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Abstract

In this thesis, for evaluating time scales of fotioraprocesses of humic-like substances simulated
by the Maillard reaction, hydrothermal changes Iycige + ribose mixture solutions and their
interactions with an iron hydroxide (goethite) weramined.

First, in situ hydrothermal spectroscopic measurgnsystems for the simulated Maillard
reactions were developed. An original heatableidiqell and spacers of 0.05 mm thick provided a
stable hydrothermal system without solution eschpsitu infrared (IR) and ultraviolet—visible (UV—
Vis) spectroscopic measurements for the Maillaattien of 0.5 molt glycine + ribose mixture
solution at 60-80 °C were conducted using the ia Bydrothermal spectroscopic measurement
systems. Kinetic analyses for decreases in thérgjanaterial (represented by decreases in bard are
around 1100 and 1330 ¢dmIRu100 andlRi339 and browning process (represented by increases in
absorbance at 420 nivissz0) gave activation energies of 90-100 kJ fnahd frequency factors of
1.2x106-4.8x10 s* at 60-80 °C.

Second, for tracing UV spectral changes in detaikitu UV-Vis spectroscopy for 0.1 mot |
glycine + ribose solutions at 60—80 °C was perfatniecreases in the products during the heating of
glycine + ribose solution (0.1 mot) at 80 °C were quantitatively traced by UV-Vis, 8Kcitation
emission spectroscopy and size exclusion liquidmiatography. And 2D correlation spectroscopic
analyses suggested that a band area around 280Via)(and 254 nm absorbandd\(254) can be
used as measures of the formation of furfuralilitermediates and humic-like products, respectively
They were monitored by in situ UV-Vis spectroscagih the original heatable liquid cell at 60—
80 °C. Kinetic analyses for changedUn>s0 andUVzs4 at the first order reaction progress stage after
an induction stage gave activation energies of@788 kJ mot and frequency factors of 8.1>814nd
1.0x1C s at 60-80 °C, respectively.

Third, changes iVisizo were analyzed for batch experiments of glycinéd®ge solutions at 60—
80 °C in the presence and absence of an iron higdrofgoethite). Their kinetic analyses gave
activation energies of 110 and 137 kJ ¥ahd frequency factors of 2.0xf@nd 9.1x1& s at 60—

80 °C for 0.1 molt reactant solution with and without goethite, respely. Enhancement of reaction
rates in the presence of goethite was recogniziéectg of initial concentrations (0.5 or 0.1 md) |
were also noticed.

Fourth, adsorption on goethite of reactants anddysts of the Maillard reaction at room
temperature was measured by attenuated total tieflenfrared (ATR-IR) spectroscopy. This
adsorption process was within a few hours at roemperature and was faster than the formation
enhancement of humic-like and brown products ireswdays at 60—-80 °C. Later processes on the

goethite surface after the fast adsorption are idersd to be rate-limiting for the reaction



enhancement. An in situ hydrothermal ATR-IR celilendevelopment can be used for further detailed
kinetic studies including surface processes onhjieeiayers at different temperatures (20-80 °C).
Finally, time scales of the studied processes wengpared by the half-lives 2o changes, and
were estimated to be around 5 years at a minimuwh2800 years at a maximum by extrapolation of
experimental results to 15 °C. This was in agre¢mth a few decades of time scale for increase of
fluorescence intensities in the bottom sedimenigaf bay, possibly due to the formation of humic-
like substances. The present method can be afplibéeé Maillard reactions under other experimental
conditions with various initial concentrations efctants in future studies. These further researche
will give constraints on the better understandifthe time scales of formation processes of humic-

like substances.
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CHAPTER 1

O

General Introduction



1.1. Research background

Organic matter in living organisms such as proteg@bohydrates, lipids, etc. are known to
change to other organic molecules through enzymeadictions, reactions between functional groups
and metabolism of microorganisms. Most of the clearage continuous and non-uniform, therefore it
is difficult to specify the products. “Humic subst&” is a general term of such polymerized high
molecular weight organic matter, whose structur@as well defined, present in Earth’'s surface
environments. While humic substances are sourcesitaents for microorganism, plants and some
insects, and sources of fossil fuels, their abunh@larctional groups bring following environmental
significances: complexation with toxic heavy meiahs using lic functional groups as ligands;
toxifying or detoxifying of heavy metal ions andganic chemicalsinteractions with organic
pollutants producing CQ by decomposition of humic substances (Steven€igy)1

