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ABSTRACT: The kinetics and mechanism of thiol oxidation
by Mn oxides undergoing dynamic structural transformation
under environmentally relevant conditions remain poorly
understood. In this study, thiol/disulfide pair concentrations
were simultaneously determined in situ using voltammetric
microelectrodes during the interaction of four common thiols
(cysteine, homocysteine, cysteamine, and glutathione) with
fresh and aged δ-MnO2 at pH 7.0. The reaction kinetics was
first order with respect to thiol and zero order with respect to
Mn oxides. A transient intermediate sulfur surface species
observed during the reaction provides evidence for a
mechanism involving two successive one-electron transfer
steps. The reaction kinetics of fresh and aged δ-MnO2 was
investigated with cysteine and compared to that of manganite, a Mn(III) oxyhydroxide phase. The reactivity of aged δ-MnO2
decreased as a result of structural transformation to cryptomelane but remained higher than that of manganite, suggesting the
potential roles of transient Mn(III) surface intermediate in promoting the reduction of Mn(IV) in δ-MnO2 and cryptomelane
(compared to Mn(III) in manganite). This study demonstrates the importance of correlating Mn oxide mineral structure and
redox reactivity and extends the potential for thiols commonly found in sedimentary environments to be utilized as electron
shuttles during dissimilatory Mn reduction.

1. INTRODUCTION

Manganese (Mn) is the second most prevalent transition metal
in Earth’s crust after iron (Fe) and plays important roles in the
biogeochemical cycling of carbon, nitrogen, phosphorus, sulfur,
and iron in sediments.1−6 The transformation of Mn(III,IV)
(oxyhydr)oxides (hereafter referred to as Mn oxides) also
influences the transport and fate of inorganic (e.g., refs 7−11)
and organic12 contaminants. Both layered and tunnel
structured Mn oxides are commonly found in natural
environments.13,14 Fresh biogenic Mn oxides are typically
highly reactive layered hexagonal phyllomanganates that are
structurally similar to δ-MnO2 (vernadite) and birnessite, and
have high surface area and a large number of vacancy
sites.4,15,16 Although layered phyllomanganates are typically
more abundant,16 2 × 2 tunnel structured hollandite type Mn
oxides (such as cryptomelane) represent the major phases
detected in the supergene oxidation zones of Mn deposits and
lateritic weathered profiles.17−20 In marine sediments, aged
Mn(III,IV) oxides with higher structure order and lower
reactivity as well as Mn(III) oxyhydroxides (such as manganite
with 1 × 1 tunnel structure) dominate the oxic layers closest to
the sediment−water interface.21,22 Indeed, dissolved Mn(II) is
known to react with structural Mn(IV) in Mn(III,IV) oxides to
produce Mn(III) and result in phase transformations. Low
Mn(II) concentrations may favor the transformation of
birnessite layer symmetry from hexagonal to triclinic (e.g.,

refs 23−25). At higher Mn(II) concentration and under anoxic
conditions, such reductive transformation can lead to the
formation of manganite (γ-MnIIIOOH) at pH 7.0−8.0 and
hausmannite (MnIIMnIII2O4) at pH 8.0−8.5.26,27 Under oxic
conditions, reaction of concentrated Mn(II) with hexagonal
birness i te was found to generate cryptomelane
(K1.3−1.5MnIII,IV8O16) at pH 4.0, groutite (α-MnOOH) at pH
6.0, and manganite at pH 7−7.5.28,29 Wet−dry cycling has
been reported to facilitate the conversion of birnessite into
tunneled Mn oxides in freshwater sediments.30

