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S1: Environmental Significance of a-Hydroxycarboxylic Acids, a-Ketocarboxylic Acids,

and Aldehydes
Glycolic acid, lactic acid, and malic acid (Figure S1) are the three most commonly used
a-hydroxycarboxylic acids in dermatological pharmaceuticals (applied topically) and over-the-
counter skin care products, where they can represent 2 to 70 % of the product by weight.!2
Pyruvic acid is commonly used in skin peel formulations. Pyruvic acid, along with the
aliphatic a-ketocarboxylic acids oxaloacetic acid and a-hydroxyglutaric acid (Figure S2) are

important intermediates in biochemical cycles.

Owing to the complexity of natural organic matter (NOM) molecular structures,
researchers frequently include low molecular-weight surrogate compounds in their investigations
of chemical reactions that lead to the formation of disinfection by-products. Figure S3 lists
illustrative a-hydroxycarboxylic acids, a-ketocarboxylic acids, and aldehydes that Bond et al.’
compiled in a survey of surrogates for the production of trihalomethanes and haloacetic acids.*’
Aliphatic aldehydes and benzaldehydes are commonly reported products of natural organic

matter oxidation by ozone.?1°

Within soils, Mn!! generated within O,-poor, organic matter-rich reducing microzones
diffuses outward until the O, concentrations are high enough for re-oxidation by manganese
oxidizing bacteria.!" Any organic compounds diffusing across redox gradients may be subject to

oxidation by manganese oxyhydroxides.

Lignin, the second most abundant terrestrial biopolymer,!? is the product of the
biologically-regulated radical coupling of three compounds possessing the styrene moiety:

coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol. Conceptualizations of lignin structures



and surrogate compounds used to explore lignin chemistry (e.g. Ragnar et al.,'3 Pollegioni et
al.'*) are included in Figure S4. B-O-4 linkages where oxygens are found at positions both a-
and B-carbons relative to benzene rings!? are relatively easily transformed via chemical reaction
to the a-hydroxycarboxylic acids under investigation in our own study. Fungal decomposition of
lignin generates methoxy-, hydroxy-substituted mandelic acids, !¢ and substituted
phenylglyoxylic acids, phenylpyruvic acids, and aromatic aldehydes are commonly generated
from lignin during industrial chemical processes that are part of pulp and paper manufacture.!’- 18
The aromatic portion of soil organic matter is believed to be largely derived from lignin

breakdown products.

Degradation products of two plant polyesters, suberin and cutin,!® are believed to be
important contributors to the aliphatic portion of soil organic matter.?’ 2-Hydroxytetracosanoic
acid (Figure S5) is believed to be refractory enough to serve as a biomarker.?* Manganese
oxyhydroxides in soils are capable of oxidizing them, their utility as biomarkers would be

somewhat restricted.

Soil organisms exude a wide range of biochemicals for fulfilling specific functions. If
these compounds are degraded by manganese oxyhydroxides, their biological utility is lost.
Figure S6 provides three illustrative examples. Mugineic acid is one of approximately seven
phytosiderphores that have been described, which grasses exude as siderophores for the
acquisition of Fe'l.2! Corrugatin is an example of a bacterial siderophore that possesses two o.-
hydroxycarboxylic acid groups alongside other Fe!l'-coordinating Lewis base groups. Corrugatin
is produced by the plant pathogen Pseudomonas corrugata found in soils.?? Piscidic acid is

exuded by the roots of pigeon pea (Cajanus cajan), a legume crop. It solubilizes adsorbed



orthophosphate within soils by bringing about the ligand-assisted dissolution of the Fe'' and AI"!

oxyhydroxide sorbent phases.??

