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ABSTRACT: Manganese (Mn) oxides can oxidize dissolved organic matter
(DOM) and alter its chemical properties and microbial degradability, but the
compound selectivity for oxidation and oxidative alterations remain to be
determined. We applied ultrahigh mass spectrometry to catalog the macro-
molecular composition of Suwannee River fulvic acid (SRFA) before and after
oxidation by a Mn oxide (δ-MnO2) at pH 4 or 6. Polycyclic aromatic
hydrocarbons, polyphenols, and carbohydrates were more reactive in reducing
δ-MnO2 than highly unsaturated and phenolic (HuPh) compounds and aliphatics,
but highly abundant HuPh contributed the most (∼50%) to the overall reduction
of δ-MnO2. On average, oxidized species had higher molecular weights,
aromaticity, carbon unsaturation degree, nominal oxidation state of carbon, and
oxygen and nitrogen contents but were lower in hydrogen content compared to
unoxidized species. The oxidation decreased these molecular indices and oxygen
and nitrogen contents but increased the hydrogen content, with stronger changes at the lower pH. This DOM oxidation on polar
mineral surfaces was more selective but shared similar selectivity rules to adsorption. The abiotic oxidation resembles microbial
oxidative degradation of organic matter, and Mn oxide−oxidizable carbon may be a useful index for detection and identification of
labile organic carbon.

KEYWORDS: dissolved organic matter, manganese oxide, ultrahigh resolution mass spectrometry

■ INTRODUCTION

Dissolved organic matter (DOM) is an important organic
carbon (C) pool in ecosystems and plays multiple roles in the
environment. For example, interactions with DOM affect fate,
transport, bioavailability, and toxicity of metals and nano-
particles in the environment.1−3 DOM actively participates in C
cycling through promoting the formation of stabilized mineral-
associated organic matter (OM).4,5 Although microbial
oxidation is the major DOM degradation pathway, DOM can
also be degraded through abiotic oxidation by environmental
oxidants (e.g., radicals,6 H2O2,

7 manganese (III,IV) oxides
(referred to as Mn oxides hereafter),8−14 and Mn(III)-ligand
complexes15,16) and industrial oxidants (e.g., permanganate,
chlorine, and ozone in water treatment).17,18 Oxidation can
substantially alter DOM composition and thus chemical
properties and microbial degradability.17,18

Manganese oxides are ubiquitous oxidants in both natural and
engineered environmental systems.19,20 Chemical oxidation of
DOM by Mn oxides can occur in the photic zone of aquatic
systems,21 soils,22 lacustrine and pelagic sediments,23,24 and
Karst caves25 under oxic and suboxic conditions, although
microbial dissimilatory reduction ofMn oxides dominates under
anoxic conditions.26 Mn oxides in some of these environments
are not as abundant as other minerals. However, the oxidation of

DOM by Mn oxides can be disproportionally important as
Mn(II)-oxidizing microorganisms are widespread and can
recycle the reduction product Mn(II) to Mn oxides using O2

as an oxidant,27 rendering Mn oxides as catalysts because
ultimately DOM is oxidized by O2 in the system. Similar to
Mn(II)-oxidizing microorganisms, mineral surfaces can also
catalyze the oxidation of Mn(II) by O2 and couple the Mn redox
cycle with oxidation of OM.28

Dissolved OM is composed of thousands of ill-defined
macromolecular compounds that vary in elemental composi-
tion, molecular structure, and chemical properties. They can be
classified into aliphatic hydrocarbon and carbohydrates as well
as aromatic compounds that include polycyclic aromatic
hydrocarbon (PAH), polyphenols, and phenols.29 Upon
reacting with Mn oxides, the compounds can adsorb on the
oxide surfaces, some of which subsequently donate electrons to
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the oxides and get oxidized. The oxidation produces modified
macromolecular compounds and low-molecular-weight organic
acids (e.g., pyruvate and acetate) with minor gases (e.g., CO2
and CO).8,9,11,12,28 The ability of DOM compounds to adsorb
on Mn oxide surfaces and the potentials to act as reductants in
the resulting charge complexes affect the oxidation of the
compounds by the oxides. Aromatics and compounds of high
molecular weights (MWs) were found to preferentially adsorb
on iron (III) oxide surfaces, resulting in molecular fractiona-
tion.29,30 Such selective adsorption was suggested to occur in
Mn oxide−DOM systems as well.13 Aromatics (mainly phenols)
were also found to be more reactive than others in reducing Mn
oxides.31 In addition, the increasing concentration of reduction
product Mn(II) and other structural and compositional changes
of Mn oxides induced by DOM reduction can substantially
enhance DOM adsorption13 and may affect the adsorption and
oxidation selectivity.
Several outstanding questions about the Mn oxide−DOM

