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H I G H L I G H T S

• First comprehensive study of the in-
dividual roles of MnO2 and O2 in hu-
mification.

• O2 was a major oxidant in the accu-
mulation of humification product.

• The main role of MnO2 was a catalyst
during the humification process.

• The direct oxidation by MnO2 was
only limited to the transformation of
FA.
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A B S T R A C T

The metal oxide-facilitated transformation of polyphenols and amino acids to humic substances (HS) is an es-
sential process in soil and compost maturing processes. The objective of this research was to examine the specific
roles of MnO2 and O2 in the formation of HS by oxidative polymerization of catechin (a polyphenol) and glycine
(an amino acid). The results demonstrated that large amounts of fulvic acid (FA) and humic acid (HA) only
formed in the presence of O2, while the presence of both O2 and MnO2 significantly enhanced HA formation,
demonstrating their synergistic effects. The size of HA only increased in the presence of MnO2, but MnO2 without
O2 was unable to convert FA to HA. Two-dimensional correlation spectroscopy results suggested that the se-
quence of the formation of HA functional groups was: C–OH in carboxylic acids>C–O in phenolic-OH > amide
II and aromatic C–C > amide and carboxylate C=O > COO−>NH > hydrogen bond. Finally, XPS spectra
of the MnO2 before and after the reaction showed that the Mn(IV) content decreased from>99% to 89.98% and
80.89% while the Mn(III) content increased from<0.1% to 10.02% and 15.07% during the humification in the
presence of MnO2 with and without O2, respectively, suggesting that the role of MnO2 was mostly a catalyst but
was also an oxidant. These results offered new insights into the abiotic humification process and can help
develop efficient treatment technologies for bio-wastes.

1. Introduction

Humification is one of the least understood but most intriguing
aspects of humus chemistry [1], during which the formation of humic

substances (HS), including humic acids (HA) and fulvic acids (FA), is a
complex transformation process. In addition to being crucial in the
formation of ubiquitous natural organic matter, humification is a key
process in composting, an economical and environmentally friendly
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process to treat organic matter in bio-wastes [2,3]. Stabilized compost
products can be applied to soil as organic fertilizers to improve soil
properties and promote plant growth, which is of considerable im-
portance in reducing carbon emission and improving land use [4,5].
Because the degree of humification has been commonly used as an in-
dicator for compost maturity during composting [6–9], a better un-
derstanding of the humification process will help obtain high quality,
mature compost products as well as reduce greenhouse gas emission.

Since the seminar work by Shindo and Huang on the pivotal role of
Mn(IV) oxides in abiotic humification [10,11], numerous follow-up
research has investigated the oxidative polymerization of simple poly-
phenols and a representative amino acid (glycine) under a wide range
of conditions, including different polyphenols (e. g., catechol, hydro-
quinone, pyrogallol, and resorcinol), different metal oxides (Al, Fe, Mn,
or Si oxides) or clay minerals, temperature and pH [12–16]. In parti-
cular, owing to the relatively high reduction potentials and mixed va-
lence configurations, Mn(IV) oxides were reported to have better pro-
moting effects than other metal oxides, with the reactivity in the
sequence of Mn oxide ≫ Fe oxide > Al oxide ≈ Si oxide. Mn(IV)
oxides were believed to first promote the ring cleavage of polyphenols
[17,18], facilitate the deamination of amino acids, and then accelerate
the polycondensation of these compounds to form HS. The polyphenols
acted as the backbone and underwent coupling reactions to initiate the
oxidative binding of the phenols or amino acids [14,19,20]. Therefore,
the induced HS formation in the abiotic humification of polyphenol-
amino compounds seems to be a reasonable mechanism for the humi-
fication process.

Most of the previous studies on the abiotic humification were con-
ducted in closed systems containing a small amount of O2, which made
the individual roles of the metal oxides and O2 in the process still
ambiguous [11,12,21,22]. Two studies have attempted to examine how
O2 and metal oxides were involved in the oxidation of polyphenols
(without amino acids) under either air or N2 conditions. In one study,
Wang and Huang (2000) found that O2 and metal oxides had synergistic
effects in promoting the transformation of pyrogallol [15]; in another
study, similar results were obtained on the oxidative polycondensation
of three simple polyphenols [23]. These two related research indirectly
speculated that O2 acted as an oxidant and the speculation was only
based on monitoring the amounts of CO2 released during the reaction.
Also, the role of MnO2 remained unidentified. Note that MnO2 has been
demonstrated as promising catalysts [24] or oxidants that might have
been involved in both direct and catalytic oxidation [25,26] in a diverse
range of chemical reactions in environmental remediation. However,
although previous papers on abiotic humification mostly claimed the
manganese oxides as catalysts, the mechanisms reported were in fact
direct oxidation, as shown in Eq. (1) [10,11,15]. Therefore, it is of great
importance to investigate the specific roles of manganese oxides and O2
in these processes.

