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ABSTRACT: The mechanism of long-distance electron transfer Diffusion E;‘;’[ﬁg Diffusion
via redox-active particulate natural organic matter (NOM) is still s oneivensis: — p—

unclear, especially considering its aggregated nature and the Fe(ll
resulting low diffusivity of its quinone- and hydroquinone-
containing molecules. Here we conducted microbial iron(III)
mineral reduction experiments in which anthraquinone-2,6-
disulfonate (AQDS, a widely used analogue for quinone- and
hydroquinone-containing molecules in NOM) was immobilized in
agar to achieve a spatial separation between the iron-reducing
bacteria and ferrihydrite mineral. Immobilizing AQDS in agar also
limited its diffusion, which resembled electron-transfer behavior of
quinone- and hydroquinone-containing molecules in particulate
NOM. We found that, although the diffusion coefficient of the immobilized AQDS/AH,QDS was 10 times lower in agar than in
water, the iron(III) mineral reduction rate (1.60 + 0.28 mmol L1 Fe(II) d™") was still comparable in both media, indicating the
existence of another mechanism that accelerated the electron transfer under low diffusive conditions. We found the correlation
between the heterogeneous electron-transfer rate constant (10~ cm s™') and the diffusion coefficient (1077 cm” s™") fitting well with
the “diffusion-electron hopping” model, suggesting that electron transfer via the immobilized AQDS/AH,QDS couple was
accomplished through a combination of diffusion and electron hopping. Electron hopping increased the diffusion concentration
gradient up to 10°-fold, which largely promoted the overall electron-transfer rate during microbial iron(III) mineral reduction. Our
results are helpful to explain the electron-transfer mechanisms in particulate NOM.

Concentration

Centimeter distance electron transfer

Bl INTRODUCTION diffusively transfer electrons up to a 100 micrometer (ym)
distance.'® In contrast to dissolved NOM, particulate NOM
has a much lower physical mobility and commonly
accumulates in the solid phase of soils and sediments due to
aggregation and coprecipitation.'’ Similar as for dissolved
NOM, a stimulation of microbial Fe(III) reduction through
electron transfer facilitated by NOM redox cycling has also
been observed for particulate NOM.>'*'* Given the environ-
mental abundance, particulate NOM was proposed to be able
to transfer electrons across centimeter (cm) distances.”'® Such
long-distance electron transfer can bridge energy and matter
exchange across liquid and solid interphases in anoxic soils and
sediments. However, the underlying mechanisms that enable
the occurrence of long-distance electron transfer of particulate
NOM remain unclear. Whereas some studies emphasized the

Natural organic matter (NOM) is a complex mixture of
organic molecules that are primarily derived from the decay of
plant and microbial residues, and it makes up a major fraction
of organic matter in soils and sediments.’ Based on the particle
size that is operationally defined by filtering through 0.45 ym
cutoff filters, NOM is categorized into dissolved NOM and
particulate NOM.” Due to the presence of redox-active
moieties such as quinone and hydroquinone, NOM is known
to undergo redox cycles thus acting as an electron shuttle and
transferring electrons between spatially separated Fe(III)
minerals and Fe(IIl)-reducing bacteria.’™> Such an electron
shuttling process by NOM has been shown to help Fe(III)-
reducing bacteria to overcome the respiratory challenge and
perform extracellular electron transfer in anoxic soils and
sediments.’

Dissolved NOM is usually homogeneously distributed in Received:  April 21, 2020
pore waters and possesses a high diffusivity’ with a measured Revised:  July 15, 2020
diffusion coefficient (D,) of 107% cm? s7%. This diffusion Accepted: July 27, 2020
coefficient is in the same order of magnitude as the D, of a Published: July 27, 2020
variety of biological electron shuttle molecules (i.e., flavin
mononucleotide® and pyocyanin®) that are known to
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* Air-tight bottle
* Headspace flushed with N,

MR-1

(o)

Working electrode:
Platinum wire

Reference electrode:
Ag/AgCl (saturated KCI)