system remain to be answered. Not all compounds in DOM can
be oxidized by Mn oxides, but the proportion of the oxidizable
compounds has not been quantified. In addition, what other
molecular characteristics besides aromaticity differentiate the
oxidizable from nonoxidizable ones, i.e., the compound
selectivity rule for oxidation remains to be determined. At last,
the oxidative changes are unclear at the macromolecular level,
although the low-molecular-weight products have mostly been
identified.8,9,11,12,28 The present study, therefore, is aimed at
quantifying the degree of oxidation, determining the compound
selectivity for oxidation, and characterizing the oxidative
alterations by Mn oxides for DOM as a single pool or for each
compound class at the macromolecular level using electrospray
ionization (ESI) ultrahigh-resolution Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR MS). δ-
MnO2, a common layered Mn oxide and an analogue to
naturally occurring Mn oxides, and Suwannee River fulvic acid
(SRFA) were used as model reactants to provide a proof of
concept, while both Mn oxides and DOM are highly
heterogeneous in the environment.32,33 To address those
questions, we compared the macromolecular signature before
and after the reaction of SFRA with δ-MnO2 to identify the
compounds that were reacted, formed (i.e., newly produced),
and persistent.

■ EXPERIMENTAL SECTION
δ-MnO2 was synthesized with MnCl2 to reduce KMnO4
(Supporting Information, Text S1). Suwannee River fulvic
acid was purchased from the International Humic Substance
Society.
DOM Oxidation by δ-MnO2. Batch oxidation experiments

were conducted by reacting SRFA with δ-MnO2 at pH 4 or 6 for
600 h. The total volume of the reacting suspension was 400 mL,
containing 600 mg/L SRFA, 6.0 g/L δ-MnO2, and 50 mL of
NaCl in a 1 L glass bottle wrapped with aluminum foil. The ratio
(0.1) of SRFA to δ-MnO2 is relevant to the Mn-rich
environment and led to a partial reduction of δ-MnO2.

13 The
suspension was constantly shaken in a thermostat shaker (25
°C), and the pH was maintained at the target pH by adding 0.1
M NaOH or HCl during the experimental period. Both the
SRFA stock solution and the δ-MnO2 suspension were pre-
equilibrated at the target pH overnight prior to mixing. The
experiments were performed in a triplicate.
To determine the oxidation kinetics, an aliquot (4.2 mL) of

suspension was collected at predetermined time intervals and

centrifuged at 8000 rpm for 5 min. The supernatant was filtered
with a 0.22 μmPTFE syringe filter and stored at 4 °Cprior to the
measurements of DOC concentration, dissolved Mn(II)
concentrations, and E2/E3 ratios (absorbance at 254 nm to
that at 365 nm) using UV−vis spectroscopy. Details are
provided in Text S2. The filtrate obtained at 504 h was used for
characterizing the composition of OM that remained in the
solution using FT-ICR MS.
The changes of OMcomposition after 504 h of oxidation by δ-

MnO2, when the reaction reached a pseudo-equilibrium, were
determined by comparing the composition of the unreacted (at
0 h) and reacted SRFA in the entire suspension, with the latter
comprising OM both remained in solution and adsorbed on the
solid. The organicmatter that remained in the solution could not
accurately reflect the oxidation in the system because a large
portion of OM compounds was adsorbed on the solid. The
organic matter in the entire system was obtained by mixing the
OM in the solution and the OM desorbed from the solid by 0.1
mM NaOH (pH 10) under anoxic conditions. While the
extraction with 100 mM NaOH solution can change OM
composition,34 0.1 mM NaOH had much lower alkalinity and
was not expected to affect OM composition much. The FT-ICR
MS analysis did show only a subtle difference in composition
between 0.1 mM NaOH-treated SRFA solution and untreated
one (Text S3, Table S1, and Figure S2). The recovery rate of
OM for the above extraction was estimated to be 90.4%. Details
for preparing the reacted SRFA sample, including the OM of the
entire system, are provided in Text S3.

ESI FT-ICR MS Characterization. Electrospray ionization
(ESI) in negative ion mode, coupled to FT-ICR MS, has been
increasingly used to characterize DOM composition from nearly
every type of aqueous, soil, and sedimentary OM sour-
ces.32,35−38 Aqueous samples were isolated by solid-phase
extraction (SPE)39 prior to the negative-ion ESI 21-T FT-ICR
MS measurement.40−43 Each mass spectrum was converted to
Kendrick mass, internally calibrated, and elemental composi-
tions assigned with PetroOrg.44−46 Only formulae present in all
triplicates were selected for the following data analyses, and the
disregarded formulae accounted for 9−14% of the total.
Formulae introduced by contamination were negligible. Various
molecular indices were calculated from the formulae, including
modified aromaticity index (AImod),

47 double bond equivalence
(DBE), and nominal oxidation state of carbon (NOSC).48,49