As a result of the variety of processes affecting Mn oxide
formation, structure, and transformation, the redox reactivity of
Mn oxides in natural sediments varies widely.22 Both the
chemical12 and microbial31 reduction of disordered low
crystallinity Mn oxides, which have higher surface area and
more reactive vacancy sites, are faster than the higher
crystallinity phases. As microorganisms may recycle electron
shuttling compounds to reduce solid metal oxides,32−34 the
abiotic oxidation of these electron shuttles may be affected by
differences in mineral structure. Thiols represent excellent
electron shuttles for the dissimilatory reduction of Fe(III)-
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containing minerals such as poorly crystalline Fe(III) oxides35

and smectite36 and are likely to be utilized during dissimilatory
Mn reduction. The overall reduction of Mn(IV) by thiols
(RSH) produces one mole of Mn(II) and disulfide species
(RSSR) per two moles of thiol reactant (eq 1):

+ + ↔ + ++ +MnO 2RSH 2H RSSR Mn 2H O2
2

2 (1)

Although the kinetics of Fe oxide reduction by different
thiols has been extensively studied,37,38 investigations of the
reaction of thiols with solid Mn oxides have been limited and
require analytical techniques that are capable of probing the
fast reaction kinetics and related structural changes during the
reaction.39−42

The reaction between Mn oxides and thiols is of interest as it
likely influences Mn redox cycling, the mobilization and redox
transformation of inorganic and organic contaminants, and a
number of biogeochemical processes affected by Mn trans-
formations. This study systematically investigated the reaction
kinetics of four low molecular weight thiols (cysteamine,
cysteine, homocysteine, and reduced glutathione) with
environmentally common Mn oxide phases, including δ-
MnO2 of different ages/structure and manganite, to examine
the effects of aging and phase transformation on reaction
kinetics. To the best of our knowledge, this is the first study
that determines the kinetic of solid Mn oxide reaction with
thiols under environmentally relevant conditions.

2. MATERIALS AND METHODS
Materials and Solid Phase Characterization. Unless

otherwise stated, all chemicals were at least ACS grade reagents
and obtained from Sigma-Aldrich, Inc. Stock solutions of thiol
and disulfide were prepared weekly and stored at 4 °C. δ-
MnO2 was prepared by the oxidation of Mn(II) by
permanganate following a previous procedure.43 Aging and
low temperature transformation of δ-MnO2 were allowed to
occur in the original synthesis solution containing excess K+.44

At varied time points (1 month to 6 years), aliquots of the
aging suspension were removed, repeatedly rinsed, and
resuspended in the reaction medium. These samples are
labeled as δ-MnO2_aging time (e.g., δ-MnO2_1m and δ-
MnO2_2yr indicates δ-MnO2 samples aged for 1 month and 2
years). Cryptomelane was prepared by the addition of heated
potassium permanganate solution to manganese sulfate
solution.45,46 manganite was synthesized by reacting 36 mM
Mn(II) with 1 g/L δ-MnO2 under anoxic conditions for 3
months at pH 7.47 A portion of the synthesized solid phases
were freeze-dried and characterized by X-ray diffraction (XRD)
using a Panalytical Empyrean diffractometer with Cu Kα
radiation (λ = 0.15406 nm) and by Mn K-edge X-ray
absorption spectroscopy (XAS) (details in Supporting
Information (SI) Text S1). Surface area of the Mn oxides
was determined by nitrogen physiosorption at 77 K using the
BET method on a Micromeritics TriStar 2030 after vacuum
drying for 12 h at room temperature.
Experimental Setup. Experiments were performed at

room temperature in a DLK Cell Stand (Analytical Instru-
ments System Inc.) specifically fabricated for use with gold/
mercury amalgam (Au/Hg) voltammetric microelectrodes.
Reactor cells were amended with Mn oxide suspensions and
degassed for 10 min using ultrahigh purity (UHP) N2. Thiols
were injected to initiate the reaction, and the suspension was
constantly stirred during the experiments, except during the
voltammetric analyses (<20 s). All experiments were

conducted in at least duplicate in solution composed of
inorganic salts (mainly (NH4)2SO4) buffered at pH 7.0 with
5.7 mM K2HPO4/ 3.3 mM KH2PO4 (0.09 M ionic strength).48

The phosphate buffer had no effect on thiol oxidation as
determined in otherwise identical experiments conducted with
PIPES buffer (SI Text S2 and Figure S1). In addition, disulfide
products were not detected in control experiments without δ-
MnO2. In independent experiments, cysteine and homocys-
teine concentrations varied between 300 and 1000 μM in the
presence of 10 mM δ-MnO2 aged for 1.5 or 2.5 years, whereas
concentrations of δ-MnO2 aged for 1.5 years varied between 5
and 15 mM in the presence of 500 μM cysteine to determine
the reaction order with respect to each species.