AQDS in 2% agar with 0.1 M KCI (pH 7)

(b)

25 mm

O Cell suspension of Shewanella oneidensis

Location 1: agar rim (25 mm from the
ferrinydrite mineral core)

Location 2: agar-ferrihydrite interface (~6 mm
from the ferrihydrite mineral core)

Location 3: ferrihydrite mineral rim (~4 mm
from the ferrihydrite mineral core)

Location 4: ferrihydrite mineral core

(d)

Counter electrode:
graphite rod

AQDS in agar (2%) with 0.1
M KCI (pH 7)

Figure 1. Cell suspension incubation system that separates S. oneidensis MR-1 and ferrihydrite by a 2 cm distance with AQDS as an electron shuttle
(a). At each sampling point, an agar slice with 1 mm thickness was taken at four locations in an anoxic glovebox (100% N,) (b). The cyclic
voltammetry of AQDS was measured in a Biologic model VSP potentiostat controlled by the EC-lab platform at room temperature in a three-
electrode-configured cell at pH 7 (c). The two-electrode-configured electrochemical cell (L X W X H = 5 X 3 X 2 cm) used to investigate the
maximum electron-transfer distance of AH,QDS after electrochemical reduction of AQDS (d).

importance of dissolved NOM serving as a mediator that
diffusively transfers electrons between particulate NOM
molecules,'* others proposed the formation of an electron-
transfer network by particulate NOM, as it could also be
formed by bacterial nanowires,"” to transfer electrons over cm
distances.'®

It has been proven that quinone- and hydroquinone-
containing molecules dominated the electron-transfer proper-
ties of particulate NOM. However, their diffusivity is much
lower than that of dissolved NOM, due to the precipitating
nature of particulate NOM. To advance our understanding of
the electron-transfer mechanism of particulate (solid-phase)
NOM, we used anthraquinone-2,6-disulfonate (AQDS), as an
analogue for quinone-containing particulate NOM molecules,
and AH,QDS that was generated from the microbial reduction
of AQDS, as an analogue for the hydroquinone-containing
molecules in particulate NOM. By immobilizing AQDS in agar
(2%), we mimicked the diffusion limitation of quinone-/
hydroquinone-containing molecules in particulate NOM. We
would like to note that we are aware of the fact that the
AQDS/AH,QDS couple was not fully immobilized, but
instead, its diffusivity was reduced to simulate the electron-
transfer conditions relevant for particulate NOM. However, for
simplicity we termed this reduced diffusion condition as
“immobilized” throughout the manuscript. This AQDS—agar
mixture was placed in an incubation system that physically
separated the Fe(Ill)-reducing bacteria (Shewanella oneidensis
MR-1) and ferrihydrite by 2 cm to inhibit direct microbial
terrihydrite reduction. We hypothesized that electron hopping

(i.e, the electron self-exchange reaction occurring between
closely compacted redox centers'”) plays a critical role in the
electron transfer between immobilized AQDS and AH,QDS
molecules and accelerates microbial Fe(III) mineral reduction.