Humic substances are the major organic componeiiarih’s surface environments and play key
roles in interactions with environmental pollutatk$rdel et al., 1997). However, the processes and
rates of formation of humic substances are comgitand poorly understood because of complexity
of the formation processes and the products. Afiendation of International Humic Substances
Society (IHSS) in 1982, the term “humic substandesiften used based on analysis definition of
IHSS by their extraction methods from natural saspind solubility in acid (Kuwatsuka et al., 1992).
In this thesis, “humic-like substances” is used gamples which have similar properties to humic
substances, but without using the analysis defiiyekdHSS.

Among various formation processes of humic subssnthe Maillard reaction (browning
reaction) is considered to be one of dominant féiongprocesses of humic substances in aquatic or
soil environments such as at the bottom of a dalep Where there is little dissolved oxygen and few
microorganisms (Stevenson, 1994). In these enviemtsn biogenic residues are considered to be
major reactants of the Maillard reaction (Yamaned Ishiwatari, 1989). The Maillard reaction is a
continuous reaction between an amino group in aracids and a carbonyl group in saccharides
producing various intermediates and their polynetizompounds, melanoidins (Maillard, 1912).
They are brown-colored high molecular weight organompounds, which have non-uniform
structures. Their chemical similarities to naturaimic substances provides a basis of the hypothesis
of the Maillard reaction as a reaction forming hamsilbstances in the natural environment (lkan et
al., 1996). Therefore, the Maillard reaction hasrbstudied in a few geochemistry researches for
understanding time scales, amounts and propeiige seaction and products (Abelson, 19&8n
et al., 1996).

Fig. 1.1.1 shows a schematic figure modified aftedge (1953) for the Maillard reaction between
glycine and ribose for forming brown products flpahto melanoidins, where glycine and ribose are

selected as representative reactants. Glycinsimalest amino acid and ribose is a sugar compound
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used in nucleotides forming RNA and DNA. The various pathways after the Amadori rearrangement
(Fig. 1.1.1) include formation of an intermediate called (hydroxyl methyl) furfural, dehydration and
fragmentation of the intermediates, the Strecker degradation of amino acids forming CO», and so on.

(Hodge, 1953)

Glycine _
@;\(o Schiff base - o .
HN
L Rl N{R] HNR] \-{R]
HC—OH CH HC CH

CHOH N ~ CHOH == CHOH == CHOH | = | GHOH
, =
CHOH N0 CHOH CHOH CHOH 0 CHOH
CHOH " CHOH CHOH H<|3—| CHOH
|
CH,OH CH,OH CH,OH CH,OH | CH,OH

Ribose Amadori l I
/@ rearrangement H*

wE W
0 G 1l

A C=0 L COH C=0
b ——— | - 1
Furfural CHOH “NH,0 CHOH Ketocpon
(00 ('I-:HOH (i‘,HOH (EHOH
67)] CH,OH CH,OH CH,OH
G, .

Meranoidins Jeé};' / /

(Brown %  Various intermediates Reductones

organic polymers) (Decomposition products)
Fig. 1.1.1 A schematic figure modified after Hodge (1953) for the Maillard reaction between glycine
and ribose for forming brown products finally into melanoidins. An amino group in glycine (blue

circle) and a carbonyl group in ribose (red circle) are indicated by circles.

The Maillard reaction has been studied mainly in food chemistry for changes in colors, flavors and
nutrition of foods (Finot, 2005). Since browning of foods is one of the most important problems in
food chemistry, the progress of the Maillard reaction is often measured in terms of color formation by
visible spectroscopy. For example, Stamp and Labuza (1983) followed the Maillard reaction between
glucose and glycine as the zeroth order kinetics for increasing 420 nm absorbance by batch
experiments and showed that the activation energy was 65 kJ/mol. Song et al. (1966) followed
Maillard reaction between glucose and glycine focusing on increasing 490 nm absorbance by batch
measurements. Van Boekel (2001) reviewed previous works on the Maillard reaction and showed that
the activation energy of Maillard reaction in aqueous solutions ranged from 60 to 145 kJ/mol. However,
these researches have been studied at relatively high temperatures simulating food cooking conditions

and there is very little information on time scales of the Maillard reaction in geological environments,
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except for some limited studies on reactions betwe®ino acids and kerogens (high molecular
weight insoluble organic matter) and analyses daddproductgAbelson, 1978; Yamamoto and
Ishiwatari, 1989).