In Situ Electrochemical Thiol and Disulfide Measure-
ments. In situ voltammetric measurements of thiol and
disulfide species in the thiol-Mn oxide reaction suspension
were performed according to previous procedures38 with a
three electrode system consisting of a 100 μm diameter Au/Hg
microelectrode as working electrode, a 500 Pt μm diameter
counter electrode, and a 500 μm diameter Ag/AgCl reference
electrode all encased in 3 mm diameter PEEK (polyethyl
etherketone) tubing as previously described.49 All the
potentials reported in this study are therefore relative to the
standard potential of the saturated Ag/AgCl system. The Au/
Hg microelectrode was prepared by polishing the gold wire
with 15, 6, 1, and 0.25 μm diamond pastes (Buehler) followed
by plating with Hg at −0.1 V in a Hg(NO3)2 solution for 4 min
and polarization at −9.0 V for 90 s to stabilize the amalgam.50

Voltammetric measurements were carried out with a
computer-operated DLK-100 potentiostat (Analytical Instru-
ment Systems, Inc.), and data was integrated using VOLTINT
a semiautomated Matlab script.51 To confirm electrode quality,
linear sweep voltammograms of dissolved oxygen and Mn(II)
calibrations were obtained.49 The electrodes were then
calibrated for thiols and disulfide species in degassed solution.

3. RESULTS AND DISCUSSION
Effect of Aging on the Structural Transformation of

δ-MnO2. Long-term aging of fresh δ-MnO2 led to the
formation of cryptomelane as a final product, as evident in
the XRD patterns of fresh and aged δ-MnO2 (Figure 1).
Similar transformation have been previously observed in
suspensions of birnessite over time at room temperature.52

XRD data of the fresh δ-MnO2 is consistent with previous
studies, with two broad peaks at ∼37° (11,20) and ∼66°
(31,02). The very weak peak at ∼25° (002) indicates limited
layer stacking along the c axis. Upon aging, the peaks at ∼22°,
43°, and 57° first increased then decreased. These peaks
indicate the formation of phyllomanganate phase/sheets with
orthogonal (triclinic) symmetry,53−55 which is a common
transformation product upon Mn oxide interaction with low
concentrations of dissolved Mn(II).23,24,53,56−58 In addition,
XRD peaks (at ∼18°, 29°, 38°, 42°, 50°) corresponding to
cryptomelane (a 2 × 2 tunnel structured tectomanganate
phase) continuously increased after ∼1 month of the aging
process, and cryptomelane was the only phase observed after 6
years of aging time (sample δ-MnO2_6year in Figure 1),
suggesting that the triclinic phyllomanganate phase served as
an intermediate during the transformation from δ-MnO2 to
cryptomelane. Presence of intermediate triclinic phyllomanga-
nates were also observed in previous studies during Mn oxide
transformation from layered to tunneled structure.59,60 Mn-
(III) in triclinic vernadite sheets is thought to generate a Jahn−
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Teller effect that promotes the transition from layered to
tunneled structure.61

Figure S2 and S3 show the k3-weighted Mn K-edge extended
X-ray absorption fine structure (EXAFS) and X-ray absorption
near edge structure (XANES) data of fresh and aged δ-MnO2,
as well as cryptomelane and triclinic birnessite. XANES data
confirm the oxidation state of the different δ-MnO2