+ + ++ +MnO 4H 2e Mn 2H O2
2

2 (1)

In addition, the literature on the evolution of abiotic humification
products only monitored the formation of HS by measuring either the
time course of the supernatant using UV–vis or the production ratio of
HS after isolation. When it comes to characterizing the formed HS, al-
most all research just examined the end products, although with many
different analytical tools such as FTIR and NMR, whereas the evolution
of both the product sizes and the characteristic structures of HS has
received little attention.

The aim of this work was to elucidate the respective roles of man-
ganese oxides and O2 on the transformation of polyphenol-amino
compounds to HS and to obtain the time course of the stable humifi-
cation product, i.e., HA. To achieve this goal, we examined the reaction
between catechin and glycine in four systems: 1) with MnO2 under air,
2) without MnO2 under air, 3) with MnO2 under N2, and 4) without
MnO2 under N2 conditions, which will be referred to as MnO2 (Air),
MnO2 (N2), Air, and N2, respectively. Catechin, a monomer that

accounts for around 50–80% of plant polyphenols [27], was selected as
a representative polyphenol because most previous studies on abiotic
humification only employed simple polyphenols as the model pre-
cursors [21,22], which were not able to represent characteristic phe-
nolic compounds in composting. To better compare with previous work,
glycine was still employed as the representative amino acid. The ex-
tinction coefficient E600 was used to evaluate the degree of humifica-
tion [21,22,28,29]. HS was also extracted at different incubation times
to examine the time courses of the HS production in the four systems in
terms of both quantity and quality. The abundance (%) of FA and HA in
the four systems during the reaction period was analyzed as the DOC
concentration. Dynamic light scattering (DLS) was employed to de-
termine the sizes of the formed HA at different incubation times. Fur-
thermore, two-dimensional correlation spectroscopy (2D-COS) FTIR
was used to evaluate the temporal sequence of the functional groups
during the formation of HS. Finally, the surface Mn valence changes
before and after the reactions were obtained through XPS spectra to
further identify the role of MnO2 in the abiotic humification. Overall,
this work offered new insights into the abiotic humification process.
The findings will improve our understanding of the individual roles of
MnO2 and O2 in transforming polyphenol-amino acids into HS, which
will provide a guidance for better compost treatment and improve
carbon sequestration technologies.

2. Materials and methods

2.1. Chemicals and materials

The analytical grade catechin (C) and glycine (G) were obtained
from Sigma–Aldrich in China. MnO2 was purchased from the
Sinopharm group of China with the reagent purity grade of> 99%.
Based on the XRD spectrum (Fig. S1), we can identify that the crystal
structure of the MnO2 was likely a γ-MnO2 [5,30].

2.2. Incubation experiments

Sterile conditions were maintained throughout the experiments to
ensure that abiotic transformation dominated. All glassware, phosphate
buffer, and other apparatus were autoclaved prior to use. Two grams of
MnO2 were suspended by ultrasonification at 100 W for 3 min in a 200-
mL aliquot of autoclaved phosphate buffer (0.2 M, pH = 8) containing
0.02% (w/v) thimerosal (an antiseptic agent) in 500-mL 3-neck round-
bottom flasks. The molar concentrations of catechin and glycine in all
reactions were 0.008 and 0.02 M, respectively, as recommended for the
polyphenol-Maillard reaction in previous studies [31,32]. Each flask
was previously flushed with N2 (99.99% purity) to sweep the gases, and
was shaken slowly to mix the precursors with MnO2 and then tightly
sealed by a rubber stopper with a condenser-west tube. The reactors
were then placed in a water bath at 45 °C [33] and constantly incubated
under 100 mL/min of purified air or N2 stream for a period of 90 h. The
motor stirrers with Teflon stirring rods (300 rpm) were inserted close to
the bottom of the flasks. All the experiments were run in duplicates.