Detected DOM compounds were categorized into the following
five compound classes based on neutral elemental composi-
tions,29 (1) polycyclic aromatic hydrocarbons (PAHs; AImod >
0.66), (2) polyphenols (0.66 ≥ AImod > 0.50), (3) highly
unsaturated C and phenolic formulas (HuPh; AImod ≤ 0.50 and
H/C < 1.5), (4) aliphatic compounds (1.5≤H/C < 2), and (5)
carbohydrate compounds (H/C ≥ 2), based on relative-
abundance-weighted averages for compounds within each
mass spectrum. Compounds were further grouped based on
molecular weight: high (450−∼900 Da), middle (300−450
Da), and low (150−300Da).50 Details on SPE, instrumentation,
data collection, and formulae assignments are provided in Texts
S4 and S5.
To determine the changes in OM composition after the

reaction with δ-MnO2, we grouped the organic compounds in
the reacted SRFA into the following three pools: (1) selectively
oxidized or called reacted compounds (OMrctd), (2) newly
produced or called formed compounds (OMfrmd), and (3)
persistent compounds (OMpers). OMrctd contained the com-
pounds present in the unreacted SRFA but absent in the reacted

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c01283
Environ. Sci. Technol. 2021, 55, 7741−7751

7742

http://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01283/suppl_file/es1c01283_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01283/suppl_file/es1c01283_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01283/suppl_file/es1c01283_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01283/suppl_file/es1c01283_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01283/suppl_file/es1c01283_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01283/suppl_file/es1c01283_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c01283?rel=cite-as&ref=PDF&jav=VoR


SRFA; the compounds in OMfrmd were present in the reacted
SRFA but not in the unreacted FA. The compounds in OMpers
can be found in both the reacted and unreacted SRFA. By doing
this, we assumed that if a compound was oxidizable, nearly all
molecules of this compound must be oxidized and that none of
the compounds in OMpers was oxidized. The assumptions were
reasonable considering that after 504 h, the net oxidation was
negligible because dissolved Mn(II) concentration did not
increase with time anymore (Figure 1). It was also assumed that
the oxidation did not produce compounds having the same
molecular formulae as any in OMpers. The above assumptions
did not consider the existence of isomers in SRFA that differ in
reactivity and thus may appear in both OMrctd and OMpers. Ion

suppression during FT-ICR MS data collection was not
considered either, which could result in misidentification of
suppressed compounds as ones to be oxidized. Despite these
potential issues, the assumptions allowed us to have approximate
catalogs of the compounds that were reacted, persistent, and
formed and thus to gain deep insights into the reaction system.
Similarly, each class of compounds (i.e., PAH, carbohydrates,
etc.) was grouped into reacted, persistent, and formed pools as
well, allowing for detailed analyses of how δ-MnO2 oxidized and
altered each compound class. Note that the formed compounds
in each class could be produced from any compound class. Thus,
a comparison between the reacted and formed compounds in a
class simply indicates overall what new compounds were formed
to replace the old ones (i.e., the selectively oxidized) upon the
oxidation of all classes, rather than how the oxidation altered the
compounds originally present in that class.

■ RESULTS AND DISCUSSION
Adsorption and Oxidation of DOM by δ-MnO2. The

reaction reached a pseudo-equilibrium at 504 h because the
concentration of dissolved organic matter andMn(II) and E2/E3
ratios of the solutions did not change afterward (Figure 1). At
504 h, 93 and 83% of OMwere removed from the solution at pH
4 and 6, respectively (Figure 1). The OM removal was faster
than the production of dissolved Mn(II) (Figure 1), indicating
that the OM oxidation was slower than its adsorption.11,13 The
faster production of much more dissolved Mn(II) at pH 4 than
that at pH 6 (Figure 1) is consistent with low pH favoring OM
oxidation by Mn oxides due to multiple mechanisms.31 Stronger
Mn(II) adsorption on δ-MnO2 at pH 6 than at pH 4 also
contributed to the lower dissolved Mn concentration at pH 6.13

The E2/E3 ratio of the solution increased with reaction time and
was higher at pH 4 than at pH 6 at a given time, suggesting
decreased DOM aromaticity, MW, and probably electron-
donating capacity51,52 with larger decreases at lower pH. The
E2/E3 ratios were surprisingly high toward the end of the
reaction (Figure 1), which was also observed previously13 and
can be ascribed to oxidative alterations of DOM.53