synthesized. The gradual transformation from δ-MnO2 to
cryptomelane is clearly observed from the changes in the
∼7.5−10 Å−1 indicator region of the EXAFS spectra. Linear
combination fitting (LCF) using fresh δ-MnO2, cryptomelane,
and triclinic birnessite as end members (SI Table S1) indicates
the presence of ∼51% δ-MnO2, ∼9% triclinic birnessite, and
∼41% cryptomelane in the 1-month-old sample (δ-
MnO2_1m), and almost complete transformation to crypto-
melane after 2.5 years (samples δ-MnO2_2.5yr and δ-
MnO2_6yr). Interestingly, the LCF obtained fraction of
triclinic birnessite was lower than expected, whereas that of
cryptomelane was higher than expected from XRD data
(Figure 1). These differences may be due to analytical
limitations of these two spectroscopic techniques. XRD detects
the long-range structural order, therefore better ordered (i.e.,
higher crystallinity) phases display more distinctive peaks (in
this case triclinic birnessite and cryptomelane) than poorly
ordered (i.e., low crystallinity) phases (in this case the broad
peaks corresponding to hexagonal δ-MnO2). In comparison,
XAS is an element specific technique that probes local
coordination environment around the central atom (in this
case Mn) but does not discriminate phases of varying
crystallinity. Despite variations in the relative abundance of
the different Mn phases obtained from XRD and XAS analysis,
the overall trend in the aging system is consistent with the
gradual disappearance of hexagonal δ-MnO2, formation of a
triclinic birnessite intermediate phase, and the ultimate
conversion to cryptomelane. The above-mentioned changes
in Mn-containing phase and crystallinity are also consistent
with the gradual decrease of BET specific surface area observed
with age (SI Table S2).

Effect of Thiol Structure on Thiol Oxidation Kinetics.
To examine the relative reactivity of different thiols, cyste-
amine, cysteine, homocysteine, and reduced glutathione were

Figure 1. XRD patterns of manganite, cryptomelane, fresh δ-MnO2,
and δ-MnO2 aged for 1 month, 2 months, 3 months, 2.5 years, and 6
years. Blue and magenta vertical dashed lines indicate peaks
corresponding to cryptomelane and triclinic birnessite, respectively.

Figure 2. Temporal evolution of (A) thiol (RS) concentration normalized to the initial thiol concentration (RSi) of cysteamine (CA), cysteine
(CS), homocysteine (HS), and reduced glutathione (GS); (B) the disulfide product (RSSR) concentration normalized to the disulfide
concentration at steady state (RSSRSS) of cystamine (CAAC), cystine (CSSC), homocystine (HSSH), and oxidized glutathione (GSSG); and (C)
the intermediate sulfur surface species (MnRS) calculated from mass balance during the reaction of 500 μM thiol with 10 mM δ-MnO2 aged for 1.5
years at pH 7.0. Standard deviations represent the average of at least triplicate measurements at each time point and are often smaller than the
symbols.
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reacted with 1.5-year-old δ-MnO2 (δ-MnO2_1.5yr). All thiols
were rapidly oxidized and the resulting disulfide product was
simultaneously released into solution (Figure 2A, B). However,
clear differences in the reaction kinetics were observed
between the thiols: Cysteamine reacted the fastest and was
completely removed from solution within the first minute
(half-life <10 s), followed by cysteine, homocysteine, and
reduced glutathione, which were removed with half-lives of
1.75, 2, and 4.5 min, respectively. The formation kinetics of the
disulfide product followed the order of disappearance of their
corresponding thiol: Cystamine reached equilibrium concen-
trations after 2.5 min, followed by cystine (4 min),
homocystine (12.5 min), and oxidized glutathione (16 min).
In general, the reaction rates of thiols with Mn oxides were
significantly higher than the previously reported reaction rates
of thiols with ferrihydrite under identical conditions.38

