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Anaerobic microbial respiration in suboxic and anoxic environ-
ments often involves particulate ferric iron (oxyhydr-)oxides as
terminal electron acceptors. To ensure efficient respiration, a
widespread strategy among iron-reducing microorganisms is the
use of extracellular electron shuttles (EES) that transfer two elec-
trons from the microbial cell to the iron oxide surface. Yet, a funda-
mental understanding of how EES-oxide redox thermodynamics
affect rates of iron oxide reduction remains elusive. Attempts to
rationalize these rates for different EES, solution pH, and iron
oxides on the basis of the underlying reaction free energy of the
two-electron transfer were unsuccessful. Here, we demonstrate
that broadly varying reduction rates determined in this work for
different iron oxides and EES at varying solution chemistry as well
as previously published data can be reconciled when these rates
are instead related to the free energy of the less exergonic (or
even endergonic) first of the two electron transfers from the fully,
two-electron reduced EES to ferric iron oxide. We show how free
energy relationships aid in identifying controls on microbial iron
oxide reduction by EES, thereby advancing a more fundamental
understanding of anaerobic respiration using iron oxides.

microbial iron oxide reduction | anaerobic respiration | free energy
relationship | one-electron reduction potential

he use of iron oxides as terminal electron acceptors in

anaerobic microbial respiration is central to biogeochemical
element cycling and pollutant transformations in many suboxic
and anoxic environments (1-6). To ensure efficient electron
transfer to solid-phase ferric iron, Fe(III), at circumneutral pH,
metal-reducing microorganisms from diverse phylae use dis-
solved extracellular electron shuttle (EES), including quinones
(7-9), flavins (10-16), and phenazines (17-19), to transfer two
electrons per EES molecule from the respiratory chain proteins
in the outer membrane of the microbial cell to the iron oxide (17,
20, 21). The oxidized EES can diffuse back to the cell surface
for rereduction, thereby completing the catalytic redox cycle
involving the EES.

The electron transfer from the reduced EES to Fe(III) is
considered a key step in overall microbial Fe(III) respiration.
Several lines of evidence suggest that the free energy of the
electron transfer reaction, A, G, controls Fe(III) reduction rates
(15, 17, 22, 23). For instance, microbial Fe(III) oxide reduction
by dissolved model quinones as EES was accelerated only for
quinones with standard two-electron reduction potentials, EPOLLQ,
that fell into a relatively narrow range of —180 = 80 mV at pH
7 (24). Furthermore, in abiotic experiments, Fe(III) reduction
rates by EES decreased with increasing A, G that resulted from
increasing either Ejj ; , of the EES (25, 26), the concentration of
Fe(II) in the system (27), or solution pH (25, 26, 28). However,
substantial efforts to relate Fe(III) reduction rates for different
EES species, iron oxides, and pH to the By ; , averaged over both
electrons transferred from the EES to the iron oxides were only
partially successful (25, 28). Reaction free energies of complex
redox processes involving the transfer of multiple electrons can
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readily be calculated using differences in the reduction potentials
averaged over all electrons transferred, and this approach is
well established in biogeochemistry and microbial ecology. For
kinetic considerations, however, the use of averaged reduction
potentials is inappropriate.

Herein, we posit that rates of Fe(III) reduction by EES instead
relate to the A, G of the less exergonic first one-electron transfer
from the two-electron reduced EES species to the iron oxide,
following the general notion that reaction rates scale with reac-
tion free energies (29). Our hypothesis is based on the fact that,
at circumneutral to acidic pH and for many EES, the reduction
potential of the first electron transferred to the fully oxidized
EES to form the one-electron reduced intermediate semiquinone
species, Fn,1, is lower than the reduction potential of the second
electron transferred to the semiquinone to form the fully two-
electron reduced EES species, Fu,2 [i.e., a1 < En2 (30-33)].
This difference in one-electron reduction potentials implies that
the two-electron reduced EES (i.e., the hydroquinone) is the
weaker one-electron reductant for Fe(III) as compared to the
semiquinone species. We therefore expect that rates of iron oxide
reduction relate to the A;G of the first electron transferred
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decomposition in anoxic environments.
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from the hydroquinone to Fe(III). The A, G of this first electron
transfer may even be endergonic provided that the two-electron
transfer is exergonic.

We verified our hypothesis in abiotic model systems by demon-
strating that reduction rates of two geochemically important
crystalline iron oxides, goethite and hematite, by two-electron
reduced quinone- and flavin-based EES over a wide pH range,
and therefore thermodynamic driving force for Fe(III) reduction,
correlate with the A;G of the first electron transferred from
the fully reduced EES to Fe(III). We further show that rates
of goethite and hematite reduction by EES reported in the
literature are in excellent agreement with our rate data when
comparing rates on the basis of the thermodynamics of the less
exergonic first of the two electron transfers.