In this thesis, the formation process of hunike-Isubstances was simulated by the Maillard
reaction by glycine and ribose solution. Their thak changes were traced by infrared (IR) and
ultraviolet—visible (UV-Vis) spectroscopic methaasd their time scales were evaluated by kinetic

analyses for their spectroscopic changes.



1.2. Aims and contents of this study

This study aimes at:

- Developing in situ hydrothermal IR and UV-Vis spestopic measurement systems for the
simulated Maillard reaction.

- Finding spectroscopic indicators which can reprepeogresses of the simulated Maillard
reaction.

- Time scales evaluation for the simulated Maillaedation by kinetic analyses for their

spectral changes.

In Chapter 2, in situ hydrothermal spectroscopgasurement systems for the simulated Maillard
reactions were first developed. In situ IR and Uis-$pectroscopic measurements for the Maillard
reaction of 0.5 mol1 glycine + ribose mixture solution at 60-80 °C weoaducted.

In Chapter 3, for tracing UV spectral changes itattiein situ UV-Vis spectroscopy for 0.1 mol
I glycine + ribose solutions at 60-80 °C was pertmSpectroscopic similarity between humic
substances and the simulated Maillard reactionymisdwas also discussed and validity of UV-Vis
spectroscopy was suggested.

In Chapter 4, changes with time in absorbance @td2 (indicator of browning) were analyzed
at 60-80 °C in the presence and absence of arhydroxide (goethite). Enhancement of reaction
rates in the presence of goethite was recogniziéectg of initial concentrations (0.5 or 0.1 md) |
were also noticed.

In order to examine surface processes on goethitengl the simulated Maillard reaction,
adsorption on goethite of reactants and producthe@faillard reaction at room temperature was
studied by attenuated total reflection infrared RAIR) spectroscopy (Chapter 5).

In Chapter 6, these results were summarized agaoeerall discussion and future perspectives
were presented.
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CHAPTER 2

o2

Development of in situ hydrothermal spectroscopic

measurement systems for the simulated Maillard reaction



2.1. In situ infrared spectroscopy for the Maillard reaction by 0.5 mol I! glycine and ribose solution

This section has been modified from the follagvpublished paper in Chemistry Letters by the
Chemical Society of Japan:
“In situ IR transmission spectroscopic observatod kinetic analyses of initial stage of the Madla
reaction as a simulated formation process of hisulstances”
By Yuki Nakaya and Satoru Nakashima
Chemistry Letters, 2016. 45(10). 1204—-1206.

2.1.1. Introduction

Kinetics of the Maillard reaction has been stddor long years by various researchers, espgciall
in food chemistry (van Boekel, 2001). Since brownif food is one of the most important problems
in food chemistry (Finot, 2005), progress of thellded reaction is often measured in terms of color
formation by UV-Vis spectroscopy (e.g. Song et #66; Stamp and Labuza, 1983; Ghazala et al.
1991; Baisier and Labuza, 1992; Ajandouz et al, 2008). However, most of amino acids sughrs as
initial materials of the simulated Maillard reactiare neither colored nor UV-Vis active.

IR spectroscopy is one of useful methods for ga@lie analyses of amino acids and sugars. Unlike
their UV-Vis spectra, IR spectra have many charestie absorption bands due to characteristic
vibrations of polar functional groups such as hygtdOH), carbonyl (C=0), ester (COO), carboxyl
(COOH) groups, together with those of aliphatic armmatic C-Hs and aromatic rings bound to polar
components. Since IR transmission spectroscopyjoéaus solutions is very difficult because of
strong absorption band of water, batch measureaiétir pellets of well desiccated powders is often
used. For the similar reason, in situ IR measurérmanagueous solutions has almost never been
performed in the study of the Maillard reaction.