2.3. Sample preparation and analysis

2.3.1. Transformation process monitoring
Samples with 1-mL aliquots were withdrawn and transferred to

1.5 mL centrifuge tubes periodically at 3, 25, 40, 60, and 90 h during
the incubation and filtered with 0.22 µm membrane filters. Then, 20 µL
of the aliquot suspensions were diluted to 10 mL with deionized dis-
tilled water and the absorbance spectra were measured at 600 nm on a
V600 UV–vis spectrophotometer (Japan Spectroscopic Co., Ltd.).
Additional 50 µL of the aliquot suspensions were diluted to 20 mL and
the concentrations of dissolved organic carbon (DOC) were measured
by a TOC-V CSH analyzer (Shimadzu, Japan). E600 was used to
quantify the degrees of humification and its values were calculated as
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follows:

= ×E600 (Lg cm ) A600 / DOC (g L ) L (cm)1 1 1 (2)

where A600 and L are the absorbance at 600 nm and the length of the
light path (1 cm in our research), respectively.

In addition, 2 mL aliquots of the reaction mixtures were periodically
withdrawn and transferred to 50 mL centrifuge tubes. Then, the sam-
ples were acidified to pH 1 with concentrated HCl (1 M), equilibrated
for 24 h, and centrifuged at 25,000 rpm for 30 min to separate the
precipitates of HA from the solution containing FA and others. Next, the
precipitated HA was washed with deionized water by centrifugation for
three times and re-dissolved in 0.1 M NaOH. The FA-containing su-
pernatants were passed through a mini column with XAD-8 resin to
adsorb FA, and the resin was washed with ultrapure water until the
effluent was colorless. Then, 0.1 M NaOH (30 mL) was added into the
mini column and the effluent was collected. The HA and FA collections
were adjusted to pH 7 prior to the DOC analysis. The extracted HA and
FA were then vacuum freeze-dried and used for FTIR analysis.

The effective particle sizes were measured with dynamic light
scattering (DLS) on NanoBrook-Omni (Brookhaven) to probe the for-
mation process of HA. NaCl (0.04%) was added prior to conducting DLS
measurements. Each HA sample solution (5 mL, pH 7.0) was kept inside
a cuvette and sealed with a plastic cap in the instrument for 120 s to
reach an equilibrium temperature of 25 °C before starting the laser at a
scattering angle of 90° with three replicates. Data on the HA particle
sizes was collected in the intensity PSD mode. The autocorrelation
function was used to treat the suspension’s light intensity signals for the
average effective diameter [34].

2.3.2. Characterization of the MnO2 before and after the reactions
At the end of 90-h reaction, the solid residues were repeatedly

washed with ultrapure distilled water by centrifugation at 20,000g for
20 min until the washed water was clear and finally dried at 80 °C for
further structural analyses by XPS.

2.4. Analytical

2.4.1. FTIR spectroscopy
The freeze-dried HA and FA samples (10 mg each) were mixed with

150 mg predried-pulverized spectroscopic-grade KBr, ground and
pressed under the irradiation of an infrared lamp to eliminate moisture
in the samples. The absorbance spectra were recorded in the
4000–400 cm−1 range on a Perkin–Elmer 16F PC FTIR pec-
trophotometer, and each spectrum was obtained after 32 scans with
4 cm−1 resolution. The obtained FTIR spectra were smoothed and
baseline corrected.

2.4.2. XPS analyses
The surface elemental contents of MnO2 before (Fig. S2) and after

the reactions were obtained by X-ray photoelectron spectroscopy (XPS,
Thermo Fisher ESCALB 250X) in an ion-pumped chamber of an Es-
calad5 spectrometer [35].

2.5. 2D-COS analysis

2D-COS can provide additional structural change information
compared with the conventional one dimensional spectra, by extending
the spectra along the second dimension of the intensity change. This
can discern the relative direction as well as the sequential order of
structural variations. 2D-COS has been recently successfully expanded
to probe the mechanisms of physiochemical processes in the environ-
ment, such as the adsorption mechanism of HA at the molecular level
by examining the sequential order of the corresponding functional
groups adsorbed [36–40]. To obtain the characteristics of FA/HA evo-
lution in terms of the functional groups, 2D-COS coupled with FTIR
spectra with incubation time as the external perturbation was employed