Results and Discussion

Free Energies of Fe(lll) Reduction by EES. We illustrate the differ-
ences of reaction free energies for the reduction of Fe(I1I) oxides
by the first vs. second electron transferred from EES for two
widely used EES, anthraquinone-2,6-disulfonate (AQDS) and
riboflavin. Fig. 14 shows the Ey—pH diagram for AQDS with
colored lines depicting the reduction potentials, ES:M for the
half-reactions specified in Eqs. 1-3 at pH 4 to 8. The reduction
potential of the first electron transferred to AQDS?™ to form
the semiquinone radical anion species AQDS**~, EJ; (Eq. 1;
orange line in Fig. 14) is low and pH-independent given that the
formed semiquinone is deprotonated over the environmentally
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Fig. 1.

relevant pH range considered here [i.e., pK‘QQDSH.L = 3.0 (31);
SI Appendix, Fig. S1]. By comparison, the reduction potential of
the second electron transferred to the semiquinone, Eﬁ:Q, is
higher and has a slope of —0.118 V-pH™, resulting from the
stoichiometric transfer of two protons with this electron (Eq.
2; blue line in Fig. 14). Under these conditions, the thermody-
namics of the single-electron transfer steps result in only very
small concentrations of the transient semiquinone species. The
reduction potential for the transfer of both electrons, Eﬁ:m, is

the average of Eﬁ:l and ESIQ and has a slope of —0.059 V- pH!
(Eq. 3; red line in Fig. 14).

AQDS®*™ + e~ = AQDS**~ [1]
AQDS**” + e~ 4+ 2H" = AQDSH; ™~ [2]
AQDS®*™ +2¢” +2H" <~ AQDSH;~ [3]

Fig. 14 also shows the reduction potential of the goethite

(a-FeOOH)/Fe** redox couple with a slope of —0.177 V-pH™,
reflecting the transfer of three protons per electron according to
Eq. 4.

a-FeOOH + e~ + 3H" =Fe?" + 2H,0. (4]

The resulting complete redox reactions for both the single-
electron transfers (Eqs. 5 and 6 for the first and second electron

.

Thermodynamic analysis of the reduction of goethite (a-FeOOH) by AQDS and riboflavin over the pH range examined in this work. (A and C)

Pourbaix diagrams for redox couples quinone/hydroquinone (Eafm, red), semiquinone/hydroquinone (E,‘?,fz, blue), and quinone/semiquinone (Eﬂ;, orange)

of AQDS and riboflavin. The redox couple a-FeOOH/Fe?* (E, (oxide)) is shown as a gray line. Eg/—pH diagrams were drawn using published standard reduction
potentials [AQDS (31, 34), riboflavin (33, 35, 36), S/ Appendix, Table S1 and 0.768 V (37) for a-FeOOH]. Molecular structures of redox-active species of AQDS
and riboflavin are shown in S/ Appendix, Figs. S1 and S2, respectively. (B and D) Free energies, ArGg/, of the two-electron transfer from reduced AQDS and
riboflavin (x = 1,2: red lines) to a-FeOOH, and of the individual one-electron transfers; x = 2 (blue lines) stands for the first one-electron transfer from the
fully reduced hydroquinone to a-FeOOH; x = 1 (orange lines) for the second one-electron transfer from the semiquinone to a-FeOOH. A,Gg/ values were
calculated from the difference in reduction potentials between the a-FeOOH/Fe?* redox couple and the redox couples of AQDS and riboflavin in A and C
according to Eq. 18 and as detailed in Materials and Methods. The conditions at which A,fo/ =0kJ - mol~" are marked in A-D by circles (o) labeled “i,ii"”
for x = 1,2 (red), “ii” for x = 2 (blue), and “i” for x = 1 (orange). Vertical lines in B and D denote the pK, of the reduced riboflavin species.
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transferred, respectively) as well as average combined two-
electron transfer (Eq. 7) are

a-FeOOH + AQDSH;~ + H" == Fe?" + AQDS**™ + 2H,0

[5]

a-FeOOH + AQDS**™ 4+ 3H" = Fe** + AQDS*™ + 2H,0
[6]
20-FeOOH + AQDSH2™ +4H™ = 2Fe®T + AQDS?*™ + 4H,0.
[7]

We calculated the Gibbs free energies, A, GO =—nk- AEHI
(in kilojoules per mole of transferred electrons), for a-FeOOH

reduction by AQDSH2~ (Eqs. 5-7) from the differences in
reduction potentials at any given pH (AFE z) between the

a-FeOOH/Fe** redox couple and the semiquinone/hydro-
quinone, quinone/semiquinone, and quinone/hydroquinone
redox couples of the EES as in Eqgs. 8-10.

AEY, = E}(a-FeOOH) — 2.303 %L (log{Fez } + 3 pH)

F
2
— E 2,2303E (log%+2pH)>

{AQDS**"}
[8]
o’ 0 RT 2t
AFEy, = Eq(a-FeOOH) — 2.303? (log{Feyq } + 3 pH)
(o RT,  {AQDS"* })
(EH1 2303 10g e [9]

AEY, » = E3(a-FeOOH) — 2. 303H (log{Fe} + 3 pH)

RT
—( B 2.303=— [ lo
(o 20937 (e (5005

[10]

In these equations, F is the Faraday constant, Ej(a-FeOOH)
is 0.768 V (37), R is the gas constant, T is the absolute

temperature, {Fe2f} is the activity of dissolved Fe*", and
EY, is the standard reduction potential of the redox couples
semiquinone/hydroquinone (z = 2; Eq. 8), quinone/semiquinone
(z =1 Eq. 9), and quinone/hydroquinone (z =1,2; Eq. 10).
Note that Eﬁll values were calculated using the experimental
proton activity and assumed equal activities of the hydroquinone,
quinone, and semiquinone species of the EES (hence the

superscript 0/). This assumption was necessary because we could
not experimentally quantify concentrations of semiquinones due
to their transient nature. |

