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ABSTRACT

The significance of linking the Maillard reaction and
polyphenol pathway as promoted by birnessite (o-
MnO,) into an integrated humification pathway has
previously been demonstrated using a system
containing catechol, glucose and glycine. The kinds
and relative abundance of biomolecules (polyphenols,
sugars and amino acids) involved in the proposed
integrated humification pathway substantially vary
with natural vegetation, microbial populations and
activity, and the environment. Therefore, the objective
of our study was to examine the effect of two
structurally different polyphenols, namely, pyrogallol
and resorcinol, in the integrated polyphenol-Maillard
reaction system on the humification processes as
catalyzed by birnessite. A number of experiments with
an increasing concentration of polyphenol (pyrogallol
or resorcinol) to a fixed molar ratio of Maillard
reagents (glucose and glycine) were conducted under
environmentally relevant conditions, and subsequently
the degree of humification and the nature of the
products formed were examined using XRD, visible
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absorption, FTIR and C K-edge and Mn L-edge
NEXAFS spectroscopies. Our results clearly
demonstrate that the structure and functionality of
pyrogallol and resorcinol and their molar ratio to
Maillard reagents in the polyphenol-Maillard reaction
system not only significantly affect the humification
processes but also the formation of rhodochrosite
(MnCO;). The integrated pyrogallol-Maillard
reactions systems formed the least MnCO; and were
more enriched in organic components in the solid
phase than the integrated resorcinol-Maillard reaction
system. The position and/or number of OH groups on
the benzene ring of the polyphenols substantially
affects the extent of direct electron transfer reactions,
which impacts the reductive dissolution of birnessite,
and oxidative polymerization and cleavage of
biomolecules. This in turn affects the nature of the
humic substances formed. The findings obtained in
this study are of fundamental significance in
understanding the importance of the nature and
abundance of biomolecules in influencing abiotic
humification pathways and carbonate formation in
natural environments.

Keywords: Abiotic humification; polyphenol-Maillard
reaction pathway; pyrogallol; resorcinol; birnessite;
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1. INTRODUCTION

Humic substances are formed through both selected
preservation processes and biotic (enzymatic) and
abiotic (mineral) catalytic synthesis mechanisms [1-3].
The Maillard reaction, involving condensation
reactions between sugars and amino acids [4], is
regarded as an important pathway in natural
humification processes [5]. The appeal of the Maillard
reaction in understanding humification processes lies
in the two proposed precursors (sugars and amino
acids) being among the most abundant biomolecules
of terrestrial and aquatic environments [6]. Further
support is lent by the presence of humic substances in
marine environments where carbohydrates and
proteins, because of their abundance, are more
probable precursors of humic substances than lignin or
phenolic polymers [5].

Although the potential energy barrier of the
Maillard reaction is high [7], Jokic et al. [8] reported
that birnessite (6-MnQ,), which is commonly present
in the environment, decreases the energy barrier and
thus enhances the reaction rates by one to two orders
of magnitude at environmentally relevant
temperatures (25 and 45°C) and at neutral pH.
Furthermore, Jokic et al. [9] clearly showed, using N
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K-edge NEXAFS, that the Maillard reaction involving
glucose and glycine, catalyzed by birnessite under
environmentally relevant conditions not only produces
heterocyclic N but also a significant amount of amide
N. This provides an explanation for one of the
pathways of formation of heterocyclic N and amide N
found in humic substances in the environment.
Abundant scientific evidence at the molecular level
shows the significance of the polyphenol pathway in
humification [1, 2, 10, 11].

The surfaces of soil metal oxides, particularly
redox active oxides such as birnessite, are very
effective in promoting the oxidative polymerization of
phenolic compounds. They can act as Lewis acids by
accepting electrons from hydroxyphenolics, leading to
the formation of highly reactive semiquinone radicals
that readily undergo coupling reactions with other
semiquinones, phenolics, amino acids or existing
humus [11].

Sugars, amino acids and polyphenols coexist in
soil solutions and natural waters. Therefore, in nature
it is most likely that the Maillard reaction and
polyphenol pathways do not occur separately but
rather interact with each other. Jokic et al. [12] were
the first to study an integrated Maillard reaction and
polyphenol pathway of humification using catechol,
glucose and glycine as reagents and birnessite as the
catalyst. Their data showed that the ubiquitous soil
mineral birnessite significantly accelerates
humification processes in an integrated polyphenol-
Maillard reaction system under pH and temperature
conditions typical of natural environments.

Haffenden and Yaylayan [13] showed that adding
a mixture of polyphenols (catechol, resorcinol,
hydroquinone & pyrogallol) to an equimolar solution
of glucose and glycine and then heating the mixtures
results in a significant enhancement of the degree of
browning in the system compared to the heated
glucose and glycine reaction system alone. These
results support the findings of Jokic et al. [12] that the
integrated polyphenol-Maillard reaction system 1is
more effective in generating humic materials than the
Maillard reaction alone. The kinds and relative
abundance of biomolecules (that is sugars, amino
acids and polyphenols) substantially vary with natural
vegetation, microbial populations and activity, and the
environment [1, 14]. Sources of phenols include lignin
degradation, microbial metabolites, plant root
exudates and tannins [1]. The types of phenols
produced vary substantially with the organisms
involved. For instance, lignin degradation by brown-
rot fungi gives rise primarily to catechol-type
constituents [15], whereas the phenols synthesized by
fungi such as E. Nigrum differ in that they contain
resorcinol and resorcinol-type constituents, which do
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not occur in lignin degradation products [16].

Both lignin degradation and microbial synthesis
processes give rise to pyrogallol and pyrogallol-type
polyhydroxyphenolic acids [1]. It has been shown that
there are significant differences in the reactivity of
polyphenols in relation to their structure, most
importantly the positions and number of the OH
groups on the benzene ring [17-19]. Stone and
Morgan [18] found that the diphenols catechol (ortho-
OH group), resorcinol (meta-OH group) and
hydroquinone (para-OH group) are able to reduce and
dissolve Mn(Ill, IV) oxide in the following order
catechol > hydroquinone > resorcinol. They concluded
that the reducing ability of diphenols is based on their
ability to form a surface complex with the Mn oxide
prior to electron transfer. Thus ortho- and para-OH
groups are readily able to form surface complexes
with Mn(III, IV) oxide while the formation of surface
complexes with a diphenol containing a meta-OH
group is much less favorable.

Shindo [20] studied the polymerization of various
polyphenols by birnessite, and found that pyrogallol
yielded far more humic acid (1145 mg C/g oxide) than
catechol (438 mg C/g oxide) or resorcinol (240 mg
C/g oxide). Wang and Huang [19] reported that
pyrogallol, with three OH groups directly next to one
another, is far more easily cleaved by nontronite (Fe-
bearing smectite) than the diphenols catechol or
hydroquinone. This is directly related to the ability of
the polyphenol to form a direct surface complex with
the mineral surface, which facilitates electron transfer
and subsequent cleavage.

Wang and Huang [19] concluded that the greater
the ease of ring cleavage of a polyphenol, the more
CO,; is released and the more aliphatic fragments are
incorporated into the resultant humic substances.
Furthermore, Wang and Huang [21, 22] demonstrated
the substantial ring cleavage of pyrogallol by
birnessite. Remaining to be studied is the effect that
the kind of polyphenol has on the integrated
polyphenol-Maillard reaction humification processes,
as Jokic et al. [12] only investigated the catechol-
glucose-glycine system.

Therefore, the objective of this study was to
investigate the effect of two structurally different
polyphenols, namely resorcinol (1,3-dihydroxy-
benzene) and pyrogallol (1,2,3-trihydroxybenzene)
(Fig. 1) on the integrated polyphenol-Maillard
reaction (glucose and glycine) humification pathway
as catalyzed by birnessite. This was carried out by
examining and comparing the degree of humification
and the nature of the reaction products (humic acid
and the organo-mineral phase) from the Maillard
reaction, resorcinol-Maillard, pyrogallol-Maillard, and
resorcinol- and pyrogallol-only systems. Our ultimate
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goal is to elucidate the importance of the nature and
abundance of biomolecules in influencing abiotic
humification pathways and related reaction products
in natural environments.

OH
OH

OH

OH OH

(a) (b)

Figure 1 Chemical structures of (a) resorcinol and (b)
pyrogallol.