The composition of macromolecular compounds in the entire
system differed from that present only in the solution at 504 h.
Since the oxidation essentially stopped at 504 h, the difference
between the two can be ascribed to adsorption-induced
molecular fractionation. The number of different organic
compounds in the solution (12650 at pH 4 or 14441 at pH 6)
was lower than that in the entire system (13407 at pH 4 or 15458
at pH 6), so did for each compound class (Table 1), indicating
complete removal of some compounds from the solution by
adsorption on δ-MnO2. The adsorption preferentially removed
aromatics and enriched aliphatic and carbohydrate compounds
in the solution at both pH (Table 1), similar to DOM
fractionation by Fe(III) oxides.29,30 However, the degrees of
fractionation in the present study were much lower compared to
those by Fe(III) oxides.29,30 The proportion of each compound
class differed only slightly between OM in the entire system and
in the solution (i.e., by 0.11−0.72% at pH 4 and 0.02−2.06% at
pH 6), so did the molecular indices (Table 1). The Mn(II)-
promoted DOM adsorption on δ-MnO2 through cation
bridging, and the coagulation effect was probably responsible
for the weak fractionation, similar to the effects of Ca2+ on DOM
fractionation by ferrihydrite.54 In addition, more negative
surfaces of δ-MnO2 than Fe(III) oxides at pH 4 and 6 may
contribute to the weak fractionation as well. The following
discussion will be focused on the OM in the entire system.

Figure 1. Ultraviolet absorbance at 254 nm (a), E2/E3 ratios (b), and
Mn(II) concentrations (c) in the solution phase during the reaction of
SRFA with δ-MnO2 at pH 4 and pH 6. The reported UV−vis
absorbance values in (a) were the measured values multiplied by the
dilution times. Details provided in Text S2.
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Table 1. Molecular Characterization of the Initial SRFA (OM0) and SRFA after 504 h of Reaction in the Entire System (OMtot)
and in the Solution (OMsol) at pH 4 and pH 6a

OM0 OMtot,pH 4 OMsol, pH 4 OMtot, pH 6 OMsol, pH 6

PAH (%) 2.56 (1211) 3.08 (932) 2.97 (882) 2.40 (1042) 3.23 (964)
Polyph (%) 10.25 (2047) 5.52 (1163) 4.80 (1085) 7.33 (1986) 7.31 (1765)
HuPh (%) 82.77 (9504) 85.69 (9602) 85.29 (9063) 84.99 (10958) 82.93 (10253)
Aliph (%) 3.71 (1105) 5.35 (1544) 5.98 (1476) 4.92 (1404) 5.50 (1401)
Carbo (%) 0.71 (129) 0.36 (166) 0.96 (144) 0.37 (68) 1.03 (58)
number of molecules 13996 13407 12650 15458 14441
high MS (%) 52.33 45.61 39.13 51.31 43.46
mid MS (%) 39.76 38.46 44.74 38.95 43.43
low MS (%) 7.91 15.93 16.13 9.74 13.11
average MS 479.46 457.46 437.57 483.98 458.62
AImod 0.33 0.29 0.29 0.31 0.30
O/C 0.52 0.52 0.53 0.46 0.49
H/C 1.13 1.19 1.22 1.18 1.20
DBE 11.04 9.79 9.12 10.78 10.02
NOSC −0.06 −0.13 −0.12 −0.24 −0.18
C/N 66.22 46.11 49.33 100.42 57.95
C/S 361.61 186.14 200.71 299.38 281.28
CHO (%) 92.46 90.37 87.50 91.92 88.88
CHON (%) 5.79 6.43 8.95 5.18 8.07
CHOS (%) 1.38 3.21 3.55 2.90 3.05

aThe percentage distributions of compound classes were abundance-weighted. In parentheses are the numbers of compounds in each compound
class. High (450−1100 Da), mid (300−450 Da), and low (<300 Da) molecular mass (MS). Almod, modified aromaticity index; DBE, double bond
equivalent; O/C, H/C, C/N, and C/S, average elemental ratios; molecular formulas in elemental groups (CHO, CHON, and CHOS); PAH,
polycyclic aromatics; Polyph, polyphenols; HuPh, highly unsaturated and phenolic compounds; Aliph, aliphatic compounds; Carbo, carbohydrates.

Table 2. Molecular Compositions and Properties of the Reacted (Rctd), Formed (Frmd), and Persistent (Pers) Groups in the
Entire Suspension at pH 4 or 6a

OMtot, pH 4 OMtot, pH 6

Rctd Frmd Pers Rctd Frmd Pers
Rctd only at

pH 4
Rctd only at

pH 6
Frmd only at

pH 4
Frmd only at

pH 6

PAH (%) 15.0 (549) 16.4 (270) 1.9 (662) 17.10 (465) 5.62 (296) 2.0 (746) 12.5 (227) 15.8 (143) 31.3 (190) 7.1 (216)

PolyPh
(%)

32.0 (967) 3.6 (83) 9.0 (1080) 17.0 (498) 8.6 (437) 10.0 (1549) 39.7 (501) 3.9 (32) 4.3 (33) 13.2 (387)

HuPh (%) 44.6 (1498) 56.1 (1596) 84.9 (8006) 56.8 (1432) 72.8 (2886) 83.8 (8072) 46.2 (598) 65.2 (532) 39.9 (565) 72.5 (1855)

Aliph (%) 2.5 (117) 19.2 (556) 3.8 (988) 5.9 (201) 10.6 (500) 3.6 (904) 1.1 (35) 9.6 (119) 18.6 (272) 7.2 (216)