Fig. 1B shows that A, G increases with increasing pH with
slopes reflecting the proton stoichiometries in Eqgs. 5-7. More

importantly, A;GY is less negative than A, G over the entire
pH range shown. Therefore, the transfer of the first electron
from the hydroquinone to a-FeOOH is less exergonic (and even
endergonic above pH 5.6) than the transfer of the second elec-
tron from the semiquinone to a-FeOOH. The difference in free
energies of a-FeOOH reduction by the first and the second
electron transferred from the EES increases with decreasing pH
from 2 kJ -mol~* at pH 8.0 to as much as 36 kJ - mol~! at pH
5.0. We therefore expect that rates of a-FeOOH reduction by a
fully reduced EES relate to the driving force of the first electron
transferred from the ESS to Fe(III) on the basis of the general
notion that rates of electron transfer reactions scale with reaction
free energies in the normal Marcus region (29).

We conducted the same thermodynamic analysis for the
reduction of a-FeOOH by riboflavin (Fig. 1 C and D, see species

in SI Appendix, Fig. S2). Calculated E, and A, G values again
show that the transfer of the first electron from fully reduced
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{AQDSH3" } 49 pH)) .

RBFH; (z = 2, blue lines) to a-FeOOH is thermodynamically
less favorable than that of the second electron from the
semiquinone species RBFH® (z = 1, orange lines) to a-FeOOH.
As for AQDS, we stipulate that the less exergonic, and above
pH 6.6 even endergonic, first electron transfer from RBFH,
and RBFH™ to a-FeOOH controls the overall rates of electron
transfer from reduced riboflavin to a-FeOOH.

Relating Rates of Goethite Reduction by Reduced EES to Free Ener-
gies. We correlated the initial rates of goethite reduction that
we determined experimentally for reactions with AQDSH2™ and
RBFH; over the pH range 4.50 to 7.25 and 6.25 to 7.25, respec-

tively, at 0.25-pH intervals with the corresponding A, G values
calculated as described above. Surface area-normalized initial
rates, s, of goethite reduction were determined by spectropho-
tometrically following EES oxidation over time (examples for
AQDSH:™ in Fig. 2 A-C and SI Appendix, Figs. S124 and S13,
and examples for RBFH; in SI Appendix, Fig. S12B). We first

relate rga values for AQDSHg_ and RBFH; to A; GEIZ values
calculated by using the reduction potential averaged over both

electrons transferred, Eﬁ:m (Fig. 2D). While rsa values for
AQDSH?Z™ and RBFH, decreased with increasing (i.e., less neg-

ative) A, GIO; (Fig. 2D), we observed disparate trends between the
two EES, consistent with the results of Shi et al. (25) According to
our hypothesis, these disparate trends are artificial, as they result
from relating rates to free energy measures of both electrons

transferred. Indeed, when replotting rsa versus A; GZO/ for the
less exergonic of the two electron transfers from the reduced
EES to Fe(TII), all rate data for AQDSH3~ and RBFH coalesce
into one single relationship (Fig. 2E). Consequently, a disparity
between the two EES datasets is again observed when plotting
rsa values against the free energy of the more exergonic, second

electron transfer from the semiquinone species to Fe(III), A, GY
(Fig. 2F).

Reconciling Iron Oxide Reduction Rates by EES across Datasets. We

demonstrate a broad applicability of the rsa—A GQO/ relationship
by extending our evaluation to experimental systems with
hematite and two additional EES, as well as by including
literature-reported rates of goethite and hematite reduction
by various EES (25, 38-40). Taken together, the resulting
datasets include experiments with three two-electron EES (5-
hydroxy-1,4-naphthalenedione [juglone], anthrahydroquinone-
2,6-disulfonate, and riboflavin) and four viologen EES. We
note that, contrary to the three two-electron EES, viologens
exhibit an £y, above E, (41), thus allowing formation of stable
semiquinone species that act as one-electron transfer reductants
of Fe(III). Rates of Fe(III) reduction by one-electron reduced
viologens are therefore expected to follow the above free energy
relationship for two-electron EES, but for viologens on the basis

of relating rates to A, GY .
Fig. 3 A and B show initial rates of goethite and hematite
reduction by the two-electron EES anthrahydroquinone-2,6-

disulfonate, riboflavin, and juglone plotted versus A, Ggl. The
figures also include rates of reduction by the four viologens
(i.e., cyanomethylviologen, methylviologen, benzylviologen, and
diquat) versus the free energy of the one-electron transfer from

the viologen semiquinone to Fe(III), A, Glo/. Rates determined
in this work are shown in colored symbols, whereas data from
the literature (25, 38-40) are displayed in gray symbols. Values
of rsa for both goethite and hematite by the two-electron EES

fell into well-constrained relationships with A, Ggl with only
few exceptions of some literature-reported data. The viologen-
based rsa data extended these relationships for the two-electron
EES toward higher rates and more exergonic A GY. The
relationships not only hold for experiments which commonly are
set up with fully reduced EES and in the absence of Fe(II) but
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Fig. 2.