B MATERIALS AND METHODS

Cell Suspension Experiment. Microbial ferrihydrite
reduction was carried out in a cell suspension incubation
system for which AQDS was immobilized in agar, and S.
oneidensis MR-1 (10® cells mL™") and ferrihydrite (15 mmol
L") were separated by a distance of 2 cm (Figure la). The
concentrations of AQDS in agar were 5 mmol L™, 10 mmol
L7, 25 mmol L™/, or S0 mmol L™". The pore size of the agar
(2%) was 100—200 nm,"® which is small enough to prevent
microbes from penetration and therefore from direct contact to
ferrihydrite." Phosphate buffer (5 mmol L™, pH 7.0~7.2) was
used in the incubation. Although phosphate can lead to the
formation of Fe(Il)-phosphate minerals such as vivianite, this
buffer was chosen to allow comparison of our study to previous
studies.”*™** More detailed information about the setup of the
cell suspension incubation can be found in our previous
study.'” For analysis, agar samples from each treatment were
taken in triplicates in an anoxic glovebox (100% N,). A 10 mL
syringe, cut at the top, was used to take a core from the agar for
quantifying the Fe concentration. Agar slices (1 mm thickness
for each slice) were taken from locations 1, 2, 3, and 4 of the
core as designed in Figure 1b. After dissolving in 1 M HClI for
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Figure 2. Fe(III) (a) and Fe(II) (b) concentrations measured at the ferrihydrite-mineral rim (location 3) and (c) Fe(II) concentration over time at
the agar-ferrihydrite interface (location 2) of the 15 mM ferrihydrite reduction by 10° mL™" S. oneidensis MR-1 in the presence of 15 mM lactate as
the electron donor amended with either S mmol L™" (red), 10 mmol L™" (green), 25 mmol L™" (yellow), or 50 mmol L™" (blue) anthraquinone-
2,6-disulfonate (AQDS) as the electron shuttle. All experiments were conducted in the cell suspension incubation system at 30 °C in the dark. Data

points shown are mean values from triplicate bottles +SD.

1 h, the Fe(Il) and Fe(III) concentrations in each slice were
quantified using the spectrophotometric ferrozine assay.””**

Electrochemical Analysis. Cyclic voltammetry was
performed to investigate the redox cycling of the AQDS/
AH,QDS couple that was immobilized in agar. Potassium
chloride (KCl, 0.1 mol L") was added as a supporting
electrolyte, and potassium phosphate (5 mmol L") was used
to buffer the pH at 7.0—7.2. Cyclic voltammetry was carried
out in a three-electrode-configured electrochemical cell for
which platinum wire, a graphite rod, and Ag/AgCl (sat. KCl)
were used as a working, counter, and reference electrode,
respectively (Figure 1c). The AQDS concentration was $
mmol L™}, 10 mmol L™}, 15 mmol L™}, 25 mmol L™}, or 50
mmol L' to have the same conditions as in the microbial
Fe(III) mineral reduction incubations. Potential scan rates
ranged from 50 mV s~ to 300 mV s™".

A two-electrode-configured electrochemical cell (L X W x H
=5 X 3 X 2 cm, Figure 1d) was used to investigate the
maximum transfer distance of AH,QDS after electrode
reduction of AQDS. The initial AQDS concentration was 25
mmol L™! or 50 mmol L™". KCI (0.1 mol L™") and phosphate
(5 mmol L") were added as a supporting electrolyte and pH
buffer (7.0—7.2), respectively. Carbon paper was used as both
a working and counter electrode. A constant voltage (i.e., the
potential difference between working and counter electrodes)
of 3 V was applied to the electrochemical cell, which was also
the tested lowest voltage that was able to initiate the reduction
of AQDS in this particular cell configuration. During the
experiment, we did not observe any gas bubbles evolving from
the electrodes, suggesting that the applied voltage was high
enough to drive AQDS reduction but still below the voltage
threshold for water splitting.

At the end of the experiment, we quantified AQDS and
AH,QDS concentrations using a spectrophotometric method.
The agar slices (thickness 1 mm) were put into an
electroporation cuvette (BTX, 45-0134), and the absorbance
of the agar slices at the wavelength from 200 to 550 nm was
measured with a fluorescence spectrophotometer (FluoroMax-
4, Jobin Yvon-SPEX instruments, New Jersey, USA). Pure agar
(2%) with 5 mmol L™ phosphate buffer and 0.1 mol L™ KCI
was used as a blank. The peak positions of AQDS (320 nm)
and AH,QDS (400 nm) are in accordance with previously
reported values.”> We quantified AQDS concentrations based
on the concentration-peak height curve of standard samples
and estimated the concentrations of AH,QDS through the
decrease of AQDS by assuming all decreased AQDS was

converted to AH,QDS. For example, in the experiment with an
initial AQDS concentration of 25 mmol L™, we found a 7.2
mmol L' loss of AQDS, which suggests the formation of 7.2
mmol L™' AH,QDS. The same approach was applied to the
experiment with initial AQDS concentrations of 50 mmol L™,
in which a 33.7 mmol L™' AQDS loss, thus, 33.7 mmol L™}
AH,QDS formation, was detected.