2. MATERIALS AND METHODS
2.1. Materials

Birnessite (6-MnO,) was synthesized by a method
described by McKenzie [23] that involves reducing
boiling KMnO,4 by slowly adding concentrated HCI.
The precipitate was washed by repeated filtration
using distilled deionized water (henceforth referred to
as water) on a 0.1 um pore Millipore membrane filter,
until the wash water tested free of chloride (AgNO;
test). It was then freeze-dried, and then lightly ground
with a mortar and pestle. The synthesized birnessite
was characterized by X-ray diffraction (XRD) (Rigaku
Rotaflex 200SU, Tokyo, Japan), Fourier transform
infrared (FTIR) spectroscopy (Bruker Equinox 55,
Ettlingen, Germany), Mn L-edge near edge X-ray
absorption fine structure (NEXAFS) at the Canadian
Light Source (Saskatoon, SK, Canada) on the SGM
(spherical grating monochromator) beamline and BET

specific surface area analysis (Quantachrome
Autosorb-1, Syosset, NY, USA) using N, gas.
Pyrogallol, resorcinol, D-glucose (Sigma-Aldrich

ACS reagent grade >99%) and glycine (Sigma Ultra
pure grade >99%) were obtained from Sigma-Aldrich
Canada Ltd (Oakville, ON, Canada). Pure manganese
carbonate and oxides, MnCO; (99.99%), MnO
(>99%), Mn,O; (>99%), and MnO, (>99%), were
obtained from Sigma-Aldrich to use as reference
compounds in the XRD and NEXAFS studies. Elliot
soil (1S102H) and Florida Peat (1S103H) humic acid
standards were purchased from the International
Humic Substances Society (IHSS), St. Paul, MN,
USA, and used in the C K-edge NEXAFS study.
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2.2. Reaction procedures
2.2.1 Incubation Experiment

Sterile conditions were maintained throughout the
experiment in order to establish the role of abiotic
processes. All glassware, birnessite, water and
apparatus were autoclaved prior to the experiments. In
addition to this, thimerasol (an antibacterial agent)
was added to each flask (0.02%, w/v final volume)
before any of the reagents were added. Thimerasol
does not affect the oxidation process of phenolic
compounds [24]. To investigate the effect of the molar
ratio of pyrogallol or resorcinol to Maillard reagents, a
number of experiments were employed with
increasing amounts (0; 1.25; 2.5; 12.5; 25.0; 50.0; 100
mmoles) of pyrogallol or resorcinol added to a fixed
molar ratio of Maillard reagents (50 mmole glucose +
50 mmole glycine) using birnessite as catalyst. Two
and a half grams of birnessite were suspended in each
of the reaction solutions in a 250 mL flask. There
were also selected control experiments in which
birnessite was absent, i.e., the pyrogallol or resorcinol
only systems (50 mmole pyrogallol/resor-cinol) and
the pyrogallol or resorcinol integrated equimolar
polyphenol-Maillard system (50 mmole glucose + 50
mmole glycine + 50 mmole pyrogallol/resorcinol).

All the reaction systems were adjusted to an
environmentally relevant pH 7.0 using 0.1 M HCI or
0.1 M NaOH. The final volume of the flasks was
made up to 100 mL using autoclaved water. The flasks
were then tightly sealed and placed in a constant
temperature water bath at 45°C for 15 days with
gentle shaking. Forty-five degree Celsius is an
environmentally relevant temperature as it is common
in tropical and subtropical areas, and has also been
reported in temperate areas as the approximate
temperature of the exposed soil surface on a day when
the ambient air temperature is 25°C [25]. Therefore,
the reaction products formed at 45°C were used for all
of the detailed characterization using XRD, FTIR,
total C, and C K-edge and Mn L-edge NEXAFS
analyses in this study.

To investigate the effect of temperature on
humification processes, selected systems (equimolar
integrated  pyrogallol/resorcinol-Maillard  reaction
systems with or without birnessite) were also
incubated at 25°C for 15 days, and only the pH and
pH + pE values of the systems and Mn concentration
and visible absorbance of the supernatants were
determined for comparison with the data obtained at
45°C (Table S1 in supplementary materials). The rest
of the results presented in this study were obtained at
45°C.

The absence of microbial growth was verified by
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culturing aliquots of selected samples at the end of the
incubation period. Aerobic microbial growth was
tested by culturing on Tryptocase Soy Agar (TSA)
plates, while anaerobic microbial growth was tested
on TSA plates in a BBL GasPak 150 Large Anaerobic
System for a period of 5 and 9 days at 28°C [12]. All
treatments were performed in triplicate.

2.2.2 Characterization of Reaction Systems at the
End of the Incubation Period and Isolation of
Humic Acids

At the end of the reaction period, the final pH and E;
of the solutions were measured. The samples were
then centrifuged at 25,000 g for 40 min to separate the
solid residue from the solution. The absorbance of the
supernatant was measured between 400 and 600 nm
on a UV-visible spectrophotometer (Beckman DU 650
spectrophotometer, Fullerton, CA, USA). The visible
absorbance at 400 and 600 nm provides an indication
of the extent of polymerization that has taken place in
the reaction systems [26, 27]. The supernatant was
diluted with water prior to absorbance determination
and the values obtained were subsequently multiplied
by the dilution factor.

The Mn content of the supernatant was
determined by atomic absorption spectroscopy at
279.5 nm (Varian Spectra AA 220, Walnut Creek,
CA, USA). The solid residue was repeatedly washed
with water using centrifugation at 25,000 g for 40 min
until the wash water was clear. These water extracts
were collected and added to the supernatant. The
washed residue was then freeze-dried. The combined
washing and supernatant was then acidified to pH 1.0
using 6 M HCI and allowed to stand for 24 h to
precipitate the humic acid (HA) fraction out of the
solution [28]. The acidified suspensions were then
centrifuged at 25000 g for 45 min to separate the HA
fraction from the rest of the solution containing the
fulvic acid (FA) fraction and non-humic substances
fraction. The HA residue was then resuspended in a
0.1 M HCI and 0.3 M HF solution and shaken for 48
h. It was then centrifuged again as described above
and dialyzed in 1000 molecular weight cut off dialysis
tubing for 5 days in distilled deionized water until the
water tested free of chloride (AgNO; test). The
purified HA was then freeze-dried.

Selected HA samples which were used in the
NEXAFS study were not purified using the HCI/HF
treatment but were instead dialyzed immediately after
being separated by acidification and centrifugation; it
is not necessary to remove all the Mn, as its presence
does not interfere with XAS studies. Furthermore, the
HA samples without the HCI/HF treatment were used
in the Mn L-edge NEXAFS studies to investigate the
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nature of Mn bonding in the samples.
2.3. Characterization of Reaction Products

2.3.1 Fourier Transform Infrared (FTIR)
Spectroscopy

FTIR spectra of the washed and freeze-dried solid
residues and purified HA fractions were obtained, by
preparing KBr disks containing 1% w/w sample and
running it on a Bruker Equinox 55 FTIR (Ettlingen,
Germany) connected with a purge gas generator.

2.3.2 X-Ray Diffraction (XRD)

The solid residues, HA and unreacted biomolecules
(pyrogallol, resorcinol, glucose and glycine) were
examined by x-ray diffractometry on a Rigaku
Rotaflex 200SU (Tokyo, Japan) with a rotating Fe
anode and graphite monochromator. The samples
were lightly ground and then mounted on glass slides
by making a slurry of the ground sample with acetone
and allowing it to dry. The scans were performed at 40
kV and 160 mA, from 20 = 4 to 80°, at a step size of
0.02° at a scanning rate of 0.1° sec™.

2.3.3 Total Carbon Analysis

Total carbon analysis of the solid residues was
performed by a dry combustion method on a Leco
CR-12 Carbon Analyzer (Leco Corporation, St.
Joseph, MI, U.S.A.) as described by Wang &
Anderson [29].

2.3.4 Near Edge X-Ray Absorption Fine Structure
(NEXAFS) Spectroscopy

The speciation of C and Mn was investigated in the
solid residues and HA fractions from selected reaction
systems using C K-edge and Mn L-edge NEXAFS at
the Canadian Light Source (Saskatoon, SK, Canada)
on the SGM (Spherical grating monochromator)
beamline. A number of pure reference compounds
(glucose, glycine, pyrogallol, MnCO;, MnO, Mn,0;,
MnQO,) and THSS soil and peat HA standards were also
examined. Samples investigated for Mn were lightly
ground and mounted on carbon tape. Samples which
were investigated for C were mounted on 99.99%
indium (In) foil or gold (Au)-coated (~400 A) silicon
(Si) wafers. The solid residue samples were mounted
on In by grinding the sample and then pressing the
powder into the soft metal, scraping off the excess.
The relatively water-soluble samples, i.e., HAs
and pure biomolecules, were mounted on the Au-
coated Si wafers by making dilute solutions of the
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samples in distilled deionized water and then placing a
droplet on the wafer and allowing it to dry. An exit slit
width of 20 pm and a dwell time of 0.1s were used to
minimize damage due to exposure to radiation. These
spectra were recorded by total electron yield (TEY) at
an energy resolution of 0.1 eV. The Mn spectra were
normalized to the TEY of 10 mesh gold, which is
placed in front of the sample in the path of the beam.
The C spectra were normalized to a clean Au-coated
Si wafer so that the signals from C in the beamline
and C contamination on the 10 mesh gold would not
interfere with the signal from our samples [30].
Spectra obtained were analyzed using aXis2000
software [31]. The energy scale of the C and Mn
spectra were internally calibrated using glycine and
MnO, respectively based on calibrated values reported
from previous studies [32, 33].