Selected data from goethite reduction experiments with reduced AQDS and riboflavin (RBFH,). (A and B) Absorbance spectra of mixtures of oxidized

(AQDS?™) and reduced AQDS (AQDSH%‘) collected during experiments at pH 4.50 and 7.25. (C) Changes in Fe(lll) concentrations normalized to initial goethite
surface area over time in the two experiments. Experiments were designed such that equal electron equivalents of Fe(lll) and AQDSHgf were present at all
times. Fe(lll) concentrations were therefore determined directly from the changes in the absorption spectra shown in A and B by deconvolution as described
in Materials and Methods. Surface area-normalized initial rates of Fe(lll) reduction, rsa, for goethite were derived from changes of Fe(lll) concentrations
according to Eq. 12 (S/ Appendix, Fig. $13). (D-F) rsa values measured at pH 4.50 to 7.25 for AQDSH%’ and pH 6.25 to 7.25 for RBFH, versus A,Ggl, where x
refers to the free energy of (D) the two-electron transfer from the reduced EES to Fe(lll) (x = 1,2), (E) the first one-electron transfer from the hydroquinone
species of the EES to Fe(lll) (x = 2), and (F) the second one-electron transfer from the semiquinone species of the EES to Fe(lll) (x = 1). Error bars represent
deviations from the mean of duplicate measurements. Kendall’s 75 values from rank correlation analysis are reported for the number of data points (n) used
in the statistical analysis (-1 = perfect negative correlation, 0 = no correlation). S/ Appendix, Fig. S6 A and B shows the same rsa values versus pH.

also for systems in which the iron oxides are partially reduced, as
typically found in the natural environment: Reduction rates that
we measured at varying initial Fe(II) concentrations and thereby
modulated thermodynamic driving force also fell into these
relationships (SI Appendix, Figs. S8 and S9). By comparison,
plotting the reduction rates by the two-electron EES versus

Ay Glolz resulted in scattered data without a consistent trend
for the different EES (Fig. 3 C and D). We also observed
a pronounced offset of the rsa values toward more negative

Ar GEIZ relative to rsa values obtained for the viologen single-
electron transfer reductants. Our finding that rsa values collected
over a wide range of experimental conditions and mineral
morphologies (i.e., different EES, varying ratios of Fe(III)
to EES concentration, iron oxide crystal sizes and shapes,

and solution pH) exhibited the same dependence on AGY
confirms that rates of Fe(III) reduction by EES correlate with
thermodynamic descriptors of the first, one-electron transfer
from the fully reduced EES to Fe(III).

While we present these principles with data for pH 4 to 8, we
expect that the established free energy relationship also applies
outside this pH range and for other potentially relevant two-
electron transfer EES such as pyocyanines (17). Note that, at
pH > 8 for quinones and flavins and at pH < 5 for pyocyanines,
semiquinone species are stable because these EES have higher
Efi, than Ef{)’z (34). It follows from the above reasoning that,
under such conditions, rates of iron oxide reduction are expected
to correlate with A,GY instead of A;G3, a behavior that we
observed in experiments with viologens.

40f8 | PNAS
https://doi.org/10.1073/pnas.2115629119

Free Energy Relationships for Fe(lll) Oxide Reduction in a Biogeo-
chemical Context. Comparing the kinetics of Fe(III) reduction
by EES on a thermodynamic basis allows one to systematically
assess the relative importance of this process to anaerobic res-
piration pathways across systems with different biogeochemical
conditions. In fact, the free energy relationships in Fig. 3.4 and
B integrate over a range of elementary processes and iron oxide
thermodynamic properties that all contribute to the observable
reduction rates. The potential processes and properties that

cause higher reduction rates of hematite than goethite at A, Gy
> —20 kJ-mol™! include the following: 1) higher density of
reactive surface hydroxyl sites (42, 43) on hematite (44) than
goethite (42) crystal faces at which interfacial electron transfer
to Fe(III) occurs, 2) larger reactive surface area of hematite than
goethite resulting from differences in particle aggregation (45),
3) larger number of surface defects and hence more efficient
electron transfer to structural Fe(III) in hematite than goethite
(46), 4) smaller band gap and hence more efficient electron
transfer inside hematite than goethite crystals (47, 48), and 5)
variations in the distribution and reactivity toward reduction of
different crystal faces in hematite and goethite (49, 50).

Despite differences in the free energy relationships between
hematite and goethite, reduction rates of both iron oxides asymp-
totically approach a maximum value of rsa ~ 5- 10w mol - h™!
-m~2 at A, Ggl < — 20 kJ-mol~*. This rate is approximately
three orders of magnitude lower than estimated rates of EES
diffusion to the oxide surface (estimated at 10 mol -h™* - m~2

Aeppli et al.
Thermodynamic controls on rates of iron oxide reduction
by extracellular electron shuttles


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115629119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115629119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115629119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115629119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115629119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115629119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115629119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115629119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115629119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115629119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115629119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115629119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115629119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115629119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115629119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115629119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115629119/-/DCSupplemental
https://doi.org/10.1073/pnas.2115629119