in our research. The correlation peaks appeared on the synchronous and
asynchronous spectra can be well interpreted by a set of established
principles [41]. Briefly, the synchronous spectra consist of auto-peaks
located along the main diagonal and cross-peaks located symmetrically
at the off-diagonal positions of the map. In the synchronous map, the
susceptibility of spectral intensity changes generates positively corre-
lated auto-peaks, while the coordinated changes of spectral intensities
observed at two different spectral variables indicate cross-peaks. A
positive cross-peak sign indicates that the two spectral intensities
change in the same direction, while a negative value indicates the op-
posite. The asynchronous spectra are based on the cross-correlation of
the synchronous spectra and show cross-peaks exclusively. The signs
represent the dynamics of spectral intensity variations with the se-
quential or out-of-phase changes induced by the perturbation. The two
correlation spectra should be combined to decide the direction of
spectral intensity variations and the sequential order of the perturba-
tion. The details of the decision method are outlined by Noda and Ozaki
[36–38,42]. For example, if the signs of the spectral coordinates (x1, x2)
are the same in both the synchronous and asynchronous maps, the
spectral intensity change at x1 occurs predominantly prior to that at x2.
This order is reversed when the signs are opposite. In addition, if there
is only synchronous correlation intensity, the spectral changes occur
simultaneously, and if there is only asynchronous correlation intensity,
the temporal relationship of the spectral intensity changes cannot be
determined. The correlation maps were calculated using 2D Shige that
was created by the Kwansei-Gakuin University. The Origin 2019b
software was employed to plot all the maps.

3. Results and discussion

3.1. The degree of humification

When using the extinction coefficient (E600) as the indicator for the
extent of humification (Fig. 1), the values of E600 in N2 in the absence
of MnO2 remained almost zero throughout the 90-h incubation period,
indicating that all the processes observed in the four reaction systems
were abiotic. E600 in MnO2 (N2) only slightly increased, suggesting that
MnO2 itself exhibited a weak oxidization ability to promote the

Fig. 1. Time courses of E600 in the four reaction systems during the 90-h re-
action period. Reaction conditions: catechin 0.008 M, glycine 0.02 M, initial pH
8.0, in the presence or absence of 2 g of MnO2 under ambient O2 (Air) or N2
(N2) conditions at 45 °C. The reaction conditions were the same for all the
figures below. Symbols and bars represent the mean values and standard de-
viations of duplicate measurements (some error bars are obscured by the
symbols).
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humification. In contrast, E600 in MnO2 (Air) significantly increased in
the first 24 h and reached plateau after 60 h, while E600 in Air followed
a similar trend but at lower values. The above results proved that O2
played a key role in the abiotic humification process and MnO2 mainly
acted as a catalyst to enhance the amount of HS produced. This finding
agrees well with previous research showing that there was a synergistic
effect of MnO2 and O2 in promoting the conversion of simple phenolic
compounds to HS [10,23].

3.2. The kinetics of HS production in the four reaction systems

In order to understand the evolution of HA and FA during the
abiotic humification process, HS was extracted from the supernatants at
different incubation times and the DOC concentrations of the extracted
FA and HA were analyzed. The fractions (%) of FA and HA in the four
systems during the reaction period are shown in Fig. 2. As shown in
Fig. 2a, FA formed quickly within< 3 h, remained stable during the 90-
h reaction, and accounted for approximately 65% and 55% of the DOC
in the systems of N2 and MnO2 (N2), respectively. With the additional
~5% of HA formed in MnO2 (N2) (Fig. 2b), there was approximately 5%
difference in the total DOC of the extracted humic substances between
the two reaction systems. This may be related to the adsorption of the
formed humic substances on the surface of MnO2 that could not be
entirely recovered during the acid/base extraction. A similar difference
was also obtained between the systems of Air and MnO2 (Air) (Fig. 2).
Moreover, the fractions of FA formed in the systems of MnO2 (Air) and
Air were comparable initially but decreased quickly with time. Note
that FA is an intermediate in the process of humification [21,31]; thus,
it is likely that FA had transformed into HA in the two systems con-
taining oxygen to result in the decrease in its concentration. It also
seems that MnO2 in the absence of O2 was unable to transform FA into
HA, which might be ascribed its low oxidizing capability at pH > 7, as
explained below.