Carbo
(%)

5.95 (46) 4.71 (83) 0.42 (83) 3.21 (92) 2.66 (31) 0.61 (37) 0.6 (9) 5.5 (48) 6.0 (52) 0 (0)

molec.
number

3177 2588 10819 2688 4150 11308 1363 874 1112 2674

average
MS

629 519 471 591 515 474 630 529 482.6 616.8

high MS
(%)

82.0 57.3 50.7 77.9 64.4 51.3 83.0 74.1 38.8 77.5

mid MS
(%)

10.9 23.6 41.4 18.1 25.4 40.6 6.3 20.9 37.7 13.8

low MS
(%)

7.1 19.1 8.0 4.0 10.3 8.1 10.7 5.0 23.5 8.7

AImod 0.49 0.18 0.32 0.44 0.29 0.33 0.47 0.29 0.18 0.36

DBE 17.1 10.9 10.7 14.2 13.3 10.9 17.9 10.4 12.0 14.6

NOSC 0.40 −0.03 −0.09 0.72 −0.41 −0.09 0.06 0.65 0.30 −0.45
O/C 0.60 0.54 0.51 0.77 0.38 0.51 0.48 0.84 0.62 0.33

H/C 0.97 1.26 1.14 1.11 1.22 1.13 0.91 1.29 1.17 1.15

C/N 50.0 55.3 72.8 30.4 118.8 97.2 177.9 3.9 34.0 138.7

C/S 313 95 405 218 177 452 1422 160 112.5 371.9

CHO (%) 80.6 67.2 93.1 76.5 64.3 93.5 89.1 56.5 38.9 77.5

CHON
(%)

10.3 26.7 5.5 10.4 24.0 5.2 9.5 38.6 37.7 13.8

CHOS
(%)

2.1 6.1 1.3 3.5 11.7 1.3 1.5 4.9 23.5 8.7

aThe values are abundance-weighted except for molecular numbers. In parentheses are the numbers of compounds in each compound class. The
compositions and properties of the compounds that were oxidized at pH 4 but not at pH 6, or vice versa, are also listed.
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The oxidation by δ-MnO2 changed the number of compounds
and molecular indices for the OM in the entire system. In total,
13 996 different compounds were detected in the unreacted
SRFA, and the oxidation decreased the number to 13407 at pH 4
but increased it to 15458 at pH 6 (Table 1). At pH 4, the
oxidation reduced the numbers of PAH and polyphenol
compounds by 23% (1211 to 932) and 43% (2047 to 1163),
respectively, but increased the number by 39.7% (1105 to 1544)
for aliphatic compounds and by 28.7% (129 to 166) for
carbohydrates (Table 1). A slight increase might also occur to
HuPh (1%, 9504 to 9602). The increased numbers indicate that
more compounds were added than removed by the oxidation to
the three compound classes. Compared to that at pH 4 and pH
6, the decrease in both PAH and polyphenols and the increase in
aliphatic compounds in the number of compounds were less
pronounced, but the increase was much stronger for HuPh, by

15.3% from 9504 to 10958 (Table 1). In contrast to the increase
at pH 4, the number of carbohydrate compounds was reduced
by 47.3% at pH 6. The change in the number of compounds in
each compound class translates to their relative abundance-
weighted contributions, with the largest change occurring for
polyphenol (decreased by 4.7% from unreacted SRFA to reacted
SRFA, Table 1). As to abundance-weighted molecular indices,
the oxidation increased the C/H ratio but decreased AImod,
DBE, NOSC, and the O/C ratio (pH 6 only). It also decreased
the proportion of high MW compounds and increased the
proportion of low MW ones, and the changes were more
substantial at pH 4 than at pH 6 (Table 1). Thus, on average, the
oxidation broke down high-MW compounds, being more
favorable at lower pH values.

Compounds Reacted. A small portion of compounds in
SRFA was oxidized by δ-MnO2 after 504 h of reaction. Only

Figure 2. Numbers of the selectively oxidized (reacted) and newly formed compounds (formed) at pH 4 or 6 (a, b). The number in the overlapped
region is for compounds shared at both pH levels. van Krevelen diagrams for the parent and produced compounds at pH 4 or 6 (c, d), reacted and
formed compounds at pH 4 only (e) or pH 6 only (f), and persistent compounds at pH 4 (g) or 6 (h). PAH, polycyclic aromatic hydrocarbons; Polyph,
polyphenols; HuPh, highly unsaturated C and phenolic compounds; Aliph, aliphatic compounds; and Carbo, carbohydrates.
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22.7% of different OM compounds, corresponding to 12.3%
abundance-weighted, were selectively oxidized at pH 4, and the
proportions (10.9 and 19.2%, respectively) at pH 6 were slightly
lower, calculated based on the data in Table 2. The relatively low
proportions of compounds that were oxidized are consistent
with the low abundance of redox-active moieties in DOM.55 In
terms of the numbers of compounds, 3177 and 2688
compounds were selectively oxidized at pH 4 and 6, respectively
(Table 2), jointly 4051 different compounds, amongwhich 1814
were oxidized at both pH, 1363 at pH 4 only, and 874 at pH 6
only (Table 2 and Figure 2a). While similar proportions of
compounds were oxidized at the two pH levels, much more
electrons were transferred from OM to δ-MnO2 at pH 4 than
those at pH 6, as indicated by the higher Mn(II) production
(Figure 1c). Thus, the compounds oxidized at pH 4 were
oxidized to higher degrees than those at pH 6. The more
pronounced oxidation of SRFA by δ-MnO2 at pH 4 could be due
to changes in the protonation status of organic compounds and
increased redox potential of δ-MnO2 at lower pH.