10t Goethite 1 10tr o Hematite 3
— 10° = 1~ 10°f @‘55% 1
j ! =]
E m E
- 10 o 1 - 10°F n® 1}
= m@% <
F ] E o 3ol
2 % 3
< 0 < 0
@& 10 T1 o 10°F 1
107"} this work ] 107 this work ]
75(N=26)=-0.70 75(N=27)=-0.67
102 y : y . . 102 y : . . :
-40 -30 -20 -10 0 10 -40 -30 -20 -10 0 10
AGY (kimol™) AGY (kimol™)
x=2 for two-electron EES: x=2 for two-electron EES:
0O anthraquinone- O riboflavin < juglone O anthraquinone- O riboflavin O juglone
2,6-disulfonate 2,6-disulfonate
x=1 for one-electron EES: x=1 for one-electron EES:
A cyanomethyl- > methyl/ benzyl- < diquat A cyanomethyl- D> methyl/ benzyl- < diquat
viologen viologen viologen viologen
10* Goethite 10°F - Hematite 1
<« 108 & 1 « 10°%F g HER ) 1
e m £ b5 =?
102 o 2 i
- m o 1 - 10°F L i
% 1 P 8 @ B A % 1 2]
g 10 iid 1 g 10'f ® o 1
3 ® & g 3
< () < 0
o 10 T 1 S10°F 1
107k this work 1 107 [ this work 1
7(N=25)=-0.64 7(N=27)=-0.61
102 y . y : . 102 : : y . :
-40 -30 -20 -10 0 10 -40 -30 -20 -10 0 10
A,GY (Jmol™) A,GY (kmol™)
x=1,2 for two-electron EES: x=1,2 for two-electron EES:
0O anthraquinone- O riboflavin { juglone 0O anthraquinone- O riboflavin ¢ juglone
2,6-disulfonate 2,6-disulfonate
x=1 for one-electron EES: x=1 for one-electron EES:
A cyanomethyl- D> methyl/ benzyl- < diquat A cyanomethyl- D> methyl/ benzyl- < diquat
viologen viologen viologen viologen

Fig. 3. Free energy relationships for the rates of goethite and hematite reduction by EES. (A and B) Surface area-normalized initial reduction rates, rsa, for
goethite and hematite with reduced one- and two-electron EES versus the free energy of the one-electron transfer from the semiquinone species of one-
electron EES (A,G?/) and first one-electron transfer from reduced two-electron EES (ArGg/) to the iron oxide. The rsa values from the literature are shown in
gray (see SI Appendix, sections S1 and S5 for thermodynamic calculations) (25, 38-40). The three literature rsa values in A which are smaller than expected
based on the free energy relationship were determined from measurements of dissolved Fe(ll) at near-neutral pH and therefore may have underestimated
the rates of electron transfer (S/ Appendix, section S1). (C and D) The identical rsa values vs. the free energy of the two-electron transfer from the EES to
the iron oxide (A,G?,IZ). Data for one-electron EES are replotted from A and B. SI Appendix, Figs. S6 and S7 shows rsp values versus pH. Blue and red areas
serve as visual guides for the quality of the correlation of kinetic and thermodynamic data. Error bars represent deviations from the mean of duplicate
measurements. Kendall’s 75 values from rank correlation analysis for the two-electron EES data are reported for the number of data points (n) used in the
statistical analysis (-1 = perfect negative correlation, 0 = no correlation).

for our reactors; SI Appendix, Fig. S10) but falls into the range  thermodynamics of the electron transfer from the EES to
of reported rates of electron transfer from Fe(Il) complexes  Fe(III)-bearing solids. The framework advances our capabilities
on oxide surfaces to Fe(III) in the crystal lattice (51, 52). This  to assess the efficacy of this microbial respiration pathway,
comparison suggests that the electron transfer into the crys-  particularly when applied to (laboratory) model systems that are
tal lattice rather than rates of EES diffusion toward the ox-  well characterized with regards to iron-reducing microorganisms,
ide surface governed the maximum reduction rates measured EES, iron oxide mineralogy, and pH. In such systems, measured
herein. The detachment of Fe(II) from the iron oxide surface, reduction rates may provide estimates for the reaction free
which has previously been considered the rate-limiting step for  energy and thus the reduction potential to which microbes
iron oxide reductive dissolution (53-55), proceeds at rates of  reduced the EES. If the oxidized and reduced EES species are
~107'pw mol-h™"-m™2 (51). We measured similarly small s,  analytically accessible, the reduction potential of the EES can
values under the least favorable thermodynamic conditions (i.e.,  be computed and compared to the Ey of the EES inferred from
AGY > 10Kk - mol ™). the experimental reduction rates. Agreement between measured

and predicted rates would help to elucidate which fundamental
Implications. Our work presents a conceptual framework that  step in Fe(III) reduction controls the overall rate (see above),
allows to relate measured rates of EES-mediated microbial whereas disagreement would point at either kinetic limitations
respiration using crystalline iron oxides to the underlying (e.g., rates of microbial EES reduction or EES diffusion) or
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enhanced reactivities (e.g., by favorable pH in the microbial
biofilm on iron oxide surfaces that deviate from bulk solution
pH). Such deviations would therefore be highly informative to aid
in the identification and interpretation of potentially limiting and
enhancing factors to EES-mediated iron oxide respiration. When
extending free energy relationships from goethite and hematite
to other iron-bearing minerals (e.g., lepidocrocite, magnetite, six-
line ferrihydrite, and clay minerals), relative microbial reduction
rates of these minerals in the presence of EES in mixed mineral
systems can be interpreted by considering the underlying reaction
thermodynamics. Similarly, in systems that contain iron-reducing
microorganisms which utilize electron transfer pathways other
than EES (e.g., nanowires or direct electron transfer), reaction
thermodynamics allow assessing rates of EES-mediated iron
oxide reduction and thus the relative competitiveness of this
respiration pathway. Finally, in engineered applications, such as
microbial fuel cells, the framework developed herein lays the
foundation to identify EES that are highly effective to catalyze
electron transfer from the microbial cells to the electrode.