Reactions between cysteamine and 1.5-year-old δ-MnO2
resulted in a half-life 33 times shorter than that of cysteamine
reaction with ferrihydrite. Similarly, half-lives of cysteine,
homocysteine, and glutathione reacted with 1.5-year-old δ-
MnO2 were 8.6, 16, and 13.6 times shorter than those reacted
with ferrihydrite.38 These findings are consistent with the
differences in reactivity of Fe(III) and Mn(IV) molecular
orbitals with dissolved sulfide62 and the lower redox potential
of Fe(III) oxides.63 Similar results have been observed with
birnessite, cryptomelane, and Fe(III) oxides during the
oxidation of phenolic compounds.64 The reactivity of the
different thiols followed the same trend as observed with
ferrihydrite38 and agreed with results obtained with MnO2
nanoparticles.40 In contrast to the ferrihydrite system,38

however, the conversion of thiols to their respective disulfide
product was complete as theoretical concentrations of disulfide
were always reached at steady state (Figure 2B).
The simultaneous analysis of both the thiol reactant and

disulfide product in solution by voltammetric microelectrodes
over such a short time scale is unique and allows to close mass
balance on the sulfur species. Mass balance calculations (eq 2)

can be used to identify any intermediate sulfur surface species
(MnRS) formed during the reaction.

[ ] = [ ] − [ ] − [ ]− −MnRS RS RS 2 RSSR0 (2)

where [RS−]0 is the initial concentration of thiol, and [RS−]
and [RSSR] represent the concentrations of dissolved thiol and
disulfide measured as a function of time (Figure 2A,B).
Although differentiation between surface species cannot be
accounted for electrochemically, these calculations indicate
that the lifetime of the intermediate sulfur surface complex
depends on the thiol structure, as the rate of formation and
transformation of the intermediate sulfur complexes with the
different thiols decreased in the order of cysteamine > cysteine
> homocysteine and was below detection limit over the course
of the reaction with glutathione (Figure 2C). The absence of
surface-bound glutathione was not unexpected based on its
numerous negatively charged functional groups and the
increased steric hindrance resulting from the large structure
of glutathione compared to the other smaller thiols. Lack of
permanently adsorbed glutathione was also observed during
reactions with Fe(III) oxides in contrast to similar experiments
with cysteamine, cysteine, and homocysteine.38 The desorp-
tion of glutathione here was likely rapid due to the lower point
of zero charge (PZC) of Mn(IV) oxides compared to Fe(III)
oxides, which decreases the interaction between the negatively
charged carboxylic functional groups of the thiol reactant with
the negatively charged Mn oxide surface and thus promotes
desorption of the product of the reaction once it is formed. In
contrast, the high reactivity of cysteamine can be explained by
its small size and lack of carboxylic group to interfere with the
negative surface charges of the Mn oxide.

Effect of Mn Oxide Aging and Structural Trans-
formation on Thiol Oxidation Kinetics. The reaction
between cysteine and fresh δ-MnO2 was extremely fast and
complete almost immediately (Figure 3A), including produc-
tion of cystine to equilibrium concentrations within the first 15
s (half-life of <6 s, Figure 3B). The reaction rate decreased

Figure 3. Temporal evolution of (A) the cysteine (CS) reactant normalized to the initial concentration of cysteine (RS/RSi), (B) the cystine
product (CSSC) normalized to the cystine concentration at steady state (RSSR/RSSRSS), and (C) the intermediate sulfur surface species (MnRS)
calculated from mass balance in solution during the reaction of 500 μM cysteine with 10 mM δ-MnO2 of different age or 10 mM manganite at pH
7.0. Standard deviations represent the average of at least triplicate measurements at each time point and are often smaller than the symbols.
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progressively with δ-MnO2 that was aged for 1 and 2 months
(half-lives of 15 and 18 s, respectively), whereas the rate of
cysteine oxidation with δ-MnO2 aged for 2 months, 3 months,
and 1.5 years showed no significant difference. With more aged
δ-MnO2 (2.5 and 6 years old), the rate of cysteine oxidation
decreased progressively (Figure 3A), likely due to the
increased fraction of tunnel structured cryptomelane as
identified by XRD and XAS (Figure 1 and SI Figure S2).
Meanwhile, the rate of cystine production declined concom-
itantly, and cystine concentration reached equilibrium within 1,
3, 3.5, 4.25, 7, and 10 min as the age of δ-MnO2 increased from
1 month to 6 years (Figure 3B). The lowest reaction rates were
observed with manganite, which did not reach equilibrium
until 14 min (half-life of 5.75 min). For all aged δ-MnO2 as
well as manganite, the concentration of the intermediate sulfur
surface complex calculated from mass balance (eq 2)
confirmed complete transformation of the thiol to its disulfide
product within 15 min. The concentration of the intermediate
surface complex with most of the aged δ-MnO2 reached a
maximum within a minute, except for 6-year-old δ-MnO2
which reached a maximum between 4−5 min (Figure 3C).
These results demonstrate that the transformation from
layered δ-MnO2 to tunneled cryptomelane significantly slowed
down the reaction.
Mechanism of Thiol Oxidation by Mn Oxides. The