31

The five compound classes did not contribute equally to the
overall reduction of δ-MnO2. The contributions would be
equivalent to their proportions in the reacted pool (i.e., OMrctd)
when assuming each oxidized molecule approximately trans-
ferred a similar number of electrons to δ-MnO2 at a given pH.
With that assumption, HuPh, Polyph, PAH, Aliph, and Carbo
would contribute 44.6−55.8%, 17−32%, 15−17%, 2.5−5.9%,
and 3.21−5.95% to OMrctd, respectively (Figure 3b,e). The
much higher contribution of HuPh than others to the reduction
was likely due to its higher abundance (i.e., 83%) in unreacted
SRFA (Figure 3a). The reacted pool differed greatly from the
persistent pool (i.e., OMpers), for which those compound classes
contributed 83.8−84.9%, 9−10%, 1.9−2.0%, 3.6−3.8%, and
0.42−0.61%, respectively (Figure 3d,g). The substantial differ-
ence between the two pools indicates that the five compound
classes differed in reductive activity, and some were preferen-
tially oxidized relative to others.
The relative reactivity of a compound class may be evaluated

by the proportion of the number of the reacted compounds over
the total in the class, and a larger proportion suggests a higher
reactivity. At pH 4, in the order of decreasing reactivity, 967 of
total 2047 (47.2%), 549 of 1211 (45.3%), 46 of 129 (35.6%),
1498 of 9504 (15.8%), and 117 of 1105 (10.6%) compounds
were oxidized for polyphenols, PAH, carbohydrate, HuPh, and
aliphatics, respectively (Figure 3h and Table 2). The highest
reductive reactivity of polyphenols is consistent with a previous
report that polyphenol-like compounds in humic substances had
the highest electron-donating capacity.56 Compared to that at
pH 4, the proportion of the reacted compounds at pH 6 was
lower for polyphenols (498, 24.3%), PAH (465, 38.4%), and
HuPh (1432, 15.1%) but higher for aliphatics (201, 18.2%) and
carbohydrates (92, 71.3%) (Figure 3h and Table 2). Thus, the
first three classes were more reactive at lower pH and the latter
twomore at higher pH. Deprotonation at higher pH can increase
the reductive activity of certain organic compounds.57,58 The
surprisingly high reactivity of carbohydrate compounds at both
pH 4 and 6 may be because some carbohydrate compounds had
quite high O/C ratios (Figure 2e and Table S3) that favor
oxidation (see discussion below). A comparison between the
average molecular indices of the reacted and persistent
compound pools provided further insights into the selectivity
for oxidation. The abundance-weighted average indices and
elemental ratios are listed in Table 2 with their number
distributions plotted in Figure 4. Compared to OMpers,

regardless of pH, OMrctd had substantially higher average MW
(629 vs 471 at pH 4 and 591 vs 474 at pH 6), AImod (0.49 vs 0.32
at pH 4 and 0.44 vs 0.33 at pH 6), NOSC (0.4 vs −0.09 at pH 4
and 0.72 vs −0.09 at pH 6), and DBE (17.1 vs 10.7 at pH 4 and
14.2 vs 10.9 at pH 6). Among them, the NOSC values differed
the most, suggesting that NOSC better indicates the oxidation
favorability of the compounds than other indices. On average,
OMrctd was also richer in O, N, and S but poorer in H compared
to OMpers, as suggested by the elemental ratios (Table 2). The
number distributions of these molecular characteristics showed
similar patterns to the averaged values, but none of these
characteristics alone completely separated the compounds of the
OMrctd and OMpers (Figure 4). A combination of two indices,
such as NOSC vs DBE or the number of O in each compound,
failed to separate them, either (Figure S3). Thus, the observed
compound selectivity for oxidation was valid only in the sense of
average molecular indices and elemental ratios and could be
violated for certain compounds.
The enrichment of O and N in OMrctd relative to OMpers is

probably because Ar-OH, R-COOH, and R-NH2 are common
redox-active moieties. That OMrctd had higher AImod and DBE