As for the fraction of HA, it was almost negligible in N2 and re-
mained low in MnO2 (N2) (Fig. 2b), indicating that the formation of HA
was not a result of the direct oxidation by MnO2. In fact, the direct
oxidative reactivity of MnO2 was highly pH dependent and decreased
significantly with increasing pH [43,44]. The pH values in our reaction
systems decreased from 8 to around neutral (Fig. S3); therefore, the
direct oxidative reactivity of MnO2 only played a minor role in the total
oxidative reactivity. On the contrary, the fraction of HA (commonly
used to describe HS production) generated in the system of MnO2 (Air)
showed a rapid growth within the first 20 h and then gradually in-
creased until reaching a plateau. The trend in Air was similar, with an

almost similar amount of HA produced at 90 h but at a slower HA
production rate in the first half of the reaction. For comparison, we
conducted an additional experiment to examine the FA and HA for-
mation with MnO2 but with a small amount of O2 introduced during the
reaction period (a typical practice in most of the research in the field). It
turns out that the FA/HA formation kinetics were between those of
MnO2 (N2) and MnO2 (Air) (Fig. 2a, b).

Based on these findings, we confirmed that (1) molecular O2 played
a dominant role in the formation of HA from FA, which is similar to the
results obtained above using E600 as the indicator; (2) FA can form
under slightly alkaline conditions without O2 or MnO2; and (3) MnO2
did not affect the conversion of FA to HA because of its limited oxi-
dative ability under the given conditions. As suggested by the results
from the previous research on abiotic humification with MnO2 in the
presence of a small amount of O2, MnO2 mediated the formation of FA,
which in turn affected the production of HA [21,31]. Therefore, similar
to many other applications [5,45,46], MnO2 should mainly work as a
catalyst rather than a direct oxidant during the humification process.

3.3. The evolution of HA size

Dynamic light scattering (DLS) is a useful method for investigating
particle sizes and can reflect the molecular weight in some cases [47].
Numerous studies have reported that environmental occurring HAs
have a wide range of sizes (40 nm to several micrometers) [40,48,49],
which would influence the colloidal stability and functions in nature
[49]. The average effective diameter of the final humification product
(i.e., HA) in this work was measured by the DLS method, and the kinetic
date was fitted using the sigmoidal function with a logistic model:

= + ×y a exp t/(1 (-k (t- ))c (3)

where y is the effective diameter (nm) at a given incubation time t (h); k
is the slope of the curve; a denotes the maximum effective diameter of
the reaction product (nm); and tc (h) is the time when the effective
diameter has the greatest change.

As shown in Fig. 3, the effective diameter of HA in Air only slightly
increased and that in N2 remained very small. In contract, it gradually
but significantly increased with time in both MnO2 (Air) and MnO2
(N2), indicating that MnO2 played a vital role in promoting the increase
in the HA size. The size of HA in MnO2 (N2) was however very small
until about 40 h (Fig. 3 inset) and then increased rapidly at around
56.9 h (Table 1). According to some related research on the char-
acteristics of humic acids [50–52], this might have been due to the low
concentration of HA formed in the initial stage (Fig. 2b), and a longer

Fig. 2. Effects of MnO2 and O2 in the four reaction systems on the formation of FA (a) and HA (b) at 45 °C during the 90-h reaction period. The data points are given
as means with standard deviations. The fifth system “MnO2 (Micro Aerobic)” is the system containing MnO2 and a small amount of air (a typical experimental setup
in the bulk of the literature).
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period was needed for a sufficient amount of small sized HA to accu-
mulate on the surface of MnO2. Afterwards, the size would grow more
quickly due to hydrogen bonding and/or intermolecular hydrophobic
forces [50]. This may be the reason that the rapid increase in the HA
size occurred at around 56.9 h in MnO2 (N2). Nevertheless, we can still
conclude that the size of HA formed in the abiotic process was mostly
determined by the presence of MnO2. This result for the first time
confirmed the hypothesis in earlier studies [12,15] that MnO2 had a
contribution to the formation of HS with higher aromaticity.

3.4. Effects of oxygen and MnO2 on the evolution of HS functional groups

FTIR analysis has served as a useful qualitative tool to identify the
functional groups of HS [3,6]. The one-dimensional FTIR spectra of HA
in the MnO2 (Air) reaction system in the 3500–800 cm−1 region are
illustrated in Fig. 4a as an example. The absorption intensities of the
peaks at 3450, 1590, 1380, and 1080 cm−1 were sensitive to the re-
action time. As shown in Fig. 4b, the absorption intensity of all four
peaks increased with incubation time. However, the spectroscopic ob-
servations were not sufficiently sensitive to reveal the dynamics in the
structure evolution of HA. Also, the absorption spectra strongly over-
lapped in the region of 1750–800 cm−1. Therefore, one-dimensional
FTIR spectra were not able to provide detailed information on the
evolution of HA characteristics, with the strongly overlapped absorp-
tion peaks caused by the diverse groups of HA.