We anticipate that the identical driving-force dependence also
applies for the kinetics of EES reduction at microbial cell sur-
faces, for example, by membrane-bound multiheme cytrochrome
proteins (15, 22,23, 56, 57). In analogy to the above consideration
for electron transfers from the EES to Fe(IlI) oxides, electron
transfer rates from such proteins to the EES would be thermo-
dynamically controlled by the one-electron reduction potential
of the oxidized quinone species, Fy,1. In fact, metal-reducing
bacteria such as Shewanella sp. sustain different combinations
of outer-membrane c-type cytochromes with bound cell-secreted
flavins poised to increase the Fy of flavin quinone/semiquinone
redox couples for one-electron transfer reactions with solid and
dissolved electron donors and acceptors (15, 22, 23). From a
thermodynamic perspective, the ability of microorganisms to
elevate the Fy; of the quinone/semiquinone redox couple either
by binding the EES or by modulation of the pH in their near
cell-surface microenvironments might constitute a competitive
advantage for effective respiration onto two-electron transfer
EES and thus Fe(III) oxides.

Materials and Methods

Solutions and Iron Oxide Suspensions. All solutions and iron oxide suspen-
sions were prepared with doubly deionized water (DDW, resistivity > 18.2
MQ- cm, Barnstead Nanopure Diamond Water Purification System) and were
purged with ultrahigh purity N, (99.999%) for at least 3 h prior to transfer
into an anoxic glovebox (Unilab 2000, MBraun, N, atmosphere with < 2 ppm
03). A list of all chemicals used is provided in S/ Appendix, section S2. Iron
oxide reduction experiments were performed in pH-buffered solutions con-
taining 0.1 M buffering agent (i.e., acetic acid [pK, = 4.75] for experiments
at pH 4.50 to 5.00, 2-(N-morpholino)ethanesulfonic acid [MES; pK, = 6.15]
at pH 5.50 to 6.25, and 3-morpholinopropane-1-sulfonic acid [pK, = 7.2] at
pH 6.50 to 7.25).

Synthesis and Characterization of Iron Oxides. We synthesized goethite and
hematite using established protocols (58). In brief, goethite was synthesized
by dissolving 80.8 g Fe(NO3)3-9H,0 in 200 mL of DDW, adding 180 mL
of 5 M KOH under stirring and diluting with DDW to 2 L. The resulting
suspension was held at 70 °C for 60 h and was subsequently washed
with DDW by repeated centrifugation to remove electrolytes. Hematite
was synthesized by adding 8.08 g Fe(NO3)3-9H,0 to 2 L of a 2-mM HNO3
solution heated to 98 °C. The resulting precipitate was aged at 98 °C for
7 d and subsequently washed with DDW by repeated centrifugation. We
confirmed the identity and purity of the iron oxides by X-ray diffraction,
X-ray absorption spectroscopy, and Md&ssbauer spectroscopy (40). The spe-
cific surface areas of goethite and hematite were 36 and 46 m?.g~',
respectively, as determined by N,-BET analysis (Nova 3200e, Quantachrome).
Exemplary electron microscopy images of the goethite and hematite par-
ticles are provided in S/ Appendix, Fig. S11. Goethite and hematite were
stored as suspensions in DDW at 4 °C until being used in the iron oxide
reduction experiments.

Reduction of EES. \We obtained the hydroquinone (fully reduced) species of
AQDS, riboflavin (7,8-dimethyl-10-[(2S,3S,4R)-2,3,4,5-tetrahydroxypentyl]
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benzo[g]pteridine-2,4-dione), and juglone (5-hydroxy-1,4-naphthalene-
dione) and the stable semiquinone species of cyanomethylviologen (1,1-
Bis(cyanomethyl)-4,4’-bibyridinium dibromide) by controlled potential bulk
electrolysis (potentiostat 1000C, CH Instruments) of the corresponding
oxidized species (see S/ Appendix, Figs. S$1-54 for the molecular structures
of the EES). Bulk electrolysis was performed inside an anoxic glove box
in a set of independent electrochemical cells each consisting of a 25-mL
glassy carbon working electrode cylinder (Sigradur G, HTW), a platinum
wire counterelectrode that was separated from the working electrode
compartment by a porous glass frit (PORE E tubes; ACE glass), and an
Ag/AgCl reference electrode (Re1B, ALS). EES solutions were prepared (4 mM
electron equivalents in a solution buffered to pH 6.00 containing 0.02 M
MES and 0.01 M KCIl) and reduced in the electrochemical cells under stirring
at applied reduction potentials 0.12 V lower than the reduction potential
of the first electron transferred during EES reduction at pH 6.00. At these
applied reduction potentials, EES were fully reduced (>97%), as confirmed
spectrophotometrically.

