small-sized particles showed higher rates of Fe(II) formation
and higher percentages of electrons recovered as Fe(II) than medium-
and large-sized biochar particles probably because smaller biochar par-
ticles show a higher extent of aggregationwith Fh (see e.g. Fig. S14c) fa-
cilitating direct electron transfer to Fh.

In setups with a biochar/Fh ratio of 0.67 g/mmol and 10 g/L biochar,
for the three particle sizes (SP, MP, LP) up to 56–85% of electrons were
recovered as Fe(II) and 65–67% could have been theoretically accepted
by the functional groups of biochar, respectively (Fig. 4, Fig. S14d), lead-
ing in all cases to a stimulation of Fe(II) formation compared to the
biochar-free setups. Due to the intimate contact of the biochar with
the Fh, in these cases probably no electrons were stored in the carbon
matrices, i.e. most electrons were transferred from biochar to Fh
(Fig. 4). It is obvious from these experiments that the stimulation of
Fh reduction by biochar required a certain biochar/Fh ratio to facilitate
direct electron transfer from bacteria via biochar to Fh (Fig. 5).

3.4. Potential factors influencing the aggregation of cells, biochar and Fh

To better understand the aggregation of cells with biochar and Fh,
we determined the zeta potential of the SP, MP and LP s-biochar. SP-
sized s-biochar showed a more negative potential (−26.5 ± 0.3 mV)
than MP-sized (−22.8 ± 0.1 mV) and LP-sized biochar (−15.2 ±
0.2mV) (Fig. S14). These results are in agreementwith previous studies
(Eusterhues et al., 2014) on oak-derived biochar pyrolyzed at 650 °C
(particles of 0.25–2 mm) with a zeta potential close to −10 mV. The
zeta potentials of the s-biochar particles were more negative than
those of the MR-1 cells (−7.65 ± 0.3 mV; similar as other values of
−6.4 mV) (Wu et al., 2017), suggesting that in particular the SP-sized
s-biochar, that showed the most negative value, is expected to attach
to a larger extent to the positively charged Fh with +18 mV (Li et al.,
2015) than the cells (Fig. 3A, D and G). Consequently, a fast electron
transfer from cells via biochar can happen when cells are attached to
biochar.

We also observed that MR-1 cells were attached more to the
negatively-charged biochar particles than to the Fh particles (Fig. 3F),
suggesting that bacteria can bind efficiently to the biochar surface
using hydrophobic interactions thus overcoming the repulsion by the
negative surface charges (Suliman et al., 2017). Alternatively, the inter-
actions of the negatively charged cells and the negatively charged bio-
char maybe supported by bridging cations. Additionally, with
increasing Fh concentrations, the mineral particles can aggregate
forming large mineral assemblages with a lower weight-based surface
area (Villacís-García et al., 2015; Bompoti et al., 2017; Hiemstra and
Van Riemsdijk, 2009) and less binding sites for biochar and cells. A re-
cent study observed an inhibition of Fh reduction by S. oneidensis MR-
1 by graphenematerial (Liu et al., 2018) and explained this by a limited
accessibility of the Fh by themicroorganisms. Our and their findings to-
gether indicate that on the onehand certain ratios of solid electron shut-
tle to Fh (in our case biochar/Fh) and a close aggregation of the biochar,
MR-1 cells, and Fh is required to stimulate microbial Fh reduction and
on the other handhigh amounts of graphene-basedmaterials or biochar
present can inhibit electron transfer. Three-dimensional analysis of the
same samples using CLSM confirmed the observations from fluores-
cence microscopy regarding cell-mineral-biochar aggregations and
also revealed the secretion of extracellular polymeric substances (EPS)
(Fig. S16). EPS can help microorganisms to attach to minerals and facil-
itate electron transfer between cells and the solid surface (Harris et al.,
2010) owing to its redox properties (Cao et al., 2011; Li et al., 2016).
Therefore, we investigated whether biochar influenced EPS secretion
fromMR-1 by quantification of the protein and polysaccharide contents
after addition of different concentrations of s-biochar and 15 mM Fh
(Fig. S17). We observed that low concentrations (1 and 5 g/L) of SP s-
biochar decreased the protein but increased the polysaccharide content
in EPS compared to setups without electron shuttle, while higher con-
centrations (10 g/L) of SP s-biochar andAQDS (100 μM)behaved similar
as setups without electron shuttle and showed a slight increase in pro-
tein contents compared to low concentration biochar amendments.
Based on these observations, it is conceivable that biochar addition in-
fluenced the concentrations of redox-active compounds within the
EPS and that these differences influence electron transport from the
outer membrane of MR-1 cells via EPS to biochar particles. EPS was in-
deed shown to store redox-active flavins and cytochromes, enabling
EPS-bound cells to transport electrons extracellularly to electron accep-
tors via extracellular electron transfer (EET), i.e. electron hopping across
the EPS (Xiao et al., 2017). Additionally, a previous study (Caccavo,
1999) suggested the contribution of surface proteins to the adhesion
of the dissimilatory Fe(III)-reducing bacterium S. alga BrY to poorly
crystalline ferric hydroxide. The presence of lower and higher concen-
trations of potentially redox-active proteins in the EPS may offer addi-
tional explanations how low biochar concentrations (1 and 5 g/L) can
inhibit and high concentrations (10 g/L) can stimulate electron transfer
between S. oneidensis MR-1 and Fh.
3.5. Environmental implications