B RESULTS AND DISCUSSION

Immobilized AQDS Enables Microbial Ferrihydrite
Reduction Across a 2 cm Distance. Our incubations
showed that after accepting electrons from microbial
metabolism, AQDS was reduced to AH,QDS, which
subsequently transferred electrons to ferrihydrite. In the
incubation with § mmol L™ immobilized AQDS in agar, the
Fe(Ill) concentration at the ferrihydrite-mineral rim (i.e.,
location 3 in Figure 1b) decreased from 14.92 mmol L™' to
3.04 mmol L™" within the first 2 days of incubation (Figure
2a). Inversely, the Fe(Il) concentration at the same location
increased from 0 mmol L™ to 3.34 mmol L™" (Figure 2b).
However, after 2 days, the Fe(Il) concentration at the
ferrihydrite-mineral rim started to decrease, and its final
concentration was stabilized at 0.74 mmol L™" after 10 days of
incubation. This Fe(II) concentration decrease at the
ferrihydrite-mineral rim (location 3) was likely caused by
sorption of Fe(II) onto the ferrihydrite, which dissolved over
time and diffused across the agar-ferrihydrite interface (i.e.,
location 2) into the bulk of agar. As a result, the Fe(II)
concentration at the agar-ferrihydrite interface increased from
096 mmol L' to 10.02 mmol L' within 10 days of
incubation (Figure 2c). No Fe(II) was detected at the agar rim
(i.e., location 1, Figure 1b) during the entire incubation period
(SI Figure Sla). This was probably due to the interaction of
Fe(Il) and phosphate by the formation of Fe(II)-phosphate
minerals, such as vivianite,'”””*® that impeded further
diffusion of Fe(Il) in the agar.

Consistent with the S mmol L™ AQDS experiment, also 10
mmol L™, 25 mmol L™}, and 50 mmol L™ of immobilized
AQDS initiated ferrihydrite reduction from the ferrihydrite-
mineral rim (location 3) and accumulated Fe(II) in the form of
Fe(II)-phosphate minerals (i.e, vivianite) at the agar-
ferrihydrite interface (location 2) (Figure 2c). However, it
should be noticed that a diffusion-reaction model developed in
our previous study'’ showed that the formation of Fe(II)-
phosphate minerals should co-occur at the agar-ferrihydrite
interface (location 2) and ferrihydrite-mineral rim (location 3).
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Figure 3. Linear dependency of peak current on square root of potential scan rate for different AQDS concentrations in agar (a). The calculated
diffusion coefficient D, (pink) and heterogeneous electron-transfer rate constant k, (blue) of AQDS in agar (b). The Tefal plot showing the linear
relationship between the natural logarithm of the absolute value of the peak current (lnlipl) and overpotential (ie., difference between peak
potential and formal potential) at different potential scan rates (c). Original cyclic voltammograms from which Figure 3 was derived can be found

in Figure S$4.

The observation of the accumulation of Fe(II)-phosphate
minerals only at the agar-ferrihydrite interface might be caused
by the difficulties visually observing the boundary of the
ferrihydrite-mineral core to the clean agar during the sampling
procedure.

Although higher concentrations of AQDS lead to higher
extents of ferrihydrite reduction, and therefore more Fe(II)
formation at the ferrihydrite-mineral rim, the ferrihydrite
reduction never reached the ferrihydrite-mineral core (i.e.,
location 4 in Figure 1b), which was shown by the stable
Fe(III) concentration between 14 mmol L™} to 16 mmol L™}
at this location (SI Figure S2c). Similar phenomena of
incomplete ferrihydrite reduction were also reported in
previous studies.””*® We attribute the incomplete reduction
in our system to the accumulation of Fe(II)-phosphate
minerals at the agar-ferrihydrite interface and ferrihydrite-
mineral rim, thus reducing the thermodynamic driving force of
ferrihydrite reduction®’ and limiting the acceptance of
electrons.”