mechanism of the reaction has been proposed to proceed via
initial adsorption of the electron transferring sulfhydryl group
of the thiol onto the Mn(IV)-oxide surface to form a neutral
species and a water molecule40 (eq 3).

≡ + ↔ ≡ +Mn(IV)OH RSH Mn(IV)SR H O2 (3)

The surface species undergoes a series of reactions
characterized primarily by a single electron transfer between
the sulfur and Mn(IV) center (eq 4) followed by rapid
dissolution of the thiol radical (eq 5), adsorption of a second
thiol to the surface-bound Mn(III) (eq 6), a second electron
transfer (eq 7), and release of the second thiol radical and
generation of a surface-bound Mn(II) (eq 8) that is eventually
released in solution (eq 9). In solution, the thiol radical
immediately dimerizes to form the stable disulfide product (eq
10).

≡ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯ ≡
−

Mn(IV)SR Mn(III)SR
e transfer

(4)

≡ + ⎯→⎯ ≡ + + +Mn(III)SR H O Mn(III)OH RS H2
fast . (5)

≡ + ⎯→⎯ ≡ +Mn(III)OH RSH Mn(III)SR H O
fast

2 (6)

≡ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯ ≡
−

Mn(III)SR Mn(II)SR
e transfer

(7)

≡ + ⎯→⎯ ≡ ++Mn(II)SR H O Mn(II)OH RS2
fast

2
. (8)

≡ ⎯→⎯ ≡ + ++ +Mn(II)OH Mn(IV)OH Mn(II) H2
fast

aq (9)

⎯→⎯2RS RSSR. fast
(10)

Based on molecular orbital theory, two separate one-electron
transfers and formation of an Mn(III) intermediate is the most
probable pathway for reduction of Mn(IV) to Mn(II).65

Indeed, adsorbed Mn(III) has been identified as intermediate
species during the reaction between birnessite and inorganic
reductants such as arsenite, Cr(III), and selenite,66−68 and the
microbial reduction of Mn(IV) oxides generates Mn(III)

complexes in solution.69 The reduction of Mn(III) by thiols is
not inhibited by common Mn(III) stabilizers, such as
pyrophosphate,70 and the reaction proceeds extremely rapidly
(data not shown). As a result, direct detection of a Mn(III)
intermediate during thiol oxidation has thus far not been
possible.40 Although electrochemical data cannot identify the
intermediate sulfur surface species, mass balance calculations
(eq 2) provide novel insights into the reaction mechanism.
With cysteamine, homocysteine, and possibly cysteine, a
secondary maximum in the concentration of the intermediate
sulfur surface species was observed during reaction with the 1.5
year-old δ-MnO2 (Figure 2C). This secondary maximum in the
sulfur intermediate was clearly observed during reaction
between cysteine and all δ-MnO2 aged for more than 1
month (Figure 3C). The presence of the two local maxima in
intermediate sulfur surface species suggests that the trans-
formation from layered δ-MnO2 to tunneled cryptomelane
slows down the reaction enough to identify the intermediate
sulfur surface species as the Mn(IV) (eq 3) and the Mn(III)
(eq 6) thiol complexes formed prior to each electron transfer
step. These findings therefore provide evidence for the
proposed two steps of one electron transfer from Mn(IV) to
Mn(III), and from Mn(III) to Mn(II). As formation of
Mn(III) at the surface of the Mn(IV) oxides during the
reaction (eq 6) may result in Jahn−Teller distortion which
promotes the subsequent reduction of Mn(III) sites,71 it is
likely that the two thiol oxidation reactions proceed at a single
site rather than different Mn(IV) centers in these minerals.