To further probe the transformation sequence of HS functional
groups over time, 2D-COS analysis was performed. The results of the
evolution of FA and HA molecular structures in the four reaction sys-
tems are displayed in Figs. 5 and 6, and the detailed peak assignments
and signs of each cross-peak in the synchronous and asynchronous
maps of FA and HA in the four systems are summarized in Tables S1–S8.

Comparing the synchronous maps for the four reaction systems

(Fig. 5S), the accumulation of the functional groups of FA was most
significant in MnO2 (N2) (Fig. 5b), less significant in N2 (Fig. 5d), and
much less obvious in MnO2 (Air) and Air (Fig. 5a and c). Therefore, it is
likely that FA, an intermediate product, was quickly transformed to HA
in the presence of oxygen. Here, we use the system of MnO2 (N2) as an
example to explain the evolution of the FA functional groups. Almost all
cross-peaks in the synchronous map of MnO2 (N2) were positive (Fig. 5b
and Table S2), indicating that the changes are in the same direction.
Specifically, there are six predominant auto-peaks on the diagonal line
at 3450, 3250, 1590, 1450, 1380 and 1220 cm−1, with the peak at
3450 cm−1 the most significant (Fig. 5b). The band at around
3450 cm−1 is likely due to hydrogen bonds [53–56]. Moreover, ma-
jority of the auto-peaks on the asynchronous maps exhibited negative
signs with some positive signs, suggesting that while FA continued to
form, there might be some FA transformed into other components such
as HA (Fig. 5f, Table S2). Therefore, we can conclude that the structure
changes of FA were dynamic, which further confirmed that FA was an
intermediate.

The evolution pattern of HA in MnO2 (Air) (Fig. 6a) is much
stronger than that in the other systems (Fig. 6S). The evolution pattern
of HA in Air (Fig. 6c) was similar but less significant. The pattern in
MnO2 (N2) was weak (Fig. 6b) and there was barely any signal in N2
(Fig. 6d), agreeing with the small to negligible amounts of HA formed in
the two systems (Figs. 1 and 2b), despite the large HA diameters ob-
served in MnO2 (N2) (Fig. 3). These results demonstrated that O2 had
the dominant effect on the progressive formation of the HA function
groups.

Because of the strongest signals, the results in MnO2 (Air) were selected
as a representative model to analyze the functional group evolution of HA.
Specifically, there are eight predominant auto-peaks on the diagonal line
(Fig. 6a), with the detailed peak assignments and signs in Table S5. Based on
the Noda's rule, we can see that the eight cross-peaks have positive signs in
the synchronous map, suggesting the same intensity changes of these peaks.
When combining with the negative corresponding cross-peaks in the asyn-
chronous maps (Fig. 6e and Table S5), we can conclude that the structural
change of HA functional groups followed the order of
1220cm−1>1380cm−1>1450cm−1~1080cm−1>1590cm−1>1730-
cm−1 > 3250 cm−1 > 3450 cm−1, corresponding to stretching of the
C–OH bond in carboxylic acids [42] > C–OH stretching in phenolic OH
[38,40] > aromatic CeC bands ~CeO carbohydrates, aromatic ether
[39] > amide and carboxylate C]O [42,56] > COO− symmetric
stretching [41] > NH stretching [56] > hydrogen bond [57]. These re-
sults show that the COO− symmetric stretching appeared after aromatic
CeC, suggesting that the carboxylate groups had developed as a result of
ring cleavage of the polyphenol in the presence of O2, which directly con-
firmed the important role of O2 in promoting the degradation of phenolic
compounds [14,15,23,58]. Moreover, the peak at 3450 cm−1 appeared in
the reaction systems of MnO2 (Air) and MnO2 (N2), suggesting that hy-
drogen bonding might be involved in the formation of HA, although further
research is needed to confirm this observation. The reason for less sig-
nificant auto-peaks in MnO2 (N2) (Fig. 6b) than in MnO2 (Air) was that
there was only limited oxidation by MnO2 that resulted in a small quantity
of HA.