3. RESULTS
3.1. Characterization of Reaction Systems

3.1.1 Effect of Birnessite and Incubation
Temperature

In all the reaction systems studied, no aerobic or
anaerobic microbial growth was observed. Thus, all
the processes studied were abiotic in nature.

The x-ray diffractogram of the synthesized
birnessite showed the characteristic peaks at 7.21, 3.61
and 2.45 A as reported by McKenzie [34]. The FTIR
spectrum shows typical birnessite absorption bands at
3400, 1621, 509 and 466 cm™, as described by Potter
& Rossman [35]. The Mn L-edge NEXAFS spectrum
shows that the synthesized birnessite contains
predominantly Mn(IV) with some Mn(III), which was
also reported by Jokic et al. [8] using Mn K-edge X-
ray absorption spectroscopy. The BET surface area
was found to be 63 m’g”, which is characteristic of
synthetic birnessite [23].

The presence of birnessite significantly enhanced
humification in the integrated polyphenol-Maillard
reaction and polyphenol only systems, as the
absorbances (degree of browning/polymerization)
were much greater in the presence than in the absence
of birnessite (Fig. 2). Enhancement of humification in
the Maillard reaction system (glucose and glycine) by
birnessite at 25°C and 45°C was reported by Jokic et
al. [8]. Birnessite had the most dramatic enhancing
effect on the degree of browning in the integrated
polyphenol-Maillard systems (Fig. 2b and d)
compared to the polyphenol only systems (Fig. 2a and
c). The absorbance of the pyrogallol only system (Fig.
2a) showed the least response to the presence of
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birnessite. The pH of the reaction systems are
controlled by two important processes, namely,
oxidative polymerization, which results in the release
of protons, and the reductive dissolution of birnessite,
which consumes protons.

Temperature also has a substantial influence on
browning reactions (Table S1). The visible
absorbances of the pyrogallol- and resorcinol-Maillard
reaction systems were much lower in the systems
incubated at 25°C than at 45°C, both in the presence
and absence of birnessite, indicating that increasing
the temperature results in increased abiotic
humification reactions. Similarly, Jokic et al. [12]
studied the equimolar catechol-glucose-glycine system
catalyzed by birnessite at 25°C and 45°C, and
observed enhanced visible absorbance at the higher
temperature.

3.1.2 Influence of the Molar Ratio of Polyphenol to
Maillard Reagents on Reactions Systems Incubated
at 45°C in the Presence of Birnessite

The pyrogallol-Maillard reaction systems had
substantially lower final pH values than the
resorcinol-Maillard systems (Fig. 3), which indicates a
greater degree of net proton release as a result of
oxidative polymerization and the reductive dissolution
of birnessite in the pyrogallol systems than in the
resorcinol systems. The first three increments of
pyrogallol to Maillard reagents (1.25, 2.5 and 12.5
mmole of pyrogallol added) resulted in a net final pH
that was higher than the starting pH of 7.00 (Fig. 3).
When 2.5 mmole pyrogallol was added to Maillard
reagents, there was a net decrease in the final pH of
the reactions systems and this trend continued with
increasing amounts of pyrogallol present. In contrast,
increasing the amount of resorcinol added to Maillard
reagents resulted in all the final pH values of the
reactions systems being above the starting pH of 7.0
(Fig. 3), which were within a range of + 0.5 pH units
of Maillard reaction system’s final of pH (8.08). The
high final pH of the resorcinol-Maillard systems
indicates that the reduction of birnessite, which
consumes protons, was the dominant process affecting
the pH of the reaction systems.

The concentration of Mn in the supernatants of
the pyrogallol- and resorcinol-Maillard reaction
systems showed significantly different trends (Fig. 4).
Increasing the molar ratio of pyrogallol to Maillard
reagents resulted in a dramatic decrease of detectable
Mn up until a concentration of 2.5 mmole pyrogallol
added, and then flattened off at the 50 and 100 mmole
pyrogallol levels. The Mn concentration in the
suipernatant of the pyrogallol only system (1.6 mmole
L") was approximately 20 times lower than in the
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equimolar pyrogallol-Maillard reaction system (31.8

mmole L) and approximately 120 times lower than
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Figure 2 Comparison of the effect of birnessite on the absorbances of the supernatants of (a) the 50 mmole
pyrogallol only system, (b) the integrated equimolar pyrogallol-Maillard system (50 mmole glucose + 50 mmole
glycine + 50 mmole pyrogallol), (c) the 50 mmole resorcinol only system, (d) the integrated equimolar
resorcinol-Maillard system (50 mmole glucose + 50 mmole glycine + 50 mmole resorcinol). The absorbances are

scaled by the dilution factor.

Increasing the molar ratio of resorcinol to
Maillard reagents initially resulted in a decrease in the
concentration of Mn in the supernatant and then in a
dramatic increase in the Mn concentration after the
addition of 12.5 mmole or higher amounts of
resorcinol. The Mn concentration in the supernatant of
the resorcinol only system (32.7 mmole L") was
approximately 7 times lower than in the equimolar
resorcinol-Maillard reaction system (216 mmole L)
and 6 times lower than the Maillard reaction system
(193 mmole L.

Both systems showed the trend of increased
visible absorbance with increasing amount of
polyphenol added (Fig. 5). The supernatant of the
resorcinol-Maillard reaction systems had a greater
overall visible absorbance than that of the pyrogallol-
Maillard reactions systems. These results would
appear contrasting to the pH data (Fig. 3), which
indicated that compared with the resorcinol systems,
the pyrogallol systems had a net greater degree of
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proton release as a result of oxidative polymerization
of polyphenol and reduction of birnessite. However,
as will be shown later, most of the polymers formed in
the resorcinol systems remained suspended in the
supernatants of these systems, whereas in the
pyrogallol systems substantial amounts of the
polymers precipitated and were found in the solid
phase complexed with Mn(II).

3.2 Characterization of Reaction Products from
Reaction Systems Incubated at 45°C in the
Presence of Birnessite

3.2.1 The Solid Phase

X-ray diffraction. The solid residue from the Maillard
reaction system (Fig. 6a) clearly shows the formation
of crystalline MnCOj; (rhodochrosite) with typical d-
values of 3.67, 2.84, 2.18 and 1.76 A [36]. There was
a subsequent decrease in the amount and crystallinity
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of the MnCO; formed with the introduction of
pyrogallol (Fig. 6b) into the system. When the amount
of pyrogallol in the pyrogallol-Maillard reaction
system was increased to 25 mmole or higher, there
was an abrupt disappearance of a crystalline reaction
product (Fig. 6¢-d). The diffractogram of the solid
residue from the pyrogallol only reaction system (Fig.
6e) shows evidence of some poorly crystalline MnCO;
(2.84 A). The broad band at approximately 3.8 A seen
in the humic substances extracted from the
supernatant of the 50 mmole pyrogallol integrated
system (Fig. 6f), can clearly be seen in the 25 and 50
mmole pyrogallol integrated (Fig. 6¢, d) and 50
pyrogallol only systems (Fig. 6e). This band was also
observed by Wang and Huang [37] in the pyrogallol-
derived humified solid residue as catalyzed by
birnessite and other metal oxides, and is mainly
attributed to the polyaromatic structure of humic
substances [38].

The MnCO; formation trend in the integrated
resorcinol-Maillard reaction systems (Fig. 7) is in
contrast to that observed in the pyrogallol-Maillard
reaction systems. In the resorcinol-Maillard reaction
system, the addition of 2.5 mmole of resorcinol
decreased the formation of MnCOs; however, a further
increase in the amount of resorcinol added promoted
the formation of crystalline MnCQOs, as indicated by
the intensity of the characteristic peaks of MnCOj;
(Fig. 7b-e).
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8.5
8.0 o
L —0
L 754
.I
7.0 -
6.5 -
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6.0 T T T T
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Moles of polyphencl added

Figure 3 Comparison of the final pH of the integrated
pyrogallol- and resorcinol-Maillard reaction systems,
in the presence of birnessite, with increasing amount
of polyphenol added. The pH value of the Maillard
reaction system was the first point in the reaction
system, i.e., 0 mole polyphenol added.
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Figure 4 Comparison of Mn concentrations in the
supernatants of the integrated pyrogallol- and
resorcinol-Maillard reaction systems, in the presence
of birnessite, with increasing amount of polyphenol
added. The Mn concentration of the supernatant in the
Maillard reaction system was the first point in the
reaction system, i.e., 0 mole of polyphenol added.