Overall Rate Law. From eq 1, the rate of disulfide
production at constant pH depends on the concentrations of
thiol and Mn oxide, resulting in an experimental rate law that
can be generally expressed as

= [ ] = − [ ] = [ ] [ ]
−

−R
t t

kd RSSR
d

1
2

d RS
d

RS Mn oxidea b
(11)

where k is the overall rate constant and a and b represent the
order of the reaction with respect to each constituent. In the
presence of excess Mn oxide, the rate of disulfide production is
simplified into a pseudo-order kinetic model as

= [ ]−R k RSi obs
a

(12)

where

= [ ]k k Mn oxideobs
b

(13)

is the apparent rate constant. From eq 12, the order of the
reaction with respect to the thiol species can be determined as
the slope of the linear regression that fits the log of the initial
rate of disulfide production as a function of the log of the initial
concentration of thiol. By calculating initial rates using the
change in disulfide concentration as a function of time during
the first 10−15% of the reaction extent, a slope of 0.96 ± 0.07
was determined for the reaction between cysteine and 1,5-year-
old δ-MnO2 (Figure 4), demonstrating first order kinetics with
respect to thiol. First order kinetics with respect to thiol was
also confirmed for homocysteine reaction with 1,5-year-old δ-
MnO2(slope = 0.91 ± 0.21) and for cysteine reaction with 2,5-
year-old δ-MnO2 (slope = 0.93 ± 0.08) (Figure 4).
Experiments were also conducted with constant cysteine

concentrations and varied concentrations of 1.5-year-old δ-
MnO2 to determine kobs at each Mn oxide concentration after
integration of eq 12 (with a = 1) by representing the natural
log of the cysteine concentration ([RS−]) as a function of time
(eq 14).
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[ ] = − + [ ]− −k tln( RS ) 2 ln( RS )obs 0 (14)

The order of the reaction with respect to Mn oxide (b) was
then determined from the slope of the linear regression of the
log of kobs as a function of the log of Mn oxide concentration
(eq 13). A slope of 0.09 ± 0.02 was determined (Figure 4),
indicating a zero order rate law with respect to Mn oxide
concentration, as observed previously for the reaction of
cysteine with excess MnO2 nanoparticles

41 and excess Fe(III)
oxides.38

As a result, the overall kinetic rate law of cysteine oxidation
by Mn oxides in environmentally relevant conditions at pH 7
and in the presence of excess Mn oxides can be written as the
following first order rate law:

= [ ]−kR RS (15)

Assuming the rate law derived from experiments with
cysteine, homocysteine, and two different aged δ-MnO2 is the
same for all thiols and all Mn oxides used in this study, the
experimental rate constant (k) can be obtained after
integration of the overall first order rate law (eq 15) from
the slope of the natural log of the thiol concentration as a
function of time normalized to its initial concentration (eq 16)
and represented graphically (Figure 5).
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The good linearity of the integrated rate law with all thiols
(Figure 5A) and the different minerals (Figure 5B) confirms
that the overall rate law is accurate. As previously observed
with Fe(III) oxides,38 rate constants decreased in the order of
cysteamine > cysteine > homocysteine > glutatione (Figure
6A) as the chemical structure of the reductant increased in

complexity. In addition, rate constants decreased with
increasing age of δ-MnO2 (Figure 6B). This decrease was
drastic within the first two months of aging then gradual
between 3 months and 6 years, even after normalizing the rate
constant by the specific surface area (SI Text S3 and Table
S2). As rate constants are independent of reactant concen-
trations and these experiments were conducted in excess of
surface sites compared to thiol reactant, the change in mineral
structure during aging must be responsible for the observed
differences in reactivity with the thiols. These findings indicate
that the synthesis of manganese mineral phases plays an
important role in reduction kinetics and that great care should
be taken to synthesize minerals of appropriate age. Finally,
among all the Mn oxides tested, manganite displayed the
lowest rate of cysteine oxidation (Figure 6B) as observed for
Cr(III) oxidation by manganite relative to cryptomelane and
birnessite10 and for the oxidation of a number of organic
contaminants by Mn oxides of different structure.12 Despite
the higher redox potential of manganite compared to δ-