Figure 3. Abundance-weighted contributions of five compound classes
to unreacted FA (a), and reacted (b, e), formed (c, f), and persistent
compound pool (d, g) and percentage of the number of reacted
compounds over the total number in each compound class (h). PAH,
polycyclic aromatic hydrocarbons; Polyph, polyphenols; HuPh, highly
unsaturated C and phenolic compounds; Aliph, aliphatic compounds;
and Carbo, carbohydrates.
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thanOMpers is consistent with the higher reductive activity of the
functional groups attached to unsaturated C than to saturated
C.59 It is unclear why OMrctd had a larger AMW than OMpers
(Table 2), probably because OM compounds of small sizes are
microbial degradation products of large ones that are relatively
fresh with low decomposition degrees. Microbial degradation
may have already lowered those molecular characteristics
responsible for the high reactivity.60

The observed compound selectivity for oxidation resembles
that of adsorption on reacted δ-MnO2 (Table 1) and other metal
oxide surfaces,29,30 but the former is more selective. The
similarity is not surprising because the oxidation byMn oxides is
a surface-controlled process that is determined by the
accessibility of the surface to organic molecules.31 However,
the contribution of adsorption to the compound selectivity for
oxidation was not that important because most OM compounds
(83−93%) were adsorbed but only small portions (10.9−
12.3%) of them were oxidized. That is, most adsorbed
compounds had low potentials to act as reductants to reduce
δ-MnO2. The similarity in selectivity between OM adsorption
and oxidation on mineral surfaces is simply because the
molecular properties favoring OM oxidation also favor its
adsorption, and those redox-active moieties (e.g., −OH,
−COOH, and −NH2) have high adsorption reactivity toward
mineral surfaces. Our observations are in agreement with a
recent study showing that highly redox-active DOM compo-
nents were preferentially adsorbed on polar mineral surfaces
(e.g., metal oxide surfaces).61

The potentials of OM compounds to act as reductants of δ-
MnO2 may be understood from thermodynamic perspectives.
The preferential oxidation of organic compounds with higher
NOSC by δ-MnO2 complies with a thermodynamic analysis by
LaRowe and Van Cappellen,48 showing that for complete
mineralization, the removal of an electron from an organic
compound on average becomes thermodynamically more
favorable as NOSC increases.48 Boye et al.60 provided empirical
evidence for the applicability of the thermodynamic selectivity
rule to microbial oxidative degradation of OM in natural
systems. Our results suggest that the rule also applies to
oxidative degradation of organic compounds via an abiotic
pathway with incomplete mineralization. Again, this rule is valid
for a compound pool but can be violated when analyzing a
specific compound.

Compounds Formed. The newly formed compound pool
(i.e., OMfrmd) differed greatly from the reacted pool in
composition (Table 2 and Figure 4). In total, 2588 and 4150
new compounds were formed at pH 4 and 6, respectively (Table
2), and jointly 5262 new compounds, amongwhich 1476were at
both pH, 1112 at pH 4 only, and 2674 at pH 6 only (Figure 2b).
The relative abundance-weighted contributions of the five
compound classes to OMfrmd differed from those to OMrctd.
PAH, polyphenols, HuPh, aliphatic, and carbohydrates,
respectively, contributed 16.4, 3.6, 56.1, 19.2, and 4.71% at
pH 4 and 5.62, 8.6, 72.8, 10.6, and 2.66% at pH 6 (Figure 3c,f).
Compared to OMrctd, the distribution of OMfrmd was more
concentrated at HuPh and aliphatic compounds (Figure 3c,f)
because the oxidation increased the numbers of compounds of
the two compound classes but decreased them for the other
three classes (Table 2). That is, the oxidation may form new
HuPh and aliphatic compounds on the consumption of the
other three, consistent with the above analysis. The remarkably
increased number of compounds in HuPh after oxidation at pH
6 was likely due to the low degree of oxidation, producing new
HuPh compounds that would otherwise have been further
oxidized and removed from the HuPh class at pH 4.
The molecular characteristics of compounds responsible for

the high selectivity for oxidation were mostly decreased to
various extents. Compared to OMrctd, OMfrmd had substantially
lower AMW and AImod (0.49 vs 0.18 at pH 4 and 0.44 vs 0.29 at
pH 6), indicating partial aromatic ring cleavage. OMfrmed also
had lower DBE (11 vs 17 at pH 4 and 13.3 vs 14.2 at pH 6) and