With § mmol L™, 10 mmol L™}, 25 mmol L™}, and 50 mmol
L™' AQDS immobilized in agar, the average ferrihydrite
reduction rates were 1.25 + 0.05 mmol L™ Fe(Il) d}, 1.52 +
0.16 mmol L™" Fe(II) d‘l, 1.76 + 0.07 mmol L™ Fe(II) d7%,
and 1.88 + 0.11 mmol L™" Fe(II) d™', respectively (SI Figure
$3). During our previous study, we showed that the diffusion
coefficient of AQDS was 10™7 cm?® s~ in agar, ? which is about
ten times lower than that in water (107¢ cm?s7!).*>*
However, the ferrihydrite reduction rate of the incubations
with AQDS immobilized in agar was comparable and in the
same order of magnitude than in water (2.36 + 1.07 mmol L™
Fe(Il) d™!).>* These results indicated that other electron-
transfer mechanisms existed in addition to diffusion, which
enhanced the overall AQDS electron-transfer rate in agar.

Electron Hopping Enhanced AQDS Diffusion. Electron
hopping between adjacent redox centers has been reported in
many materials and dominates the solid-phase electron transfer
when molecular diffusivity is low or absent. Several theories
and models, notably the Dahms-Ruff model,** ™37 the Blauch-
Saveant model,*® and the Marcus—Hush theory,””*” have been
established and used to explain the electron hopping in redox-
active polymers.”’ Electron hopping has been shown to be
1nv01ved in the electron-transfer process in microbial nano-
wires*” and between the redox-active protems in the extended
membranes of Shewanella oneidensis MR-1.*> To demonstrate

10649

electron hopping in the agar-immobilized AQDS/AH,QDS
couple, we performed cyclic voltammetry and observed two
distinct peaks during the reduction (i.e., AQDS + 2e™+ 2H" —
AH,QDS) and oxidation (ie., AH,QDS — 2¢~ — 2H" —
AQDS) scans (SI Figure S4). The fact that the peak current
ratio of reduction and oxidation scans was equal to unity and
independent of the scan rate (Figure 3a) indicated that there
were no parallel chemical reactions that were coupled to the
electron transfer of either AQDS or AH,QDS. The formal
potential (i.e., the average of peak potentials) was determined
at —0.3 V (vs SHE, SI Figure S6) in agar, which is more
negative to the previously reported standard reduction
potential (—0.228 V)*° and the formal potential (—0.185
V)* of AQDS in aqueous solution (at pH 7). The linear
dependence of peak current on the square root of the applied
potential scan rate (Figure 3a) complies with the Randles—
Sevcik equation (eq 1)

1

3 1 1
i, = 269000 X n2 X A X Dg X C X v2 (1)
Sl ’
ope
D, = 3
269000 X n2 X A X C 2)
where i, is the peak current, n (=2) is the number of

transferred electrons by the AQDS/AH,QDS couple, A (0.314
cm?) is the electrode surface area, C is the initial AQDS
concentration in bulk, v indicates the potential scan rate, and
D, is the diffusion coefficient. Our calculations use the same
diffusion coefficient for AQDS and AH,QDS due to their
similar molecular structures and because of the symmetric peak
current performance between the reduction scan of AQDS and
the oxidation scan of AH,QDS (SI Figure S4). A similar D,
relationship was also observed between the 1,4-benzoquinone
and 1,4-hydroquinone redox-couple.*’ From the slope of the
linear plot of i, as a function of 1% (eq 2), we determined Dy, at
5.5 + 32 %X 1077 cm? 57! (average value of different AQDS
concentrations, which is shown by the pink dots in Figure 3b).
We further calculated the heterogeneous electron-transfer rate
constant (k°) of the AQDS/AH,QDS couple, using eq 3 based
on the observed wide separation of reduction and oxidation
peak potentials shown in cyclic voltammograms*’
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in which the intercept was obtained from a linear fit of the
natural logarithm of the absolute value of the peak current (Inl
i,]) and overpotential (i, difference between peak potential
and formal potential, SI Figure S7) at different potential scan
rates (Figure 3c). F is the Faraday constant, and the rest of the
terms have the same meaning as in eqs 1 and 2. k® was
determined at 1.9 + 0.2 X 1073 cm s7! (average value for
different AQDS concentrations, as shown by blue dots in
Figure 3b). Both k° and D, remained relatively constant from
low to high AQDS concentrations.