Manganese within atmospheric aerosols is present in the nM to tens of nM range.?*
While Mn!! predominates during sunlit hours, particulate Mn'! (and Mn'V) is believed in increase
at night.?> Mn and Cu are the two most important transition metals with regards to redox

processes taking place within atmospheric aerosols.?% 27

a-Hydroxycarboxylic acids, a-ketocarboxylic acids, and aldehydes are important
functional groups of organic compounds within atmospheric aerosols (Figure S7).2% 2% All are
believed to arise from the photooxidation of volatile biological alkenes, the most important being
isoprene.’? 2-Hydroxy-4-isopropyladipic acid is an early intermediate in isoprene
photooxidation, while pyruvic acid and malic acid are more fully oxidized products.? 2% 31 2-
Ketooctanoic acid is an illustrative example of an ionized compound found in atmospheric
aerosols ultimately derived from marine phytoplankton-biosynthesized long-chain alkenes.*?
Owing to their hygroscopicity, the compounds shown in Figure S7 are in part responsible for the

ability of atmospheric aerosols to serve as cloud condensation nuclei.?®- 3334

S2: Calculation of the Expected Reaction Stoichiometry for the Formation of Mn!!

Three half reactions can be derived from Figure 2.1 for expressing stoichiometries of

hydroxy acid oxidation to keto acid, aldehyde, and C-1 acid:

RCH(OH)COO" = R(CO)COO" + 2H* + 2¢ (S1)
RCH(OH)COO" + H,0 = R(CO)H + H,CO3* + H' + 2¢- (S2)
RCH(OH)COO" + 2H,0 = RCOOH + H,CO5* + 3H* + 4e (S3)



For the sake of completeness, half reactions for oxidation of keto acid and aldehyde to C-1 acid

are shown below:

R(CO)COO- + 2H,0 = RCOOH + H,CO;" + H" + 2¢ (S4)

R(CO)H + H,O0 = RCOOH + 2H" + 2¢ (S5)
As noted in Section 2.3.2, iodometric titration of two of the HMO suspensions employed in our
experiments yielded an average manganese oxidation state of +3.82. Oxygen atoms within
oxyhydroxide minerals exist in the -1I oxidation state. HMO can accordingly be represented as

MnO; ¢;(s), and the half reaction for generating Mn'! becomes:

MnOl.gl(s) + 3.82H" + 1.82¢- = Mn!! + 191H20 (S6)
S1, S2, S4, and S6 are two-electron steps oxidations. In order to add Reaction S6 to organic half

reactions obtain balanced full reactions, it must be multiplied by 1.10:

1.10MnO; o1(s) + 4.20H" + 2e- = 1.10Mn" + 2.10H,O (S7)

S3 is a four-electron oxidation, hence Reaction S6 must be multiplied by 2.20:

2.20MnO; o;(s) + 8.40H" + 4e- = 2.20Mn" + 4.20H,0 (S8)

Summing appropriate half reactions yields five full equations:

Hydroxy Acid Oxidation to Keto Acid (S1 + S7)
1.10MnO ¢1(s) + 4.20H" + 2¢- = 1.10Mn'" + 2.10H,0

RCH(OH)COO" = R(CO)COO" + 2H" + 2¢

add: RCH(OH)COO- + 1.10MnO ¢,(s) + 2.20H* = R(CO)COO" + 1.10Mn"! +
+2.10H,0 (S9)

Hydroxy Acid Oxidation to Aldehyde (S2 + S7)

1.10MnO ¢/(s) + 4.20H" + 2e- = 1.10Mn'" + 2.10H,0



RCH(OH)COO" + H,0 = R(COH + H,CO;* + H* + 2¢

add: RCH(OH)COO- + 1.10MnO; ¢;(s) + 3.20H" = R(CO)H + H,CO5* + 1.10Mn"
+1.10H,0 (S10)

Hydroxy Acid Oxidation to C-1 Acid (S3 + S8)
2.20MnO ¢1(s) + 8.40H" + 4e- = 2.20Mn'" + 4.20H,0

RCH(OH)COO" + 2H,0 = RCOOH + H,CO;" + 3H* + 4e"

add: RCH(OH)COO" +2.20MnO o/(s) + 5.40H* = RCOOH + H,CO;"* + 2.20Mn'!
+2.20H,0 (S11)

Keto Acid Oxidation to C-1 Acid (S4 + S7)
1.10MnOy ¢;(s) + 4.20H" + 2¢- = 1.10Mn'" + 2.10H,O