3.5. Characterization of MnO2 before and after reaction with XPS

From the above analysis, we have already identified the role of
MnO2 in the abiotic formation of humic substances. XPS analysis was
further used to obtain the surface Mn oxidation states as a supplemental
material to support the role of MnO2. The method used in this work for
fitting various Mn oxidation states followed the work in the Handbook
of the Elements and Native Oxides, which is deemed to be reliable by
XPS international, Inc. [59].

As shown in Fig. 7b, Mn 2p3/2 from the MnO2 residue in MnO2 (N2)
can be best matched with three peaks. The peaks with the binding
energies of 640.7 [60], 641 and 641.6 eV [61] correspond to Mn(II), Mn

Fig. 3. Time course of the effective diameter of HA in the four reaction systems.
The lines were the fitting based on Eq. (3) with 95% confidence levels. Inset:
time course of the effective diameter of HA in MnO2 (N2) in the first 40 h.

Table 1
Model fitting parameters for the formation of HA in the four systems.

System k (h−1) a (nm) tc (h) r2

MnO2 (Air) 0.175 16.0 47.2 0.9869
MnO2 (N2) 0.237 13.8 56.9 0.9994
Air 0.0509 0.651 13.7 0.9046
N2 0.0329 0.0425 1.39 0.7794
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(III) and Mn(IV) with the intensity of 4.1%, 15.1% and 80.9%, re-
spectively. Compared with the original MnO2 XPS spectrum with >
99% as Mn(IV) (Fig. S1), the abundance of Mn(III) increased and that
of Mn(IV) decreased, indicating that MnO2 was reduced in oxidizing the
catechin-glycine mixture. However, there are only two peaks at 641 and
641.6 eV in MnO2 (Air), indicating the existence of only Mn(III) (10%)
and Mn(IV) (90%) on the surface of MnO2. Compared with the MnO2
residue under N2, the Mn(III) content in MnO2 (Air) decreased, while
that of Mn(IV) increased. Note that we also followed other reported
fitting parameters [60,61] with the binding energies of 640.8, 641.4
and 641.9 eV for Mn(II), Mn(III) and Mn(IV), respectively, and obtained
similar changes in the Mn(III) and Mn(IV) contents in the MnO2 re-
sidues after the reaction (data not shown). Previous studies have shown
that when MnO2 acted as direct oxidants, the Mn(III) content increased
and that of Mn(IV) decreased [62]; however, when MnO2 acted as

catalysts, the Mn(III) content decreased and that of Mn(IV) increased
[5,26]. Therefore, the difference between these two MnO2 residues
resulted mostly from the catalytic reactivity and only slightly from the
oxidative reactivity. This finding is similar to previous studies [25,26]
and the discussion above (Sections 3.1 and 3.2). Moreover, the less Mn
(III) content in MnO2 (Air) could be partly ascribed to its oxidation by
O2. However, future research is warranted to understand more details
of the decrease in the Mn(III) content and how MnO2 was engaged in
the reaction.

4. Conclusions

This work detailed the specific roles of O2 and MnO2 in their sy-
nergistic effects on the formation of HS during the humification process.
MnO2 alone had a weak oxidative ability in promoting the

Fig. 4. (a) The FTIR spectra of HA in the reaction system of MnO2 (Air) at different reaction times. (b) The intensity changes of four peaks (3450, 1590, 1380and
1080 cm−1) over time that were extracted from (a).

Fig. 5. Synchronous (S) and asynchronous (AS) 2D correlation maps with incubation time as the perturbation were generated from the FTIR spectra of FA in the four
reaction systems at 3, 16, 26, 40, 60, and 90 h in the 4000–600 cm−1 region. The color changing from blue to red illustrates the change in the correlation intensity
from negative to positive (similar for Fig. 6). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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humification, whereas O2 was indispensable in the HA formation and
largely determined the amount of HA formed. In the presence of O2,
however, MnO2 significantly enhanced both the extent of abiotic
humfication and the size of the formed HA. To the best of the authors’
knowledge, this is the first report on the individual roles of MnO2 and
O2 in the humification process in model systems, which provided a
valuable addition to the theory of abiotic humification and will facil-
itate the development of treatment technologies for bio-wastes. Future
research will focus on how MnO2 facilitates the HA formation and what
properties of MnO2 influence the process. This information will enable
better understanding of natural humification processes and allow the
synthesis of new catalysts that can more cost-efficiently produce stable
HS.
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