The correlation between k° and D, well fitted with the
diffusion-electron hopping model that was recently developed
to explain the electron transfer in a nonconjugated polymer.*®
In the diffusion-electron hopping model, the overall electron
transfer is controlled by diffusion (D,), which determines
the electron-transfer rate (k°) through a function of
K = El% exp(—é) (k. electron transmission coefficient;
L, mean free distance; A, reorganization energy; k;, Boltzmann
constant; T, temperature). This fitting suggests that the overall
electron transfer through immobilized AQDS/AH,QDS was
accomplished by a series of diffusion and electron hopping
steps, which is shown between interfaces 1 and 2 in eq 4.

1

Interfaces 1 and 2 represent microbe-AQDS and AH,QDS-
terrihydrite interfaces, respectively. Therefore, the overall
electron-transfer rate constant (k,,,.;) can be described by a
serial reaction equation based on the classical Noyes
expression (eq S)

111
ks (s)

where k;,, indicates the rate constant of electron hopping
between AQDS and AH,QDS redox centers, and kyy is the
diffusion constant. It ought to be noted that here we employed
the Noyes expression only for the purpose of qualitative
description of the serial reaction concept and not for
quantitative data fitting. This is because the Noyes expression
is a mean field approach that applies to the electron-transfer
situation in which diffusion is faster than electron hopping. As
we show below, the overall electron transfer of the immobilized
AQDS/AH,QDS couple was an opposite regime to the Noyes
expression, which was controlled by diffusion instead of
electron hopping.

It is well-known that the reduction of AQDS to AH,QDS is
a two-electron-transfer step process, including the formation of
a semiquinone radical (i.e., AQDS + e~ — AHQDS* + ™ —
AH,QDS). However, in our system, these two steps could not
be distinguished as only one current peak appeared in either
the oxidation or reduction cycle in the cyclic voltammograms
(SI Figure S4). Therefore, the electron hopping rate constants,
ky,, reflected the overall kinetics of the two steps. We estimated

kovemll khp

kai k
Microbe + AQDS —>|AH,QDS - ff> AH,QDS + AQDS $ kdiff (~106 L mol™! s_l) by using the Smoluchowski model: kdl-ff
4) = 16zDyxN, (a, radius of the redox centers (in the magnitude
2 g

of nm, SI Figure S8); N,, Avogadro constant). k;, (~10° L
AQDS + AH,QDS weresss ‘AHZQDS +ferrihydrite mol™ s7!) was approximated by the linear fitting of k° and D,

(@) 25 mmol L' AQDS (b) 50 mmol L' AQDS
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Figure 4. AQDS and AH,QDS concentrations measured spectrophotometrically at each 1 mm in agar (2%) in the experiment with a two-
electrode-configured electrochemical cell (L X W X H = § X 3 X 2 cm, Figure 1d). The initial AQDS concentration was 25 mmol L™" (a) and 50
mmol L™ (b). A voltage (i.e., the potential difference between working and counter electrodes) of 3 V was applied to initiate the reduction of
AQDS. The produced AH,QDS showed a bright orange color, and it expanded from the working electrode toward the counter electrode over time
(as shown in the pictures above the bar plots). Once the expansion of AH,QDS stopped, we recorded the time (3 and 1.8 min for the experiment
with the initial AQDS concentration of 25 mmol L™" and 50 mmol L™}, respectively) and measured the AQDS and AH,QDS concentrations for
each slice of agar (thickness 1 mm) from the working electrode to the counter electrode. However, here we only show the concentrations of AQDS
and AH,QDS in the first 3 cm of the reacting cell, because no further change of AQDS and AH,QDS concentration was observed in the last 2 cm.