Figure 4. Experimental determination of the reaction order with
respect to (left axis) cysteine (CS) and homocysteine (HS) using the
isolation method in the presence of 10 mM δ-MnO2 aged for 1.5 and
2.5 years at pH 7; and (right axis) Mn oxide using the isolation and
pseudo-order methods. To determine the order with respect to the
Mn oxide, the initial concentration of a suspension of δ-MnO2 aged
for 1.5 years was varied between 5 and 15 mM in a suite of
experiments conducted with 500 μM cysteine at pH 7.0.

Figure 5. Temporal evolution of the natural logarithmic of the
concentration of (A) cysteamine, cysteine, homocysteine, and
glutathione normalized to their initial concentration during the
reaction of each thiol with 10 mM δ-MnO2 aged for 1.5 year at pH
7.0; and (B) cysteine normalized to its initial concentration during its
oxidation by different age δ-MnO2 and manganite. The slope of
duplicate linear curves was averaged and used to calculate the overall
rate constant of the reaction.
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MnO2,
72 slower reaction is likely due to the increased

crystallinity as well as the thermodynamic stability of Mn(III)
within the MnOOH structure. Indeed, shorter bond lengths
with increased orbital overlap are observed between surface
Mn(IV) sites of birnessite with inorganic reductants such as
arsenite compared to surface Mn(III) sites of manganite.73

Shorter bond lengths between Mn(IV) and the surface-bound
reactant may increase electron transfer and further support
increased reduction rates of δ-MnO2 and even cryptomelane as
compared to manganite. Disruption of the mineral structure by
formation of surface Mn(III)71 in the first electron transfer
step during Mn(IV) reduction likely decreased the energy
necessary for the second electron transfer and increased the
rate of thiol oxidation by δ-MnO2 and cryptomelane as
compared to manganite.

4. ENVIRONMENTAL IMPLICATIONS
The findings of this study have important environmental
implications. The rapid reduction of an efficient adsorbent and
oxidant of inorganic7−11 and organic12 contaminants may have
important implications on the remediation of environments
where thiol production is significant. The differences in
reactivity of cysteine with Mn oxides of different structure
(i.e., δ-MnO2 of different age and manganite) also demonstrate
the importance of correlating solid phase structure and
reactivity when dealing with the redox properties of Mn
oxides. In this context, the reaction kinetics of Mn oxides with
inorganic and organic reductants should be determined with
various δ-MnO2 transformation products to accurately predict
the environmentally relevant biogeochemical significance of
Mn oxides in sedimentary environments.
Thiols have been detected in both freshwater74 and

marine75−78 sediments, and previous studies have demon-
strated the importance of cysteine as an electron shuttle during
microbial Fe reduction35,36 and confirmed the reduction of
cystine by model metal-reducing bacteria.35,36,79 The increased
abiotic reaction rate between thiols and Mn oxides and the
complete conversion of the thiols to their disulfide product

compared to the Fe(III) oxide system38 suggests that thiols
may act as electron shuttles during dissimilatory Mn reduction
to an even greater extent than during dissimilatory Fe
reduction. Thus, if thiols are microbially recycled, even small
thiol concentrations may result in significant reduction of Mn
oxides in sedimentary environments. The reduction of Mn
oxides by thiols may, therefore, have a significant impact on
inorganic7−11 and organic12 contaminant degradation, indi-
rectly influence the biogeochemical cycling of carbon, nitrogen,
phosphorus, sulfur, and iron in sediments,1−6 and potentially
influence interpretation of Mn paleoenvironmental sediment
records.80,81
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