R(CO)COO" + 2H,0 = RCOOH + H,CO;* + H* + 2e

add: R(CO)COO" + 1.10MnO, ¢(s) + 3.20H* = RCOOH + H,CO;* + 1.10Mn!"
+0.10H,0 (S12)

Aldehyde Oxidation to C-1 Acid (S5 + S7)
1.10MnO; ¢/(s) + 4.20H" + 2¢- = 1.10Mn'" + 2.10H,O

R(CO)H + H,0 = RCOOH + 2H" + 2¢

add: R(CO)H + 1.10MnO; g;(s) + 2.20H* = RCOOH + 1.10Mn" + 1.10H,0 (S13)

In experiments where reaction set organic compounds do not adsorb to a significant
extent and mass balance is obeyed (i.e. the sum of concentrations of reaction set compounds
equals the concentration of organic substrate added), Equations S9-S13 can be used to calculate

expected amounts of Mn!! generated.

S3: Equilibrium Speciation of Reaction Set Compounds



In this section we present the available equilibrium data for the eight organic compounds
that comprise our two reaction sets. For speciation calculations at pH 4.0, the medium was
defined using 5.0 mM acetate and 10 mM NaCl, which fixes the ionic strength at 15 mM. For
comparison purposes, speciation calculations at pH 7.0 also assumed that the ionic strength was
fixed at 15 mM. At this ionic strength, the Davies Equation can be used to calculate y. = 0.8865

and y,+ =0.6177.

Mandelic Acid
\ O\\
\
C—OH c-o
HOciy "Osch
HA%(aq) A(aq)
HA%aq) = A(aq) + H'(aq) ai, = 10340 35

K, = {A(aq)H"(aq)} = v:+7:°K, °K, =[A(aq)][H"(aq)] = 1033
{HA (aq)} [HA(aq)]

At p™H = 4.0, p°H = 3.948. At p°H = 7.0, p°H = 6.948.

Ar=[HA%aq)] + [A(aq)]
Atp'H=4.0 Atp*H=7.0

Algebra yields: [HA%aq)] = H'(aq)] 0.182 2.22x104
Ar [H'(aq)] + °K,
[A(aq)] = K, 0.818 0.9998
AT [H+(aq)] + CKa

Phenylglyoxylic Acid = Benzoylformic Acid



o\ O\ 0 (0)

\ \\
HO\ /
HWO(aq) HX%(aq)

HW'aq) = W-(aq) + H'(aq) 2K,= 1020536

°’K,=10"1% = [L-(aq)][H*(aq)]
[HL (aq)]

Lopalco et al. (2016)3? state that for the reaction W-(aq) = X-(aq), Ky(ion) < 1073,

Let's assume that HX%(aq) can be ignored in the range 4 < pH < 7.

Wr = [HW?] + [W] + [X] = ([H')/*K, + 1 + Ky(ion) )[W-]

Atp*H=4.0 Atp*H=7.0
Algebra yields: [HW?)/Wt 9.94x1073 1.00x10°
[W-)/Wr 0.989 0.999
[X)/Wr 9.89x 10 9.99x 10

At pH 4, the ketocarboxylate anion form HX? is predominant, with much lower concentrations of
the conjugate keto acid form HW? (1/100) and the anionic, hydrate form X- (< 1/1000). At pH 7,
the ketocarboxylate anion is still predominant, but the conjugate acid keto form concentration is

much lower (< 1/10,000). The amount of anionic, hydrate form remains the same (< 1/1000).

Benzaldehyde
O~ HO\ /H
~CH ~OH
YO(aq) Z%(aq)



At neutral and acidic pHs, the hydrated form is approximately 0.8 % of total benzaldehyde.3”- 33

Benzoic Acid

OH _ O
Os¢’ Osc
HBaq) B'(aq)
HB%aq) = B-(aq) + H*(aq) aR, = 10420235
K, = 104097
Atp’H=4.0 Atp*H=7.0
Algebra yields: [HB%aq)] = H*(a 0.585 La1x103
Br [H'(aq)] + K,
[Biaq)] = Ka 0.415 0.9986
By [H'(aq)] + K,
Phenyllactic Acid
A A
Ho—gr OM Ho—giy” ©
HA%(aq) A(aq)

We have not found a reliable pK, for phenyllactic acid in the literature.