The resorcinol only system (Fig. 7f) shows
evidence of a number of relatively poorly crystalline
Mn(II), Mn(llI) and Mn(IV) mineral species:
rhodochrosite (MnCOs) at 3.67, 2.84 and 1.76 A,
hausmannite (Mn3;O,4, a mixed Mn(IT)/Mn(III) oxide)
at 2.77, 2.49 and 1.54 A, manganite (y-MnO(OH)) at
341, 2.64 and 2.28 A, synthetic bixbyite (Mn,O;) at
4.94, 3.84, 2.72 and 1.66 A, and birnessite (8-MnO,)
at ~7.2,3.61 and 2.41 A [34]. The XRD results clearly
show that resorcinol (Fig. 7f) is not able to reduce
birnessite as easily as pyrogallol (Fig. 6e) or the
Maillard reagents (Fig. 7a), and thus birnessite was
not completely reduced to Mn(Il) as in the pyrogallol
and Maillard reaction systems.

The X-ray diffractograms of the unreacted
biomolecules (pyrogallol, resorcinol, glycine and
glucose) are shown in Fig. S1. The XRD spectra of the
solid residues from the pyrogallol-Maillard and
pyrogallol only systems (Fig. 6b-e) show that the
resultant organic materials are heterogeneous and
amorphous in nature, unlike the highly crystalline
starting materials (Fig. S1).

Total carbon analysis. A comparison of the total C
contents of the solid residues from the integrated
pyrogallol- and resorcinol-Maillard reaction systems
formed in the presence of birnessite is shown in Table
1. It is important to note that pure MnCO; has a lower
total C content (10.4%) than humic substances, such
as fulvic acid (FA) (45.7%) and humic acid (HA)
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(56.2%) [39], or biomolecules such as glycine
(31.9%), glucose (40.0%), pyrogallol (57.1%) or
resorcinol (65.5%), which helps to explain the trends
observed in the total C contents of the solid residues.
The solid residues from the Maillard reaction had the
lowest total C content (13.1%), which is close to that
of pure MnCQO;, and this is strongly supported by the
XRD data (Fig. 6a) indicating the presence of
crystalline MnCOs. Overall, the solid residues from
the resorcinol-Maillard and resorcinol only systems
had lower total C contents than the pyrogallol-
Maillard and pyrogallol only systems, which again can
be related to the extent of MnCOj; formation in the
systems as indicated by XRD (Fig. 6 and 7).
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Figure 5 Comparison of the absorbances at 400 and
600 nm of the integrated pyrogallol- and resorcinol-
Maillard reaction systems formed in the presence of
birnessite with increasing amount of polyphenol added
to the system. The absorbance of the supernatant in
the Maillard reaction system was the first point in the
reaction systems, i.e., 0 mole of polyphenol added.
The absorbances are scaled by the dilution factor.
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Figure 6 X-ray diffractograms of the solid residues
formed in the presence of birnessite from the (a)
Maillard reaction system; the integrated pyrogallol-
Maillard reaction systems; with (b) 2.5 mmole
pyrogallol, (c) 25 mmole pyrogallol, (d) 50 mmole
pyrogallol; and (e) 50 mmole pyrogallol only; and (f)
non-purified humic acid from the supernatant of the
50 mmole pyrogallol integrated system. D-spacings
are indicated in A.

The pyrogallol systems had an increasing
percentage of C in the solid residues with increasing
amount of pyrogallol added up to 25 mmole and
thereafter the total C content remained virtually
unchanged. This trend is in accord with the XRD data
(Fig. 6a-d), which indicate an abrupt disappearance of
MnCOj; after 2.5 mmole of pyrogallol added in the
integrated pyrogallol-Maillard systems and thus
higher total C contents are expected from organic
residues.

The resorcinol system shows an opposite trend
after the 25 mmole resorcinol treatment, with the
percentage of C decreasing in the solid residue. This is
also in agreement with the XRD data (Fig. 7a-e) of the
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resorcinol solid residues, which indicate increasing
amounts of MnCO; formed with increasing amount of
resorcinol in the system. The solid residue from the
pyrogallol only system was shown to contain some
MnCO; (Fig. 6e) and hence has a slightly lower total
C content (Table 1) than the pyrogallol-Maillard
systems, which contain trace amounts or no MnCO;
(Fig. 6¢c-d). The resorcinol only system contained a
lower total C content (15.3%) than the resorcinol-
Maillard reaction systems (Table 1), which is probably
a result of the significant amount of the Mn(Il),
Mn(III) and Mn(1V) oxides present (Fig. 7f).

2.84

1.76

3.67 2.18

A TR 7 ) REL N LT N
0 10 20 30 40 50 60 70 @80

Degree 260 (Fe-K radiation)

Figure 7 X-ray diffractograms of the solid residues
formed in the presence of birnessite from (a) the
Maillard reaction; the integrated resorcinol-Maillard
reaction systems with: (b) 2.5 mmole resorcinol, (c)
25 mmole resorcinol, (d) 50 mmole resorcinol, (¢) 100
mmole resorcinol; and (f) 50 mmole resorcinol only
system. D-spacings are indicated in A. B = birnessite
(~7.2,3.61,2.41 A), Bx = bixbyite (4.94, 3.84, 2.72,
1.66 A), R = thodochrosite (3.67, 2.84, 1.76 A), M =
manganite (3.41, 2.64, 2.28 A), H = hausmannite
(2.77,2.49, 1.54 A).
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Table 1 Comparison of total carbon contents of solid
residues from Maillard reaction, polyphenol-Maillard,
and polyphenol only reaction systems formed in the
presence of birnessite.

Treatment Total C content (%)

Pyrogallol Resorcinol

Maillard reaction (50 mmole

glucose + 50 mmole glycine) 13.1 13.1
with 2.5 mmole potyphenol 198 220
S mmole polyphenel | 326 271
Ev?:g%%%nﬁx?élgéﬁy;aﬁﬁn 32.3 17.4
Polyphenol only (50 mmole 308 153

polyphenol)

We could not differentiate between organic and
inorganic C using the LECO analyzer as it is based on
a dry combustion method and measures the CO,
released at 841°C and 1100°C to distinguish between
CO, released from organic C (841°C) and total C, i.e.,
inorganic C + organic C (1100°C). Manganese
carbonate decomposes at temperatures above 200°C,
which is substantially lower than the melting point of
CaCQO; (825°C) [40]. Calcium carbonate is considered
the most common form of inorganic C in soils and
sediments. Thus, the C from MnCO; would be
included in the “organic C” fraction using the
conventional dry combustion method.

Manganese L-edge NEXAFS. The Mn L,;-edges
NEXAFS spectra of the solid residues from selected
pyrogallol, resorcinol, and integrated pyrogallol- and
resorcinol-Maillard systems, as well as, reference di-,
tri- and tetra-valent Mn oxide and carbonate
compounds are shown in Fig. 8. The Mn L,;-edges
provide a sensitive fingerprint of the valence of Mn
based on the absorption maxima (white lines) and
shape of the spectra, and in some cases the site
symmetry and ligands can also be identified [32, 41].
The maximum absorption peak of Mn(II) was
observed at 640.3 eV, Mn(Ill) at 641.7 eV, and
Mn(IV) at 644.0 eV, at the Mn L; edge. The shapes
and photon energy values of the spectra of Mn species
obtained in this study are in agreement with those of
previous Mn L, ;-edge NEXAFS studies [32, 41-43].
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Figure 8 Mn L, ;-edges NEXAFS spectra of solid
residues formed in the presence of birnessite from
selected integrated polyphenol-Maillard reaction and
polyphenol only reaction systems, and pure Mn oxide
and carbonate mineral standards: (a) equimolar
pyrogallol-Maillard (b) pyrogallol only, (¢) equimolar
resorcinol-Maillard, and (d) resorcinol only reaction
systems, and (¢) MnQO,, (f) unreacted birnessite, (g)
Mn,0; and (h) MnCO;, The dotted lines indicate the
photon energy of the maximum absorption peak of Mn
in divalent, trivalent or tetravalent states on the Mn L,
edge.