Compared to previous studies that showed how biochar concentra-
tions influence microbial ferrihydrite reduction, our present study re-
vealed that stimulation or inhibition of microbial Fe(III) reduction
depends on the aggregation of bacteria and biochar with the Fh influ-
enced by biochar particle size and biochar/Fh ratio. These findings
allow better evaluating the impact of biochar on electron transfer pro-
cesses in soils or sediments. Biochar additionwas shown tomobilize ar-
senic in paddy soils due to enhanced dissimilatory Fe(III) reduction
(Wang et al., 2017a, 2017b), which is possibly attributed to thepresence
of high biochar/Fe(III) minerals with close aggregation of biochar, cells
and minerals. In agricultural soils, biochar favored microbial Fe(III) re-
duction and thus lowered greenhouse gas emission (i.e. N2O and CH4)
(Wang et al., 2017a, 2017b). Microbial Fe(III) mineral reduction and
methanogenesis compete for the same electron donors, in particular
in anoxic environments such as paddy soils or wetlands (Achtnich
et al., 1995; Chidthaisong and Conrad, 2000; Teh et al., 2008). Based
on our study, it is evident that it has also to be determined how much
biochar of which particle size needs to be added to paddy soil to favor
or inhibit microbial Fe(III) reduction therefore controlling methane
emission.

Biochar addition to soils could alter the identity of secondary iron
minerals formed during Fe(III) reduction and due to differences in min-
eral solubility, particle size and surface area, this could impact the fate of
toxic metals as well as nutrients (Borch et al., 2010). Such effects on en-
vironmental processes are expected not only to happen after addition of
biochar, but also in environments that have significant concentrations
of pyrogenic carbon, such as soils (Schmidt and Noack, 2000;
Lehmann et al., 2009), sediments (Beesley et al., 2001), and aqueous
marine and terrestrial habitats (Bird et al., 2015; Jung et al., 2016). The
μm- and nm-particles of biochar as we have investigated here in the
present study represent very reactive fractions participating in Earth's
carbon cycling and various biogeochemical processes due to their reac-
tivity and highmobility functioning as a carrier and thus facilitating the
transport of contaminants and phosphorus transport alkaline soils
(Chen et al., 2017; Chen et al., 2018; Wang et al., 2013). Aggregation
of biochar and cells with Fe(III) mineral impacts electron transfer via
biochar, which may further influence the environmental association,
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transport, retention and fate of containments, organic matter and
metals.
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