However, it is possible to measure IR transmissioectra of aqueous reactants and products of
the Maillard reaction by adjusting appropriate eamications and thicknesses of sample solutions. In
this section, | aimed to establish a stable in I§ttineasurement method of the Maillard reactioa as
simulated formation process of humic-like substaremed degradation process of reactants (Section
2.1) as well as the in situ UV-Vis spectroscopyc{®a 2.2). In Section 2.1, a stable in situ IR
transmission spectroscopic measurement method ilbkdiereaction is established and the time scale
for the decreases in initial materials is evalualteditu UV-Vis spectroscopic measurement of gigci
+ ribose mixture solutions for tracing intermedgsnd later products is described in later sections
(Sections 2.2 and 3.2).



2.1.2. Methods

For in situ IR spectroscopic measurement of the aqueous Maillard reaction, I have designed and
constructed a new heatable liquid cell (made by Center for Scientific Instrument Renovation and
Manufacturing Support, Osaka Univ.). An overview and a schematic cross section of the cell is shown
in Fig. 2.1.1. A sample solution stays in a thin space sandwiched by two CaF; (calcium fluoride) optical
windows of 2 mm thick and 13 mm in diameter with a polytetrafluoroethylene (PTFE, Teflon) spacer
of various thicknesses. And it is sealed by compression by upper and lower caps through rubber O-
rings of 13 mm in diameter. The thickness of sample solution can be chosen approximately using a
proper spacer. For in situ IR spectroscopic measurement in this section, PTFE spacers of 0.05 mm
thick were used. They were hand-made from commercial PTFE sheets (7-358-07, AS ONE:
chemically and thermally stable below 200 °C) of 0.05 mm thickness by piercing them with punches

of 12 mm (outside diameter) and 8 mm (inside diameter) (Fig. 2.1.2).

Cartridge heater

Thermocouple

Light pathway
I |

| | O-ring
Sample soiltlon Wl % CaF, window
\; ( } | __— Spacer
.,

O , i CaF, window
Hole for | =7 ’ @\~O-ring
cartrildge heater <—— Teflon h?at insulator

A 4

Fig. 2.1.1. An overview and a cross section of the new heatable liquid cell.
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For 12 mm.

For 8 mm:s

Fig. 2.1.2. A photograph of the punches, a PTFEtS@d a hammer for punching.

As a starting solution of the Maillard reactiarf).5 molt glycine and ribose solution was selected
here as representative amino acid and sugar comfsor20 mol t glycine and 2.0 moi ribose
solutions were prepared by dissolving them in puager (MilliQ: Resistance > 18.2 Qcm). These
solutions and pure water were mixed to obtain Qblrhglycine + ribose mixture solutions, 0.5 mol
I glycine solutions and 0.5 mol Fibose solutions. About 1 pl of the solution wagéted in the
sample chamber of the liquid cell.

Glycine + ribose mixture solutions (0.5 md) ere heated at 80, 75 and 70 °C for 48 hours (2
days) and at 65 and 60 °C for 96 hours (4 dayahitR spectrometer (FTIR4100, Jasco) (Fig. 2.1.3).
It has a single beam measurement system, in wigbh ihtensity () from the source through an
interferometer passes through the sample compartimdre detected by a TGS detector. Intensity of
referencelp) was measured without the cell and that for tiegda () with the cell. Absorbancé\bs.)
is expressed as a common logarithm of the ratirasfsmitted light intensities of samplg éand
referencelp):

Abs.= —logqg i
Iy

It should be noted that absorption by not onlysample solution but also two Gakindows was
measured in the single beam measurement systehotdgraph of the sample compartment with the
heatable liquid cell is shown in Fig. 2.1.4. IR cjpg@ were measured every 2 minutes with a
wavenumber resolution of 4 chrand 64 scans in the 400-7800 tispectral range. As reference
experiments, IR spectral changes for 0.5 mdajlicine solution only and 0.5 mot kibose solution
only were measured for 2 days heating at 80 °C.ofher measurement conditions were the same as
those of 0.5 mol? glycine + ribose mixture solutions. Experimentabqedures of the in situ IR

spectroscopic observation are shown in Fig. 2.1.5.
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Fig. 2.1.3. An overview of the IR spectrometer (FTIR4100, Jasco).