The Mn L,3-edge spectra of the solid residues
from the pyrogallol only, equimolar pyrogallol- and
resorcinol-Maillard reaction systems show that Mn
was principally in the divalent form in these systems
(Fig. 8a-c). The spectra of the solid residues from the
equimolar pyrogallol-Maillard reaction system (Fig.
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8a) and pyrogallol only system (Fig. 8b) look similar
to each other in that the minor absorption peak to the
left of the maximum absorption peak is not resolved
compared to pure MnCOj; (Fig. 8h). This corresponds
to Mn(Il) that is covalently bonded to either O or N
and in an octahedral environment [41], indicating that
the Mn(II) in the solid residues from the pyrogallol
systems (Fig. 8a, b) is covalently bonded to humic
polymers. However, the spectrum of the solid residue
of the equimolar resorcinol-Maillard system (Fig. 8c)
looks more similar to that of pure MnCO; (Fig. 8h),
which is in accord with the XRD (Fig. 7d) and FTIR
(Fig. S3d) data, showing that the solid residue
consisted predominantly of MnCO; and some humic
substances. The resorcinol only system residue (Fig.
8d) appears to be a mixture of Mn(II) and Mn(III),
with possibly a small amount of Mn(IV) present. This
also is in agreement with the XRD data (Fig. 7f),
which show the presence of a mixture of Mn(Il),
Mn(I1I) and Mn(IV) minerals.

Carbon K-edge NEXAFS. The C K-edge NEXAFS
spectra of the solid residues from the Maillard
reaction, pyrogallol only and pyrogallol-Maillard
reaction systems are shown in Figure 9. Spectroscopic
assignments are based on the absorption maxima of
the reference compounds (glucose, glycine and
pyrogallol) and on values reported by previous C
NEXAFS studies [44-48]. The NEXAFS narrower and
sharper core (C 1s) — m* transitions have been found
to be the most useful for chemical analyses and
identification of organic compounds due to their
chemical sensitivity based on the chemical energy
shifts [44].

The lowest absorption bands at around 284.0 eV
usually correspond to molecules with low energy m*
states, such as quinones [49]. Absorption bands near
285 eV are generally ascribed to C 1s (C-H) — 1n*c—¢
transitions [44, 46], which are characteristic of C=C
unsaturation. The transitions of aromatic C bound to
carbonyl (e.g. terephthalate species) tend to overlap
with unsaturated aromatic C-H transitions due to the
strong electronic interactions between the benzene m*
density and carbonyl n* density, and are generally
found in the 284.4-285.0 eV range [46]. The
absorption bands near 286-288 ¢V are characteristic of
functionalized aromatic groups C 1s (C-R) — 1n*c—¢
transitions (R = functional group), such as aromatic C
bound to aldehyde (286.0 V), ketone (286.4 ¢V), urea
(286.4 eV), carbamate (286.6-286.8 ¢V), amine
(286.8-286.9 eV), phenol (287.0-287.3 eV) and ester
287.1 (eV) groups [44-47]. Heterocyclic N
compounds C Is (C-N) — In*cc transitions also
occur in the ~286-287 eV range, e.g., pyridine (285.7
eV) and pyrrole (286.3 eV) [45, 47]. The C=N and
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C=N =n* transitions usually occur around 286.3 eV
[48]. Generally speaking, a stronger electron
withdrawing substituent on the aromatic ring results in
a higher energy shift of the C 1s (C-R) — In*c—¢
transition.

*Ar C-N, Ar C-O or Ar C-ketone (286.3-286.4 eV)
Ar C-OH (287.0-287.1 V)
Carboxylic C=0 (288.6 eV)
Carbonate C=0 (290.2 eV)

Ar C-H
(285.0-285.3 eV)

Quinone C
(284.0 V) |

(a)

TEY (arbitrary units)

280 284 288 292 296 300

Photon energy (eV)

Figure 9 Carbon K-edge NEXAFS spectra of solid
residues formed in the presence of birnessite in the
Maillard reaction system (a); and selected pyrogallol-
Maillard reaction systems with: (b) 2.5 mmole
pyrogallol, (c) 25 mmole pyrogallol, (d) 50 mmole
pyrogallol and (e) 100 mmole pyrogallol; and (f) 50
mmole pyrogallol only system. *Ar = aromatic.

The carbonyl C 1s (C-R) — ln*co transitions
usually occur between 286-291 eV, and can be used to
distinguish between groups such as aldehydes (286.2-
286.4 eV), ketones (286.6-286.8 ¢V), amide (287.8-
288.2 eV), acetic/acetate (288.1-288.6 eV), urea
(289.2-289.8 ¢V), carbamate (289.9.0-290.1 eV) and
carbonate (290.2-290.6 eV) [44]. The main cause of
the shifts observed in C 1s (C-R) — 1m*_o transitions
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is the inductive effect of the neighboring atoms on the
carbonyl C 1s binding energy [44].

Low-lying o* orbitals also provide valuable
information in identifying aliphatic functionalities.
Saturated aliphatic C exhibits C 1s (C-H) — o*cy
transitions in the 287.1-287.9 eV range, while
aliphatic alcohol C 1s (C-H) — c*co transitions are
found shifted to a higher energy in the 289.2-289.5 eV
range [45].

The C K-edge NEXAFS spectrum of the solid
residue from the Maillard reaction system (Fig. 9a)
clearly shows that carbonate C=0O (290.2 eV) and
carboxylic C=0 (acetic/acetate, i.e, aliphatic) (288.6
eV) are the dominant functionalities present, which is
in agreement with the FTIR data (Fig. S3a). As shown
by the XRD data (Fig. 6b-d), increasing the molar
ratio of pyrogallol to Maillard reagents resulted in a
decrease of MnCO; in the integrated pyrogallol-
Maillard reaction system (Fig. 9b-e). Furthermore, it
clearly can be seen that the organic substances in the
solid residues of the pyrogallol-Maillard and
pyrogallol only systems (Fig. 9c-f) are dominated by
aliphatic carboxylic C=O functionalities (288.6 eV).
They also contain some aromatic functionalities,
including quinone (284.0 eV), aromatic C-H (285.0-
285.3 eV), possibly aromatic C bound to ketone, O or
N (including heterocyclic N) (286.4 ¢V), and phenolic
groups (287.0-287.1 eV). It is also interesting to note
that the dominant functional group of glucose, which
is aliphatic alcohol groups (289.4 eV), is not evident
in any of the spectra from the solid residues.

FTIR Spectroscopy. The FTIR spectra of the solid
residues from the Maillard reaction, polyphenol only
and selected polyphenol-Maillard reaction systems are
shown in Fig. S2 and S3. Comprehensive assignments
of the absorption peaks are provided in Table S2. The
FTIR spectra of the solid residues from these systems
are in agreement with XRD and NEXAFS data of
these systems (Fig. 6, 8 & 9). The FTIR spectra also
show that organic substances in solid residues of the
resorcinol-Maillard reaction systems (Fig. S3b-e),
appear very similar to those found in the solid residue
of Maillard reaction system (Fig. S3a). The organic
substances found in these systems appear to be
dominated by carboxylic functional groups,
predominantly in the deprotonated state, as indicated
by symmetric (1594 c¢m™) and antisymmetric (1408
em™) COO stretch absorption bands. In contrast to the
resorcinol-Maillard reaction systems (Fig. S3b-e), the
resorcinol only system contained humic substances
with significant aromatic character, as indicated by the
strong absorption band at 1613 cm™ (Fig. S3f).
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3.2.2 Humic Acid Fraction Isolated From
Supernatant

Carbon K-edge NEXAFS. The C K-edge NEXAFS
spectra of the peat and soil HA standard materials of
the International Humic Substance Society (IHSS) and
the HA isolated from the supernatant of selected
reaction systems (Maillard reaction, pyrogallol- and
resorcinol-Maillard, pyrogallol and resorcinol only)
are shown in Fig. 10.

*Ar C-O, Ar C-N or Ar C-ketone (286.3-286.4 eV)

Ar C-H P}r C-OH (287.0-287.1 V)

(285.0-285.3 eV)

Carboxylic C=0 (288.5-288.6 eV)

Quinone
(284.0 &V)

TEY (Arbitrary Units)

T T T T r T T I T
280 284 288 292 296 300
Photon energy (eV)

Figure 10 Carbon K-edge NEXAFS spectra of the
IHSS (a) soil and (b) peat humic acids, and the humic
acids extracted from the supernatants of reaction
systems catalyzed by birnessite: (c) Maillard reaction;
pyrogallol-Maillard reaction with: (d) 50 mmole
pyrogallol and (e) 100 mmole pyrogallol; (f) 50
mmole pyrogallol only; resorcinol-Maillard reaction
with: (g) 50 mmole resorcinol and (h) 100 mmole
resorcinol; and (i) 50 mmole resorcinol only system.
* Ar = aromatic.
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The HA isolated from the supernatant of the
Maillard reaction system were dominated by
carboxylic type C (288.5-288.6 eV), and also
contained aromatic C-H functionalities (285.0-285.3
eV) and possibly either aromatic ketone, aromatic C
bound to N (including heterocyclic N) or other
aromatic C bound to O functional groups (286.3-286.4
eV) (Fig. 10c). The spectra of the pyrogallol-Maillard
and pyrogallol only systems (Fig. 10d-f) show more
broad and less defined peaks than the Maillard (Fig.
10c) and resorcinol systems (10g-i), indicating that the
HA formed in the pyrogallol systems is more
heterogeneous in nature than the Maillard reaction and
resorcinol systems.