Phenylpyruvic Acid



0 9
O~ _C_ HO. _C._
~c” 7 oH ~cZ 7 oH
HWO (aq) HX%(aq)
ﬂ o}
1
HO. _C._
\‘ Con HOL Cw ()
@ d
HE®(aq) E-(aq)

i i
O NP HO /C\
~c” o ~cl o
OH
W-(aq) X'(aq)

We have not found reliable thermodynamic data for phenylpyruvic acid. If we assume that

speciation is similar to that of pyruvic acid, we have the following data from Chiang et al.,?*

which has been subsequently cited by Kerber and Fernando*® and Galajda et al.:*!

HW%aq) = W+(aq) + H'(aq)
HW?%aq) = HX(aq)
HW?%aq) = HE(aq)
HX%aq) = X(aq) + H'(aq)
HE%aq) = E-(aq) + H'(aq)

E(aq) = H..E*(aq) + H'(aq)

10-1.97

10+0.36

10-3-21

10-3:53

10-3-79

10-11.55

The ionic strength that these constants correspond to has not be clearly stated in the three papers

cited. Hence, even for pyruvic acid, we have to treat any calculations as provisional.

[i]
Lt
p*H 4.00 p*H 7.00
W-(aq) 0.914 0.941
X-(aq) 5.77x10%? 5.93x10%?
HX°(aq) 1.95x102 2.11x1073

10



HY°(aq) 9.32x1073 8.78x10¢
E-(aq) 8.53x10¢ 8.78x10¢
HE°(aq) 526x106  5.41x10°

H.E>(aq)  2.58x103  2.65x10°°

At pH 4.0, the two hydrated forms represent 7.7 % of the total concentration. Only one molecule

in 73,000 is in the enol form (Figure S16).

Phenylacetaldehyde
HO\ /
Y9(aq) Z%aq) cF°(aq) = cis-enol tF°(aq) = trans-enol

Chiang et al.*?> have presented the following thermodynamic information:

Y°(aq) + H,O(l) = Z°(aq) K;=2.93 =[Z°aq)]
[Y(aq)]

Y°(aq) = cF°(aq) K, = 10335 = [cF°(aq)]
[Y°(aq)]

Y°(aq) = tF°(aq) K3 = 10397 = [tF°(aq)]
[Y°(aq)]

Since all these species mentioned above are electrically neutral, there are no ionic strength
effects to consider. Also, they all exist at the same protonation level, so their relative equilibrium

abundance is not a function of pH.

Pr=[Y°aq)] + [Z°(aq)] + [cF°(aq)] + [tF°(aq)] = [Y°(aq)]( 1 +2.93 +4.47x10* + 8.51x104)
We obtain:  [Y°(aq)]/Pt = 0.254 [cF°(aq)]/Pt = 1.35x10*

[Z°(aq))/Pr = 0.745 [tF°(aq)]/Pr = 2.16x10

11



Here, the hydrated form represents 75 % of the total concentration. Only one molecule in 2850

exists as one of the two enol forms.

Phenylacetic Acid

HA%(aq)

HA%aq) = A-(aq) + H'(aq) ag, = 104310 35

[HA(aq)] = H'(a

At [H'(aq)] + °K,
[A(aq)] = Ka

At [H'(aq)] + °K,

12

CKa = 10-4.205

AtpP H=4.0 Atp*H=7.0

0.644 1.80x1073

0.356 0.998



Table S1. Hydrous manganese oxide (HMO) preparations employed in the experiments.