https://dx.doi.org/10.1021/acs.est.0c02521
Environ. Sci. Technol. 2020, 54, 10646—10653


http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c02521/suppl_file/es0c02521_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c02521/suppl_file/es0c02521_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c02521/suppl_file/es0c02521_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c02521?fig=eq4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c02521?fig=eq4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c02521?fig=eq4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c02521?fig=eq4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c02521?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c02521?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c02521?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c02521?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c02521?ref=pdf

Environmental Science & Technology

pubs.acs.org/est

with the published diffusion-electron hopping model.** This
estimated electron hopping constant kj, (~10° L mol™" s7')
was in good agreement with the two-electron self-exchange
reaction (i.e, AQDS>™ + 2¢” + 2H' — AH,QDS*") rate that
was calculated by Rosso et al. In their study, the reaction rate
for the first (ie, AQDS*™ + ¢~ + H* — AHQDS>™*) and
second (i.e, AHQDS*™® + e~ + H* — AH,QDS*") steps of the
two-electron self-exchange reaction was determined at 10%'° L
mol ™' s7" and 107 L mol ™' s7', respectively, which yielded a
geometric mean of 10%°° L mol™" s™'. Since kg is smaller
than ky,, ko was rate controlled by the diffusion process.
This estimation is consistent with the observed linear
dependence of the peak current on the square root of the
applied potential scan rate (Figure 3a) and AQDS concen-
tration (SI Figure SS), which supported the diffusion-limited
electron-transfer kinetics and verified the application of the
diffusion-electron hopping model in our system.

We further performed electrochemical experiments that
were combined with spectrophotometric analysis of thin agar
slices (1 mm for each slice, Figure 1d) to investigate how
electron hopping enhanced diffusion, and thus the overall
electron-transfer rate of the diffusion-electron hopping process,
in comparison to the case without electron hopping. For an
initial AQDS concentration of 25 mmol L™, a total of 3 X 107>
mmol AH,QDS was produced from electrode reduction of
AQDS, which reached a maximum transfer distance of 1.6 cm
(Figure 4a). Dividing the amount of produced AH,QDS by the
surface area of the electrode (6 cm?) and the reaction time (3
min to reach the maximum transfer distance), we determined
the average AH,QDS production fluxes (]pmductm") to be 3.1 X
10~° mmol cm™ s™!. For the condition without electron
hopping, the concentration gradient for AH,QDS diffusion was
4.3 X 107 mmol cm™* by taking the concentration drop of
AH,QDS into account of the entire transfer distance (SI
Figure S9). Such a concentration gradient, however, would
only generate a stationary diffusion flux (Jyyen) of 2.2 X 107
mmol cm™> s™' (estimated based on Fick’s first law

c - - .
]diﬁusion = _Dof: Dy = 5.5 X 1077 cm? s7}, as presented in

the last section, —% = 4.3 X 1072 mmol cm™, represents the

concentration gradient). This was much smaller than J,oguction
(3.1 X 107> mmol cm™* s™') and therefore not sufficient to
sustain the AH,QDS transfer to the maximum distance at the
given reaction time.