The pyrogallol systems were dominated by
aromatic C-H, phenolic and carboxylic C (Fig. 10d-f).
The peaks of the quinone (284.0 eV) and aromatic C
bound to ketone, N or O (286.3-286.4 eV) are more
prominent in the HAs from pyrogallol systems (Fig.
10d-f) than resorcinol systems (Fig. 10g-i). Increasing
the amount of the pyrogallol in the pyrogallol-
Maillard reaction system from 50 to 100 mmole did
not result in a significant change in the nature of the
humic acid (Fig 10d and e).

The HAs from the pyrogallol only system HA
(Fig. 10f) appears to have a stronger presence of
aromatic C bound to ketone or O than the HAs from
the pyrogallol-Maillard reaction systems (Fig 10d and
e). The resorcinol system HA spectra (Fig.10g-i) show
sharper peaks, indicative of more homogeneous
reaction products that are dominated by aromatic C-H
and phenolic and aliphatic carboxylic C=0O functional
groups. Increasing the amount of resorcinol in the
resorcinol-Maillard system from 50 to 100 mmole
resulted in a decrease in the intensity of the aliphatic
carboxylic C peak at 288.5-288.6 eV (Fig. 10g and h).
The resorcinol only system was also dominanted by
aromatic C-H and phenolic peaks and contained very
little carboxylic C (Fig. 10i). The pyrogallol only
system (Fig. 10f) contained more carboxylic C than
the resorcinol only system (Fig. 101).

The C K-edge NEXAFS spectra of the IHSS soil
and peat HAs (Fig. 10a and b) look basically similar
to the HAs isolated from the Maillard reaction and
pyrogallol-Maillard reaction systems in that they
contain quinone, aromatic C, functionalized aromatic
C and carboxylic C. Similar to the spectra of the
natural HAs (Fig. 10a and b), the spectrum of the HA
from the Maillard reaction system (Fig. 10c) is also
dominated by carboxylic C (288.5-228.6 eV). The soil
HA (Fig. 10a) appears to have lower intensity of the
peak between aromatic C-OH and aromatic ketone,
aromatic C-N or C-O compared to the peat HA (Fig.
10b).
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FTIR Spectroscopy. The FTIR spectra of the HA
isolated from the supernatants of the Maillard
reaction, selected polyphenol-Maillard reaction, and
polyphenol only reaction systems are shown in
Figures S4 and S5. Comprehensive assignments of the
absorption bands are provided in Table S3. The FTIR
results of the HAs from these systems support the
findings of C NEXAFS analyses of these systems
(Fig. 10c-i).

4. DISCUSSION

4.1. Characterization of the Reaction Systems at
the End of the Reaction Period

Effect of Birnessite and Temperature. It is well-
established that birnessite significantly accelerates the
polymerization of polyphenols [26] as well as the
polycondensation of polyphenols and amino acids
[27]. The surfaces of redox active metal oxides such
as birnessite are very reactive in promoting the
polymerization of phenolic compounds. They can act
as Lewis acids by accepting electrons from
hydroxyphenolics, leading to the formation of highly
reactive semiquinone radicals that readily undergo
coupling reactions with other semiquinones,
phenolics, amino acids or existing humus [11, 50].

Electron transfer between polyphenolics and Mn
oxides is facilitated by direct surface complexation of
the phenolic OH-group or carboxylic group of the
aromatic compound to the surface of the metal oxide.
Subsequently, the reduced metal is released into
solution, uncovering more metal oxide sites for
reaction [18, 51]. Matocha et al. [52] studied the
kinetics of reduction of birnessite by catechol (0-
dihydroxy-benzene) and confirmed that the reaction
occurs and is controlled by precursor surface complex
formation, as the electron transfer itself is very rapid.
They also confirmed that release of Mn(Il) into
solution was directly related to o-quinone production.

Jokic et al. [7] reported that the reaction between
D-glucose and glycine is very slow at room
temperature due to the high activation energy barrier.
Jokic et al, [8] showed that birnessite can
significantly accelerate the Maillard reaction between
glucose and glycine. Furthermore, Jokic et al., [12]
demonstrated that birnessite significantly enhances
humification in the integrated catechol-glucose-
glycine system. Our results show that birnessite is able
to significantly enhance the degree of browning in the
pyrogallol- and resorcinol-glucose-glycine reaction
systems (Fig. 2b, d), as well as moderately enhancing
the degree of browning in the resorcinol only system
(Fig. 2¢).
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The pyrogallol only system appeared to show the
least response to the presence of birnessite (Fig. 2a).
This could be, in part, due to the highly reactive nature
of pyrogallol, which enables it to polymerize itself
quite readily without the presence of a catalyst such as
birnessite. More important is the fact that a substantial
amount of humified organic material is found in the
solid phase of the birnessite-catalyzed pyrogallol
system, based on evidence from the Mn L,s-edge
(Fig. 8b) and C K-edge NEXAFS (Fig. 9f) and FTIR
(Fig. S2f) data of the solid residues.

Thus, the humic substances in the solid phase are
not taken into account by visible absorbance readings
of the supernatant. The reaction systems in the
presence of birnessite had lower final pH + pE
(indication of dissolved oxygen in the system) values
at the end of the reaction period than the controls
(Table S1). This is attributed to increased oxidative
polymerization of polyphenols which consumes
oxygen, as indicated by the visible absorbance values.

The systems in the presence of birnessite had
higher final pH values (Table S1) due to the reductive
dissolution of birnessite by the biomolecules glucose,
glycine and or pyrogallol/resorcinol, which resulted in
the consumption of protons (Eq. 1).

MnO, +4H" + 2¢" — Mn*" + 2H,0 (1)

Temperature was shown to significantly affect the
humification processes, as indicated by the visible
absorbance, pH and pH + pE values of the integrated
pyrogallol- and resorcinol-Maillard reactions both in
the presence and absence of birnessite (Table S1).
Jokic et al. [12] also showed that increasing
temperature enhanced the extent of humification in the
catechol-glucose-glycine reaction. They found that the
E4/E¢ ratio of humic acid isolated from the supernatant
of the system incubated at 25°C was lower (4.46) than
that of humic acid produced at 45°C (7.43), indicating
that the humic substances produced at 45°C are more
aliphatic in nature and less condensed due to enhanced
cleavage at a higher temperature.

Effect of the Molar Ratio of Polyphenol to Maillard
Reagents in Reactions Systems Incubated at 45°C in
the Presence of Birnessite. Stone and Morgan [18]
found that polyhydroxyphenolics with OH groups in
the ortho or para positions can form direct surface
complexes with Mn (III, IV) oxides much more
readily than polyphenols with OH groups in the meta
position. They determined the relative second-order
rate constants for the dissolution of Mn (III, IV) oxide
at pH 7.2 by various polyhydroxyphenolics, including
catechol (0-OH group)-2 x 10' M s, hydroquinone
(p-OH group)-2.33 x 10° M s and resorcinol (m-OH
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group)—4.9 x 10° M s™". Direct surface complexation
significantly enhances electron transfer reactions, and
subsequently the dissolution of Mn oxide and the
formation of free radicals (semi-quinones), which
readily participate in polymerization reactions. Thus,
pyrogallol with three hydroxyl groups all in the ortho
position to one another is able to react with birnessite
far more readily than resorcinol which has two OH
groups in the meta position. Shindo [20] clearly
showed that pyrogallol reaction with birnessite yields
more humic polymers than resorcinol reaction with
birnessite.

This is indicated in our data by the steady
decrease of pH with increasing moles of pyrogallol
added in the reactions systems (Fig. 3). Pyrogallol,
which is able to participate in direct electron transfer
reactions more readily, has a greater polymerization
reactivity and thus more protons are generated in
pyrogallol-containing systems. Resorcinol, with an
OH group in the meta position, is not able to
participate in direct electron transfer reactions as
readily, ~which means a lower oxidative
polymerization reactivity and fewer protons generated.
However, in the resorcinol-Maillard reaction system,
glucose (a reducing sugar) and glycine are able to
carry out the reductive dissolution of birnessite [8],
which consumes protons and ultimately controls the
final pH of the systems. This explains why the final
pH values of the resorcinol-Maillard reaction systems
were very close to that of the Maillard reaction (Fig.
3). Furthermore, it is clear that in the resorcinol only
system (Fig. 8d), the extent of reduction of Mn in
birnessite to Mn(II) is substantially less than the
pyrogallol only, pyrogallol- and the resorcinol-
Maillard reactions systems (Fig. 8a-c), as shown by
the presence of a mixture of Mn(II), Mn(Ill) and
Mn(IV) oxides in the solid phase of the resorcinol
only system (Fig. 7f and 8d).