Designation Svnglaetseized Mn Loading (mM) | Average Mn Oxidation State (Days)
HMO-A 2014-3-26 5.0 -
HMO-B 2014-5-12 5.2 +3.82+£0.02 (2%)
HMO-C 2014-6-13 5.0 +3.82+0.03 (3%, 10%)
HMO-D 2014-8-15 5.4 -
HMO-E 2014-10-3 5.1 -
HMO-F 2015-2-10 5.0 -
HMO-G 2016-7-12 5.0 -
HMO-H 2016-6-6 5.1 -
*Age of HMO when tested

13
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Figure S1. The a-hydroxycarboxylic acids glycolic acid, lactic acid, and malic acid are heavily
employed in dermatological pharmaceuticals (applied topically) and over-the-counter skin care
formulations. Lactobionic acid is also common in skin formulations. Hydroxyl groups both a-
and [3- to the carboxylic acid group are important for its pharmacological properties and its

chemical reactivity.

0
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Figure S2. Pyruvic acid is a common ingredient in skin peeling formulations. Oxaloacetic acid
and a-ketoglutaric acid are important in biochemical cycles, but have found little if any
commercial application.
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Figure S3. Hydroxy acid, keto acid, and aldehyde natural organic matter surrogates (i.e.
disinfection byproduct precursors) used in studies of drinking water disinfection studies, as

compiled by Bond et al.?
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Figure S4. As mentioned in the main text, any time styrene moieties are oxidized, products
include mandelic acid- and phenyllactic acid-like structures. Lignin is the product of the
controlled radical oxidation of coumaryl alcohol, coniferal alcohol, and sinapyl alcohol, yielding
aromatic-aromatic linkages depicted to the right of the figure.!3-!> Fungal decomposition of
lignin can yield methoxy- and hydroxy-substituted mandelic acids depicted at the bottom left of
the figure.!®

o)

/\/\/\/\/\/\/\/W\/Y “OH

OH

(@)=

Figure S5. 2-Hydroxytetracosanoic acid is a biomarker in soil organic matter, reflecting inputs
of the biopolymers cutin and suberin.
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Figure S6. Biological soil exudates bearing o-hydroxycarboxylic acid moieties. Mugineic acid is
a siderophore first identified in the rhizosphere of barley.?! Corrugatin is a siderophore produced
by the plant pathogen Pseudomonas corrugata.? Piscidic acid is not strictly a siderophore, since
it has not been reported to increase iron uptake. It is believed to bring about the ligand-assisted
dissolution of soil Fe''" and Al oxyhydroxides, and in the process release the plant nutrient
orthophosphate.?3
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Figure S7. a-Hydroxycarboxylic acids, a-ketocarboxylic acids, aldehydes, and compounds
bearing multiple groups that have been identified in atmospheric aerosols. They are created via
photooxidation of biological alkenes. Isoprene is believed to be the most important alkene
precursor compound.
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Figure S8. Illustrative electropherogram of (a) authentic organic substrates standard solution (
20 uM benzoic acid, 10 uM phenylglyoxylic acid, and 20 pM mandelic acid) and (b) filtered
reaction solution collected 6 hours after addition of 500 M HMO to 50 uM mandelic acid. All
solutions contain 5 mM acetate buffer (pH 4.0) and 10 mM NacCl.
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Figure S9. Illustrative electropherogram of (a) authentic organic substrates standard solution (
30 uM phenylacetic acid, 20 pM phenylpyruvic acid, and 40 uM phenyllactic acid) and (b)
filtered reaction solution collected 8 hours after addition of 500 M HMO to 50 uM phenyllactic
acid. All solutions contain 5 mM acetate buffer (pH 4.0) and 10 mM NaCl.
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Figure S10. Illustrative HPLC chromatogram for a solution containing mandelic acid (40 uM),
phenylglyoxylic acid (30 uM), benzoic acid (30 pM), benzaldehyde (40 uM).
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equation
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Mandelic acid y =-0.256x - 0.0022 0.998