=

Fig. 2.1.4. A photograph of the sample compartment of the IR spectrometer (FTIR 4100, Jasco) with
the heatable liquid cell.

12



Fig. 2.1.5. Experimental procedures from (a) to (i) of the in situ IR spectroscopic observation of 0.5

mol I'! glycine + ribose mixture solutions heated at 80, 75, 70, 65 and 60 °C in the heatable liquid cell.
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2.1.3. Results

Representative in situ IR spectra of 0.5 mol I'' glycine + ribose mixture solutions heated at 80 °C
(0-48 hours) in the 400-7800 cm™! spectral range are shown in Fig. 2.1.6. They show peaks around
1600, 3400, 5200 and 7000 cm™ corresponding to vibrations of water molecules (Eizenberg and
Kauzmann, 1969). The peaks around 1600 and 3400 cm™! are saturated and their changes cannot be
monitored quantitatively. This saturation of absorption by water in IR range occurred even in the
measurements with PTFE spacers of 0.05 mm thick, and it prevented monitoring of IR absorbance in
these regions. However, absorbance in the 900-1800 cm™! spectral range were not saturated and it can
be monitored quantitatively. The peaks around 5200 and 7000 cm™ due to water were also not saturated,

and they can be used for monitoring thickness of sample solutions.

3 T ] |
- 3400 | 1%
2F . II ! "Jj j
Abs [ \ |
L 7000 5200 «vn\_
70800 60100 . 40100 . 20100 . 400

Wavenumber [cm-1]

Fig. 2.1.6. Representative IR spectra of 0.5 mol I'! glycine + ribose mixture solutions heated at 80 °C
(0—48 hours) in the 400-7800 cm! spectral range.

Details of in situ IR spectra in the 900-1800 cm™' spectral range of 0.5 mol I'' glycine + ribose
mixture solutions, 0.5 mol 1! glycine solutions and 0.5 mol 1! ribose solutions heated at 80 °C (0-48
hours) are presented in Fig. 2.1.7. They show peaks at 1044, 1088, 1120, 1156, 1220 and 1246 cm™
corresponding to absorptions by ribose, and 1330, 1410, 1442 and 1510 cm™ due to absorptions by
glycine. These absorptions in the spectra of 0.5 mol 1! glycine solutions alone and 0.5 mol I"! ribose
solutions alone showed no significant changes with heating time. Therefore, no significant changes
occurred on IR active functional groups of glycine alone and ribose alone during their heating at 80 °C
for 48 hours. On the other hand, in the spectra of 0.5 mol I"! glycine + ribose mixture solutions, these
absorptions decreased with heating time. This indicates that their functional groups were changed by
the Maillard reaction. Assignments of IR absorption bands observed in Fig. 2.1.7 are listed in Table

2.1.1. It should be noted that no increasing absorption bands have been recognized.
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Fig. 2.1.7. Representative IR spectra of 0.5 mol 1! glycine + ribose mixture solutions, 0.5 mol 1!
glycine solutions and 0.5 mol 1! ribose solutions heated at 80 °C (0—48 hours) in the 900-1800 cm™!
spectral range. (They were shifted vertically for clarity.)

Table 2.1.1. Assignments of absorption bands observed in Fig. 2.1.7 based on the literatures ('Carmona

and Molina, 1990; *Kumar et al., 2004; *Kitadai et al., 2010).

Wavenumber (cm™)  Assignment (literature data of wavenumber (cm™))

1044 C-O stretching + C-C stretching + C-H bending of ribose (1030)!
1088 C-O stretching + C-C stretching of ribose (1078)!

1120 C-O stretching + C-C stretching of ribose (1112)"

1156 C-O stretching + C-C stretching of ribose (1155)"

1220 C-H bending + O-H bending of ribose (1215)!

1246 C-H bending + O-H bending of ribose (1240)'

1330 NH; bending+ CH, bending of glycine(1334)?

1410 COO" symmetric stretching of glycine?

1442 CH, bending of glycine®

1510 NH;" symmetric deformation of glycine?
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2.1.4. Discussion

Changes with time in bands around 5200 and 7000 cm™ (baselines of 45005500 cm™ and 6500—
7300 cm’!, respectively) in the in situ IR spectroscopic measurements for 0.5 mol 1! glycine + ribose
mixture solution at 80, 75, 70, 65 and 60 °C are shown in Fig. 2.1.8. 5200 cm™! band area was 7077
and 7000 cm™! band area was 20-22 for each measurement. It suggests that the thickness of sample
solutions was almost the same and there was almost no escape of the sample solutions throughout

each heating experiment.