The pyrogallol-Maillard reaction systems with the
lowest amounts of pyrogallol (1.25 and 2.5 mmole) to
Maillard reagents (50 mmole glucose + 50 mmole
glycine) showed a net increase from the starting pH of
7.00 to the pH values of 7.8 to 8.0 which were close to
that of the Maillard reactions system (Fig. 3). This
indicates that the reductive dissolution of birnessite
predominantly driven by the Maillard reaction is the
dominant process controlling the final pH. Further
increase of the amount of pyrogallol added resulted in
a net drastic decrease in the pH of the systems,
indicating  the oxidative polymerization of
biomolecules as the dominant process. This is also
confirmed by the visible absorbance of the
supernatants of pyrogallol-Maillard reaction systems
(Fig. 5), where initially there was a decrease in the
visible absorbance, but above the 1.25 mmole
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pyrogallol treatment the increasing pyrogallol added
resulted in a significant and steady increase in
absorbance. This indicates that the addition of a
sufficient amount of pyrogallol to Maillard reagents
results in a large increase in the degree of
humification. This trend of increase of the absorbance
with increasing molar ratios of resorcinol to Maillard
reagents was also observed (Fig. 5).

Trends in the Mn concentration (Fig 4) and
visible absorbance (Fig. 5) of the supernatants from
the pyrogallol- and resorcinol-Maillard reaction
systems cannot be properly explained without first
discussing the nature of the humic substances formed
in these systems, which follows below.

4.2. Characterization of Reaction Products from
Reaction Systems Incubated at 45°C in the
Presence of Birnessite

Humic Substances. Another important impact of the
relative ability of pyrogallol and resorcinol to form
direct surface complexes with birnessite is aromatic
ring cleavage. Wang and Huang [19] clearly showed
that pyrogallol is far more easily cleaved by nontronite
(Fe-bearing smectite) than the diphenols catechol (o-
dihydroxybenzene) or hydroquinone (p-dihydroxy-
benzene). This is related to their relative ability to
form direct surface complexes with the mineral
surface. Wang and Huang [19] also concluded that the
greater the ease of ring cleavage of a polyphenol, the
more CO, is released and the more aliphatic fragments
were incorporated into the resultant humic substances.

Furthermore, Wang and Huang [22] demonstrated
substantial ring cleavage of pyrogallol by birnessite.
Increased ring cleavage and the resultant increase in
aliphatic fragment incorporation lead to humic
substances with more aliphatic nature and more
COOH functional groups [37]. These groups have a
much higher affinity for binding divalent cations, such
as dissolved Mn(Il), than phenolic OH groups, and it
is well known that COOH functionalities give humic
substances most of their cation complexing capacity
[1]. The logarithm of the stability constant (K) (ionic
strength = 0.1 p, 25°C) of the complex of glycine and
Mn(Il) is +2.80, whereas for catechol and Mn(II) log
Kis-14.70 [53].

This indicates that the humic substances produced
in the pyrogallol containing systems, which possess
more carboxylic functionalities, are able to sorb
Mn(II) to a much greater extent than polymers with
more aromatic or phenolic character. Increased metal
complexation would eventually result in the
coprecipitation of humic substances out of solution
due to decreased solubility as a result of increase in
molecular size and charge neutrality [54].
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Direct evidence for this is provided by the FTIR
and the C and Mn NEXAFS spectra of the solid
residues and the HAs isolated from the supernatant of
the pyrogallol-Maillard reaction and pyrogallol only
systems in the present study. It is clear that the
humified organic substances found in the solid
residues are dominated by carboxylic functional
groups (Fig. S2 and 9), compared to the HAs from the
supernatant (Fig. S4 and 10), which possess a
significant aromatic and phenolic character.

The Mn L-edge NEXAFS spectra of the
equimolar pyrogallol-Maillard reaction and pyrogallol
only systems provide further evidence that Mn(II) in
the solid residue is covalently bonded to either O or N
(Fig. 8a and b). It appears that the solid residues of the
pyrogallol-Maillard reactions system containing 25
mmole pyrogallol or above (Fig. S2c-e) consisted
completely of humified organic materials complexed
with Mn, as there is no evidence of MnCO; or any
other Mn mineral. This is also indicated by the Mn L-
edge NEXAFS spectra (Fig. 8a). The chemical
fractionation of HA from a humic gleysol by divalent
and trivalent metal cations was demonstrated by
Christl and Kretzschmar [55] using C 1s NEXAFS
spectroscopy. They concluded that the cation-induced
coagulation of humic acid resulted in the preferential
removal of humic acid with functional groups
involved in metal-cation binding, in particular,
aliphatic carboxylic groups. The conclusions from this
afore-mentioned study [55] using natural humic acid
agree with our findings.

Recently, it has been proposed that humic
substances are collections of diverse, relatively low
molar mass components that are associated by
hydrophobic interactions and hydrogen bonds [56].
This view has questioned the formation of humic
substances by polymerization of phenolic compounds.
Our study of the polyphenol-Maillard reaction clearly
shows that a significant amount of aliphatic material is
formed due to ring cleavage of phenols as well as the
incorporation of Maillard reagents into the humic acid
fraction through condensation reactions. Furthermore,
the NEXAFS spectra show that the humification
products of biomolecules and THSS standard humic
substances also contain substantial aromatic character
(Fig. 9 and 10). Therefore, the data indicate that
polycondensation reactions and the formation of
aliphatic fragments through aromatic ring cleavage
proceed concomitantly. The present findings would
partially account for the aliphaticity of humic
substances in soils [1, 57] and the variation of their
characteristics, including carboxylic group contents,
with soils in different climatic zones [57].

Resorcinol is not able to readily form a direct
surface complex with birnessite due to an OH group in
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the meta position [18]. Therefore it is unable to readily
participate in electron transfer reactions like
pyrogallol and thus does not undergo substantial ring
cleavage or polymerization through direct electron
transfer. It is possible that electron transfer might
occur through outer-sphere reactions [18] or due to
reaction with Maillard reagents, particularly glycine,
or Maillard reaction products, which include a range
of aromatic compounds including various polyphenols
[13], heterocyclic N [9], and highly reactive furfural
compounds [5].

It is evident from the C K-edge NEXAFS spectra
of the HAs from the supernatant of the resorcinol-
Maillard reaction (Fig 10g and h) that these HAs
contained more carboxylic functionalities than the
HAs from the resorcinol only system (Fig. 10i), which
would be due to the influence of Maillard reagents in
the system. Decreased ring cleavage in the resorcinol
system would mean that the resultant humic
substances would have less aliphatic fragment
incorporation compared to pyrogallol. This is very
evident from the C NEXAFS spectra of the HAs from
the pyrogallol and resorcinol systems, where the
pyrogallol systems’ HAs (Fig. 10d-f) are far more
heterogeneous and poorly defined compared to
resorcinol systems’ HAs, which are dominated by
aromatic C-H and phenolic C-OH functionalities (Fig.
10g-1).

In sharp contrast to the pyrogallol-Maillard
systems in which MnCO; was absent when the
amount of pyrogallol added was 25 mmole or higher
(Fig 6¢c and d), the solid residues of the resorcinol-
Maillard systems consisted predominantly of MnCO;
(Fig. 7 b-e) and some Maillard reaction-type humic
substances (Fig. S3). This indicates that the bulk of
the humic polymers produced in the resorcinol-
Maillard reaction system remain in the supernatant
and are not precipitated in the solid residue complexed
with Mn(Il) as in the pyrogallol containing systems.
This reasoning is in accord with the Mn L-edge
NEXAFS spectra of the solid residues of the
integrated resorcinol- and pyrogallol-Maillard reaction
systems; the data show that Mn(II) was bound to
carbonate in the former system and covalently bound
to organics in the latter system (Fig. 8a and c). This
further substantiates the view that the strongly
aromatic/phenolic polymers formed in a resorcinol-
Maillard reaction system have a lower affinity for
Mn(II) and hence remain in the supernatant. These
findings also provide an explanation for the
contrasting trends observed in the Mn concentration
(Fig. 4) of the supernatant of the resorcinol- and
pyrogallol-Maillard reaction systems, and the
substantially higher dissolved Mn concentration and
visible absorbance values in the former than the latter
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(Fig. 5).