The occurrence of electron hopping, on the other hand,
divided the diffusion into several short-distance diffusion
segments (i.e,, eq 4). In each segment, the diffused AH,QDS
was immediately consumed by electron hopping at the
encountered surface of the AQDS layer due to the fact that
electron hopping is faster than diffusion. Assuming the
diffusion flux in each segment (Jyysusion, ;) Was the same and
equated to the flux (i.e.,

—D,—2) for a stationary AH,QDS

seg.
production
Cseg

Lseg

]productian = ]diﬂusion,seg =
transfer until the maximum distance, one could obtain a

C
*) of 5.0 X 10?

concentration gradient in each segment (—
-

C,
== =3.1 X 107> mmol cm™

mmol cm™* (—

Jproducton
L, D,

s7), Dy = 5.5 X 1077 cm? s7!). This calculated concentration
gradient was 10° times higher than that without electron
hopping (SI Figure $9a, 4.3 X 10™* mmol cm™). As shown
above, the estimated electron hopping rate (kj, ~10% L mol™!

? Jproduction

10651

s7!) was only 100 times larger than the diffusion rate (kg
~10° L mol™! s7!), and the diffusion flux we observed in our
experiment (Jy,ogucion 3-1 X 107> mmol em™ s7') was 10*
times higher than the diffusion flux (]diffusion, 2.2 X 10~° mmol
em™? s7'). We attributed this nonlinear acceleration of
diffusion by electron hopping to the fact that electron hopping
accelerates the overall electron-transfer rate by both shortening
the diffusion distance and increasing the concentration
gradient therefore the diffusion rate in the diffusion segment.
Although the increase of the concentration gradient therefore
the diffusion rate in the diffusion segment should be linear to
the electron hopping rate, the effect of the shortened distance
on acceleration is not linearly dependent on the rate of
electron hopping.

A similar observation was made in the experiment with an
initial AQDS concentration of 50 mmol L™ (Figure 4b) for
which the concentration gradient in each segment

( Cseg _ meductinn
L

D - 1.0 X 10* mmol cm™, Joroduction = 46 X

g
107 mmol cm™ s7') was increased 10°fold by electron

o . ) . C
hopping in comparison to the concentration gradient (_f

12 X 1072 mmol cm™, SI Figure S9b) for the diffusion
without electron hopping. This increasing extent of concen-
tration gradient was 10-fold higher than that in the experiment
with the initial AQDS concentration of 25 mmol L™, which
was probably due to the shorter diffusion distance in each
diffusion segment as a result of the closer contact of AQDS
redox centers and thus higher electron hopping frequency at
higher concentrations. The redox-center separation decreased
from 1.29 to 0.49 nm as the AQDS concentration increased
from 25 mmol L™' to 50 mmol L™" (SI Figure S8). Although
simplistic, this calculation highlighted the substantial impact of
electron hopping on accelerating diffusion fluxes and
enhancing the overall electron-transfer kinetics via the
AQDS/AH,QDS couple.

Implications for Particulate NOM Electron Transfer.
Here we fit our data to a diffusion-electron hopping model to
interpret the electron transfer between immobilized AQDS
molecules in agar under diffusion-limited conditions. Such
conditions highly resemble the electron-transfer process of
particulate NOM for which solid-phase quinone and hydro-
quinone groups are present. However, a certain number of
dissolved NOM molecules with redox-active functional groups
are also expected to coexist with the particulate NOM matrix,
for example, due to the continuous degradation of particulate
natural organic matter.”*” After accepting electrons generated
from microbial respiration, dissolved quinone groups are
transformed to hydroquinone groups, which subsequently
diffuse to the particulate NOM due to their high diffusive
mobility. Electron hopping between the dissolved hydro-
quinone and solid-phase quinone groups can largely increase
the diffusion concentration gradient and promote the electron
transfer of particulate NOM to a rapid and long-distance level.
Electron transfer of particulate NOM plays a critical role in
element cycling,'” contaminant transformation,” and green-
house gas emissions.'* It is thermodynamically favorable to
transfer electrons to different terminal electron acceptors
including oxygen, iron(IlI), and manganese(IV) minerals, as
well as to nitrate and oxidized S-compounds from high to low
reduction potential.”*’ The diffusion-electron hopping model
proposed in this study will be relevant for other studies that
address the particulate NOM enhanced electron-transfer
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kinetics as well as its impact on environmental electron-transfer
networks.
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