Iron Oxide Reduction Experiments. Duplicate iron oxide reduction experi-
ments were performed at each tested solution condition under an anoxic
atmosphere in a glove box at 25 + 3 °C. Experiments were performed in
15-mL glass vials that were shielded from light to rule out photochemical
side reactions. Iron oxide suspensions were prepared by diluting the goethite
and hematite stock suspensions (4 mM Fe(lll)) into the experimental buffers
to final concentrations of 0.32 mM Fe(lll) (experiments with AQDS) or
0.16 mM Fe(lll) (experiments with all other EES). These suspensions were
equilibrated for 1 h under stirring before being split into duplicate reactors.
Fe(lll) reduction was initiated by addition of the EES to the reactors to
final concentrations of 0.32 mM electron equivalents (experiments with
AQDS) or 0.16 mM electron equivalents (experiments with all other EES).
The suspension volume in the reactors at the onset of the experiments
was 10 mL. We chose EES and Fe(lll) concentrations for experiments with
AQDS to be twice as high than for the other EES because of the compara-
tively lower molar absorption coefficients of reduced and oxidized AQDS.
The suspensions in the reactors were continuously stirred (350 rpm) using
Teflon-coated stir bars. At multiple time points during the experiments,
0.9-mL suspension aliquots were collected from the reactors using plastic
syringes, and the reaction in these aliquots was immediately quenched
by removing iron oxide particles by syringe filtration (0.22 um, cellulose
acetate, BGB Analytics). For experiments with juglone, polyvinylidene filters
were used (0.22 pum, BGB Analytics) because juglone sorbed to cellulose
acetate filters that we used for all other EES. We spectrophotometrically
followed the oxidation of the reduced EES species over the course of the
experiments. Absorption spectra of the filtered suspension aliquots were
recorded in ultraviolet (UV) cuvettes (Semadeni) from 250 to 800 nm using
a spectrophotometer (detector USB4000-UV-VIS light source DH-2000-BAL,
software Ocean View; all Ocean Optics) inside the anoxic glove box in
which reaction kinetics were followed. Reference absorption spectra of the
reduced and oxidized EES species were also recorded at each experimental
pH. Absorption spectra collected over the course of all experiments showed
isosbestic points. Total dissolved EES concentrations remained constant over
the course of the experiments, implying that there was, at most, minor
sorption of EES to iron oxide surfaces. We note that the ratio of reduced
EES to Fe(lll) of 1:1 in our experiments presumably resulted in saturation
of iron oxide surfaces with EES. We also note that ferrous hydroxide likely
did not form in our experiments, given that its solubility product was not
reached even at the highest Fe(ll) concentration of 0.32 mM and the highest
pH 7.25. Lastly, we note that we did not follow the reduction of Fe(lll) by
quantifying the production of dissolved Fe(ll) for the following reasons:
1) The reductive dissolution of iron oxides consists of several elementary
reactions which include (i) precursor complex formation of EES with Fe(lll)
on the oxide surface; (ii) electron transfer from the EES to Fe(lll); (iii) release
of the oxidized EES; and (iv) oxide surface protonation, release of Fe(ll),
and reexposure of Fe(lll) on the oxide surface (59). This implies that the
rate of electron transfer can be much higher than the rate of dissolved
Fe(ll) formation. Hence, quantifying the formation rate of the oxidized
EES instead of the formation of dissolved Fe(ll) is the most direct measure
of electron transfer from the EES to the Fe(lll). 2) Fe(ll) formed during
Fe(lll) reduction may not desorb from the mineral surface or readsorb from
solution to the mineral surface. In this case, analyzing only dissolved Fe(ll)
underestimates the rates of Fe(lll) reduction. 3) The electron transfer step
can be so fast that it is not accessible through withdrawing aliquots for
determining total Fe(ll). The addition of Fe(ll) complexing agents to the iron
oxide-containing suspension is not a viable option because such procedures
would alter the iron redox equilibrium toward Fe(ll) formation and thus lead
to an overestimation of the amount of Fe(ll) present.
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Data Analysis. We determined the fractions of oxidized and reduced EES
species at each sampling point by deconvoluting the collected absorption
spectrum into the relative contributions of the fully oxidized and fully
reduced EES species for two-electron EES and the reduced and semiquinone
species for one-electron EES using the Spectr-O-Matic toolbox in Matlab
(60) (MathWorks, code in S/ Appendix, section S3). We did not consider
the semiquinone EES species of the two-electron EES in the deconvolution
because the semiquinone species is transient and hence not visible in the
absorption spectra. Exemplary absorbance spectra of the different EES col-
lected over the course of the iron oxide reduction experiments are presented
in Fig. 2 A and B and S/ Appendix, Fig. S12.

We determined initial rates of iron oxide reduction (moles per liter
per hour) using a pseudo-first-order rate law, as described in S/ Appendix,
section S4. We designed the experiments such that equal electron equiva-
lents of Fe(lll) and EES were present at all reaction times. This experimental
design allowed us to quantify observed iron oxide reduction rate constants,
kobs (per hour), from a linear fit of (1/f,q) versus time (Eq. 11).

1
+— =1+ kops - t

[11]
fred

where f,oq is the fraction of reduced EES at time t. Fitting was performed
from the onset of iron oxide reduction until 10% of the added EES had
become oxidized. Because the transfer of electrons from the EES to the iron
oxide occurs at the oxide surface, we normalized iron oxide reduction rates
to specificiron oxide surface area (SA), rsa (moles per square meter per hour),
according to Eq. 12.

kobs

__obs 12
SA - My (12l

r'spn =
where SA = 36 m?.g~"' for goethite and 46 m?.g~' for hematite, and
M,, is the molar mass of goethite and hematite per Fe(lll) (i.e., M, = 88.85
g - molg, for goethite [a-FeOOH] and My, = 79.85 g - mol;L, for hematite
[a—Fe203]).