Phenylglyoxylic y=-0.737x-0.028 0.994
bR |

Benzaldehyde y=-10.00220x -0.022 | 0.990
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Figure S11. Semi-log plots of organic substrate as a function of time, with slope and intercept
found using linear regression. Reaction conditions: 50 uM organic substrate, 500 uM HMO 5
mM acetate buffer (pH 4.0), and 10 mM NaCl.
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Figure S12. Using reaction stoichiometry to evaluate the oxidation of 50 uM phenylglyoxylic acid (A, D), benzaldehyde (B, E), or
phenylpyruvic acid (C, F) by 500 uM HMO. Upper plots: [Mn]gss (X) refers to dissolved Mn measured by filtration and AAS. [Mn]gs

(V) is calculated from measurements of reaction set organic compounds, and expected reaction stoichiometries as discussed in the
text. Lower plots: [Mn]4;s/[Mn]gs as a function of time. Reaction conditions: 5 mM acetate buffer (pH 4.0), and 10 mM NacCl.

22



100 M HMO 100 M HMO

S0per + + Y SOpet+ -+ et o+
40 ] 40} s, ]
% 30 \% 30l ‘Q\D |
— = .o 4
=2 20t A
"—-‘C’) ~::::::-<: """""
10 10 B _r:?_—__A__________A—-:.é.-..A-..::-o’:
0 0 &£8-1-<>¢ s 0
0 10 20 30 0 10 20 30
200 uM HMO 200 uM HMO
50!_;_#-+++ + + + + (_+B_)' 50,-#'+++ + + + o+ +-
40 O Mandelic acid 1 40189 (E) -
2 ggenyllglyr?xglic acid %: \\
lehyde
\% 30r o Beziﬁicac)i,d i e 30¢ n\
= + Mass balance = o,
20t q;; ----------- o -'"6 ________ R
@O =_.,=§:::E§f:'
= S e
2T TR
0 &0 , B e
0 10 20 30
Time (Hour)

Time (Hour)

Figure S13. Oxidation of 50 uM mandelic acid by various loadings of HMO. Symbols
represent measured organic substrates. Lines represent results from SCIENTIST
numerical modeling. Left: Fitting parameters were obtained from the data set being
shown. Right: fitting parameters from the 500 uM data set are applied to data obtained at
100 and 200 uM HMO data. Reaction conditions: 5 mM acetate buffer (pH 4.0), and 10
mM NaCl.
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Scheme I: Hydrogen atom transfer
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Scheme II: Hydride ion transfer

OH OH
| slow | _
C—-H - (li@ + H
|
Ccoy COy’

H
2 i
(i;@ fast @- —co, + H'
co,

Figure S14. Reaction mechanisms of mandelic acid oxidation.
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Figure S15. Electron pushing for keto acid and aldehyde hydration, and keto acid
tautermerization.
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Figure S16. Equilibrium speciation of 10 mM pyruvic acid as a function of pH, based
upon equilibrium constants provided in S3.
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Figure S17. Effects of adding 500 uM phosphate and 500 uM pyrophosphate on
oxidation of 50 pM mandelic acid by 500 pM HMO. Symbols represent measured
organic substrates. Lines represent results from SCIENTIST numerical modeling.
Reaction conditions: 5 mM acetate buffer (pH 4.0), and 10 mM NaCl.
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Figure S18. pH 7.0 experiments. Oxidation of 50 pM hydroxy acid by 500 uM HMO in
medium employing 2.0 mM MOPS, phosphate, and pyrophosphate buffer. Semi-log plots
for (A) mandelic acid and (B) phenyllactic acid loss. The ionic strength of the medium
was maintained at 15 mM by NaCl.
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Figure S19. pH 7.0 experiments employing 2 mM pyrophosphate buffer. (A-C) Absorption spectra obtained by filtering organic
substrate-free suspensions and mandelic acid- and phenyllactic acid-containing suspensions, with a similar peak at 260 nm,
attributable to Mn'"'-pyrophosphate complexes (Mn!"PP). (D-F) Absorbance at 260 nm as a function of dissolved Mn. Reactions were
performed in substrate-free suspension or in suspensions containing 50 uM mandelic acid or phenyllactic acid. Suspensions contained
500 uM HMO. An ionic strength of 15 mM was fixed using NaCl addition.
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