The results indicate less Mn(II) sorption and more
humic polymers in the supernatant in the resorcinol-
Maillard reaction systems compared with the
pyrogallol-Maillard system. Therefore, the ability of
the polyphenols to form direct surface complexes with
birnessite not only affects the extent of their oxidative
polymerization reactions, but also the nature of the
humic substances formed and ultimately their partition
in the solution and solid phases in the system, whether
remaining in solution or coprecipitating with metals
out of solution.

Manganese carbonate. The formation of MnCOs; in
the polyphenol-Maillard reaction system as influenced
by the structure and functionality of polyphenols and
their molar ratio to Maillard reagents is clearly shown
by the XRD, Mn L-edge NEXAFS and FTIR data
(Fig. 6, 7, 8, and S2, S3). It has been shown
previously that CO, is produced during the oxidation
of glycine [21, 58], catechol [59], pyrogallol [22] and
glucose [12] by birnessite. Carbon dioxide released
from these biomolecules dissolves in solution to form
carbonic acid (Eq. 2):
CO, + HO < H,CO; (Log K =-1.46) [60] 2)
Carbonic acid dissociates to form bicarbonate and
eventually carbonate depending on the pH of the
solution (Eq. 3 and 4):

H,CO; <> H' + HCO;y~ (Log K = -6.36) [60] 3)
HCO;™ > H™ + CO;> (Log K =-10.33) [60] @)

The partial pressure of CO, in the atmosphere is
usually 0.0003 atm. However, in a water-logged
system the partial pressure can be as high as 0.3 atm,
thus resulting in much higher CO;> concentrations
[60]. The CO, released from the oxidation of
biomolecules (glucose, glycine, pyrogallol and
resorcinol) would enhance the partial pressure of CO,
and dissolution of CO, in water to form H,COs.
Reduction of birnessite by the biomolecules resulted
in substantial release of Mn (Fig. 4) as Mn(Il) in
solution as shown in previous studies using EPR
spectrometry  [8, 22, 52]. Thus, MnCO;
(rhodochrosite) can form in the system when the
activity product of Mn?" and CO,*" (Eq. 5) exceeds the
Ky of MnCO; (1.8 x 107"%) [60]:

Mn** (aq) + COs* (aq) <> MnCO; (s) (5)

Therefore, the biomolecule-induced formation of
MnCOs; is considered as a mechanism of the formation
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of rthodochrosite, as the CO, is derived from oxidation
of biomolecules. The XRD (Fig. 6a, b and e, and 7b-
e), Mn L-edge NEXAFS (Fig. 8c) and FTIR (Fig. S2 a
and b, and S3 a-e) data show the formation of MnCOj;
in the reaction systems. Okita et al.[61] hypothesized
that the MnCO; deposit at Molango, Mexico formed
due to the reduction of manganese oxides by organic
materials and that the organic-derived CO, resulted in
negative 8”C values and manganese carbonate
formation. Furthermore, rhodochrosite-like MnCO;
has been identified as one of the dominant Mn-bearing
minerals in a naturally occurring palustrine emergent
wetland [62]. The present findings provide
experimental evidence substantiating the hypothesis of
the biogenic formation of MnCO; deposits and for
interpreting the presence of rhodochrosite-like MnCO;
in wetlands.

Increasing the pyrogallol concentration in the
pyrogallol-Maillard reaction systems resulted in less
MnCO; formation (Fig. 6a-d). This is, in part,
attributed to the lower solution pH values (Fig. 3), due
to increased oxidative polymerization reactions, which
decrease the CO;* concentration in solution. In
addition, the larger amounts of humic polymers
apparently had an inhibitory effect on MnCO;
formation due to perturbation of the crystallization of
pure MnCO; (Fig. 6a-d) and also the competing effect
of humic polymers for Mn*" through complexation as
indicated in the drastic decrease in the solution Mn
concentration with increase of the amount of
pyrogallol present in the systems (Fig. 4). The high
solution pH (Fig. 3) and Mn concentration (Fig. 4) of
the resorcinol-Maillard reaction systems favor the
formation of MnCOj in the solid residues.

The XRD data (Fig. 7b-¢) indicate that increasing
the resorcinol concentration in the resorcinol-Maillard
reaction system promotes the formation of crystalline
MnCOj;. The FTIR spectra of the solid residues (Fig.
S3b-e) also clearly show that the formation of
Maillard-reaction organic products in solid residues of
the resorcinol-Maillard reaction systems decreased
with increasing amounts of resorcinol added to the
system. This could be due to the formation of more
aromatic/phenolic polymers in the resorcinol-Maillard
reaction system (Fig. 10g-i) with increasing amounts
of resorcinol added to the system, which has a lower
affinity for Mn(ll) and thus increased the
concentration of Mn(Il) in solution (Fig. 4) and the
amount of polymers in the supernatant (Fig 5). At the
same time, increasing the resorcinol concentration in
the resorcinol-Maillard reaction system would result
in increased competition for glycine by resorcinol
versus the Maillard reaction. This would, in turn,
result in less Maillard reaction products, which are
rich in carboxylic functional groups and thus have a
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high affinity for Mn(II).

Therefore, the reaction conditions in the
resorcinol system are more favorable for the formation
of MnCOj;. In the resorcinol only system, the
birnessite was only partially reduced to both Mn(III)
and Mn(Il) (Fig. 8d); the formation of MnCO; is
hindered due to the partial dissolution of birnessite
and competitive formation of a number of relatively
poorly crystalline Mn(II) and Mn(III) mineral species

(Fig. 7f).
CONCLUSIONS

The significance of linking the polyphenol and
Maillard reactions as promoted by birnessite (6-MnO,)
into an integrated humification pathway has been
demonstrated by Jokic et al. [12] using a system
containing catechol, glucose and glycine. However,
the role of structure and functionality of polyphenols
in influencing the integrated polyphenol-Maillard
reaction humification pathway remained to be
uncovered.

The results obtained in the present study
demonstrate that there is a significant difference in the
reactivity of pyrogallol and resorcinol in the integrated
polyphenol-Maillard reaction humification pathway.
Pyrogallol (1,2,3-trihydroxybenzene), with three OH
groups in the ortho position, is able to form direct
surface complexes with birnessite far more readily
than resorcinol (1,3-dihydroxybenzene), with two OH
groups in the meta position. This significantly affects
the extent of direct electron transfer reactions, such as
reductive dissolution of birnessite, and oxidative
polymerization and cleavage of biomolecules, which,
in turn, affects the nature of the humic substances
formed. The humic acids formed in the pyrogallol-
Maillard reaction (glucose-glycine) systems are more
heterogeneous in nature and contain more aliphatic
and carboxylic fragments than those from the
resorcinol-Maillard reaction systems, which contain
more aromatic polymers. Partitioning of organic
material in the solution and solid phases occurs,
whereby the more aliphatic/carboxylic polymers are
found precipitated in the solid phase due to stronger
complexing with Mn(II), whereas more aromatic
polymers are present in the supernatant due to their
lower affinity for Mn(II). Increasing the molar ratio of
pyrogallol or resorcinol to Maillard reagents enhances
humification and results in the formation of humic
substances with more aromatic character.

The structure and functionality of pyrogallol and
resorcinol and their molar ratio to Maillard reagents
also affect inorganic C formation. The biomolecule-
induced formation of rhodochrosite (MnCO;) was
observed in the polyphenol-Maillard reaction
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humification pathway as a result of the oxidation of
the biomolecules glucose, glycine, pyrogallol and
resorcinol by birnessite. The integrated pyrogallol-
Maillard reaction systems contain the least MnCOj;
and are more enriched in humic substances in the solid
phase than the integrated resorcinol-Maillard reaction
systems. There is an increase in the amount of
crystalline MnCO; with increasing amount of
resorcinol present in the reaction system. The opposite
trend is observed in the integrated pyrogallol-Maillard
reaction humification pathway.

Our data show that the position and/or number of
-OH groups on the benzene ring of polyphenols and
the molar ratio of polyphenol to Maillard reagents
substantially affect not only the degree of
humification and nature of humic polymers formed
but also the extent of MnCO; formation, which is a
competing reaction to the genesis of humic
substances. The findings obtained in this study are of
fundamental significance in understanding the
importance of the nature and abundance of
biomolecules in influencing abiotic humification and
carbonate formation in natural environments. The
results of this study also have relevance to treating
phenolic wastes using Mn oxides or soils, as the
chemical structures of phenolic compounds
significantly affect their ability to be polymerized or
cleaved (detoxified), or their reaction products to be
complexed with metals.
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