Thermodynamic Calculations. \We calculated the free energies of the firstand
second electron transfer from the reduced EES to goethite and hematite as
well as the free energies averaged over both electron transfers. For these
calculations, we used the half reactions for the reductive dissolution of
goethite (o- FEOOH) and hematite (- Fe;03) (Egs. 13 and 14),

a-FeOOH + e~ + 3HT =Fe*t + 2H,0

En(goethite) [13]

a-Fe;03 +2e™ + 6HT = 2Fe”™ £ 3H,0  Ey(hematite)  [14]
and the half-reaction for EES oxidation averaged over the two electron
transfers (Eq. 15) as well as the two individual one-electron transfer half-

reactions (Egs. 16 and 17),

A+2e” +(y+2)H = AHJTZ? Eyq12(shuttle)  [15]
A+e” +yHt = AH, 0D Eyi1(shuttle) [16]
AH ™D e 4 zHT = AHYTI? Ena(shuttle)  [17]

where A is the quinone, AHY*Z2 is the hydroquinone, and AH,*¥ =" is the
semiquinone species of the EES, y is the number of protons transferred
during the reduction of A to AHy°(y’1) (which depends on the pK, of
the semiquinone species and the experimental pH), and z is the number
of protons transferred during the reduction of AH,*¥~" to AHY*%2 (which
depends on the pK, of the hydroquinone species and the experimental pH).
In the calculations of free energies averaged over both electron transfers,
we used the same reduction potentials of Fe(lll) in goethite and hematite for
both of the two sequential one-electron transfers. However, we accounted
for the fact that the reduction potential of the iron oxides decreases over
the course of the iron oxide reduction experiments due to the formation
of dissolved ferrous iron, as shown below. The reduction potentials of the
EES, Eyx (EES), associated with the first (x = 1) and second (x = 2) electron
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transferred during EES reduction and the reduction potential averaged over
both electrons transferred (x = 1,2) are marked in Egs. 15-17. By convention,
x =1 and x = 2 refer to the order of electron transfer in the reductive
direction. This implies that x = 2 and x = 1 are the first and second electron
transferred during oxidation of the reduced EES (i.e., the order is reversed
in the oxidative direction).

We used the Nernst equation to calculate the reduction potentials associ-
ated with reaction Egs. 13-17 under experimental conditions and calculated
the Gibbs free energy, A,fo/ (kilojoules per mole electrons transferred), for
iron oxide reductive dissolution from the difference in reduction potentials
between the oxide and the EES according to Eq. 18.

A,Gg’ = —nF (Eﬂ' (oxide) — ngx) [18]
where n is the number of electrons transferred (n = 1 for the reduction of
ferric to ferrous iron), F is the Faraday constant, and Ey (oxide) and Ey
are the reduction potentials of the iron oxide and the EES, respectively, at
experimental pH and ferrous iron concentration. The subscript x refers to the
first (x = 1) and second (x = 2) electron transferred during EES reduction
and the average over both electrons transferred (x = 1,2). Inserting the
Nernst equation for Ey (oxide) into Eq. 18 yields Eq. 19.

RT
AGY = —nF (Eg(oxide) -2303— (log{Fely} +3pH) — Eﬁfx) 19l

where Ej(oxide) is the standard reduction potential of the iron oxide
[Ef,(oxide) =0.768 V (37) and 0.769 V (37) for goethite and hematite,
respectively], R is the gas constant, T is the absolute temperature, {Feg:}
is the activity of dissolved Fe?* (calculated for the time point at which 10%
of the added Fe(lll) had become reduced and assuming that all Fe(ll) was
dissolved), and Eﬂfx is the reduction potential of the EES at experimental pH

(SI Appendix, Fig. S5). The calculation of Eﬂfx values is described in detail in
SI Appendix, section S5. In brief, we calculated reduction potentials of the
quinone/hydroquinone (Eﬂfu) and quinone/semiquinone (EE,;) redox cou-
ples from published reduction potentials for AQDS (31, 34), riboflavin (33,
36), juglone (32, 61), and cyanomethylviologen (62) (S/ Appendix, Table S1).
Reduction potentials of the semiquinone/hydroquinone redox couples (Eﬂfz)
were not available for all EES, and we thus calculated them from Eﬂfu

and EY, (given that EY, , is the average of ES,, and EJ,). In all of these
calculations, we assumed equal activities of the hydroquinone, quinone,
and semiquinone species of the EES because we could not experimentally
quantify semiquinone concentrations.

Rank Correlation Analysis. We performed Kendall rank correlation analysis

on the rsp and ArGg, datasets to confirm the tighter relationship between
goethite and hematite reduction rates and free energy of the first electron

transferred (A,Gg') as compared to the free energies averaged over both

electron transferred (A,G?,lz) and the second electron transferred (A,G?/). In
the analysis, we included data for two-electron EES only. Correlation analysis
was performed using the corr function in Matlab (MathWorks). Kendall’s 75
values and number of data points included in the analysis are reported in
Figs. 2 and 3. A value of 75 = -1 signifies a perfect negative relationship, and
7 = 0 signifies no relationship.

Data Availability. Raw data for UV-Vis measurements, figures illustrat-
ing the deconvolution and rate fits performed on raw data, the file
with all rate and free energy values, and codes for data analysis have
been deposited in Eawag Research Data Institutional Repository (https:/
doi.org/10.25678/0002C2).
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