Figure 4. Number distributions of reacted, newly formed, and
persistent compounds for various molecular indices at pH 4 and 6,
including the modified aromaticity index (AImod), nominal oxidation
state of C (NOSC), double bond equivalency (DBE), and H/C andO/
C stoichiometric ratios.
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remarkably lower NOSC (−0.03 vs 0.40 at pH 4 and −0.41 vs
0.72 at pH 6), i.e., preferential removal of highly unsaturated and
oxidized C by oxidation. Permanganate oxidation was also
shown to decrease aromaticity and AMW of OM.17 Regarding
elemental ratios, OMfrmd had lowerO/C andN/C but higher H/
C and S/C ratios than OMrctd (Table 2), indicating that relative
to C, the oxidation preferentially removedO andN but opposite
for S and H. The O/N ratio of OMrctd was similar to that of
OMfrmd at pH 4 but lower (23 vs 45) at pH 6, suggesting that N
andO had similar removal efficiencies at pH 4, but higher for the
former at pH 6. The enrichment of S in OM after oxidation
suggests that S-containing groups protect OM from abiotic
oxidative degradation, which was also observed for oxidation of
thiol by Mn oxide and microbial oxidative degradation of
OM.62,63,64

Selectivity and Oxidative Alterations at the Com-
pound Class Level. To further understand the selectivity and
oxidative alterations, we compared the molecular properties of
the reacted, persistent, and formed pools for each compound
class. The obtained average indices for the three pools of each
compound class are provided in Tables S2 and S3, and the
number distributions in Figures S4−S7 except for carbohydrates
that had too few compounds to have reliable distributions. For
each compound class, the differences among the three pools in
molecular properties were similar to those observed among
OMrctd, OMpers, and OMfrmd as described above, but exceptions
exist (Tables S1 and S2). For example, carbohydrates with lower
NOSC were more prone to be oxidized (Table S2). The
exceptions suggest that molecular indices do not accurately
reflect the molecular properties pertinent to oxidation.
Studies based on model compounds show that oxidation of

aromatic compounds by Mn oxides can result in partial ring
cleavage, removal of substituents (e.g., O, N, and S), and
polymerization.65−69 Consistently, the oxidation substantially
decreased AImod of PAH (Table S2). However, the AImod of
polyphenols was changed little by oxidation probably because
oxidation of other compound classes produced some new
polyphenol compounds, such as via combined ring cleavage,
polymerization, and substitution, counterbalancing the reduc-
tion of AImod of polyphenols due to its oxidation. Likewise, many
newly produced HuPh compounds at pH 6 (Table 1) probably
contributed to the slightly increased AImod after oxidation (Table
2). The decreased O and N contents (except for Polyph) of the
products from oxidation of PAH, polyphenols, and HuPh
(Table S3) suggests removal of O and N substituents, although
oxidation does not necessarily remove O and N70 and can even
add O to the compound.31 However, the net decreases in O
contents of the products suggest that the removal was dominant.
Our data cannot probe polymerization, for which fluorescence
spectroscopy is more suitable.68 Similar to the three aromatic
pools, the decreased O and N contents (except for
carbohydrates at pH 4) in aliphatics and carbohydrates (Table
S3) suggest removal of R-COOH and R-NH2 groups. Our
analysis cannot probe whether the oxidation condensed
carbohydrates and amino acids to form aminosugars through
the Maillard reaction.71,72 While the oxidation enriched S in the
oxidation products in most cases (Table 2), S associated with
PAH was preferentially removed (Table S3), consistent with
that S-containing functional groups bound to aromatic rings can
be oxidized by Mn oxides to form sulfate.31,73

Environmental Implications. Using a model OM−Mn
oxide system, this study shows that only a small portion of SRFA
was oxidized by δ-MnO2, and the oxidation, albeit more

selective, shared similar compound selectivity rules to DOM
adsorption on polar mineral surfaces. We expect that other
redox-active minerals with polar surfaces, such as iron oxides,74

may demonstrate similar behavior in compound selectivity for
adsorption and oxidation. The preferential removal of O- andN-
containing functional groups of high complexing reactivity
implies that oxidation decreases the reactivity of OM for
complexation with metals and mineral surfaces besides the
electron-donating capacity. Thus, OM associated withMn oxide
surfaces in the environment21−25,75 may have lower complexing
reactivity than those with nonoxidizing minerals. Our results
also help understand what types of compounds in DOM can
compete with organic pollutants for oxidation by Mn oxides.31

In addition, the similarities between the abiotic oxidation of
DOM by δ-MnO2 examined in the present study and microbial
oxidative degradation, in terms of thermodynamic controls as
indicated by NOSC, sulfurization for OM protection, split of
aromatic rings, and so on, suggest that OM oxidation by Mn
oxide is analogous to OM oxidative degradation catalyzed by
enzymes. Thus, the reacted OM compound pool by Mn oxide
oxidation likely has a high microbial degradability as well.
Similar to assessing soil labile carbon using permanganate-
oxidizable carbon,76 Mn oxide−oxidizable carbon may be an
index for detection and identification of labile dissolved organic
carbon. Our findings have implications for understanding OM
dynamics, particularly in Mn-rich environments, such as marine
and lake sediments. Future studies are warranted to test Mn
oxides of different mineral phases and DOM of various sources
to further understand this important environmental chemical
process.
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