= - 80°C
70 Around 5200 . 75°C
60 - 70°C
® 50
3
40
30 Around 7000
20{ == —
0 1 2 3
time (sec.) x 105

Fig. 2.1.8. Changes with time in band areas around 5200 and 7000 cm™ during the in situ IR
spectroscopic measurements for 0.5 mol 1! glycine + ribose mixture solution at 80, 75, 70, 65 and

60 °C.

Small bands around 1156, 1120, 1088 and 1044 cm™ correspond to C-O stretching vibrations of
different C-O bonds in ribose (Carmona and Molina, 1990). Changes with time in these individual
band areas around 1044, 1088, 1120, 1156 cm™ (baseline: 1020—1060, 1075-1105, 1110—1145, 1145—
1170 cm™, respectively) showed similar trends. Therefore, they can be regarded as one global C-O
band of ribose and its band area was determined with a baseline of 10201170 cm™', because of its
larger precision. This C-O stretching band around 1100 cm™ is selected for further quantitative
analyses of ribose. The 1100 cm™ band areas (baseline: 1020-1170 cm™) were divided by the 1100
cm’! band areas of the 0 second spectrum of 0.5 mol I"! glycine + ribose mixture solutions heated at
each temperature to normalize differences in the sample solution thickness. These normalized band
areas showed exponential decreases at each heating temperature (Fig. 2.1.9a).

In order to perform kinetic analyses, the decreases in the normalized 1100 cm™ band area with
time were fitted by the following exponential equation, assuming the first order reaction:

IR1100 = C exp(—kq100t) (eq.2.1.1)
where IR11¢0 is the normalized 1100 cm™ band area, # is the heating time (s), k1100 is the apparent first

order rate constant (s) and C is the intercept at time zero of the band area axis. Because the reaction
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might have already proceeded to some extent during the increase in temperature and the time zero was
taken when the target temperatures were attained, C is not set to 1.

Values of k1100, C and correlation coefficient » values obtained by fitting of the experimental data
by the above equation are listed in Table 2.1.2. Obtained C values were close to 1. The obtained
apparent first order rate constants kjjoo increased with temperature. They can be described by the

lll‘c 111‘1 RT (Eq‘ 2'1'2)

, where 4 is the frequency factor (s™!), E, is the activation energy (kJ mol™), R is the gas constant (8.31
Jmol! K!) and T is the absolute temperature (K).

The Arrhenius plots of k1100 and 7' (333-350 K) show a quasi-linear trend (Fig. 2.1.10). The fitting
line of these experimental data gave E, and 4 for the decreases in 1100 cm™! band area during the
heating of 0.5 mol 1! glycine + ribose mixture solutions. The obtained £, and 4 values were 98 kJ
mol™! and 4.8x10° s”!, respectively.

The same kinetic analyses can be conducted on the bands due to glycine. Since similar changes
with time were mostly obtained for these bands, the 1330 cm™! band area (baseline: 1290-1360 cm™)
was selected in this study as a representative band (NH» bending + CH; bending of glycine: Kumar et
al., 2004) (Fig 2.1.9b). The normalized 1330 cm™ band area decreases with time were fitted by the
exponential equation assuming the first order reaction:

IRy330 = Cy exp(—ky330t) + C; (€9 2.1.3)
where IR1330 is the normalized 1330 cm™ band area of glycine, # is the heating time (s), k1330 is the
apparent first order rate constant (s'), C; is the constant corresponding to the intercept at the
normalized band area axis and C; is the vertical offset corresponding to glycine residues, which is
unreacted or dissociated from intermediates (see later considerations). k1330, C1, C> and correlation
coefficient » values obtained by fitting of the experimental data by the above equation are also listed

in Table 2.1.2.

|—80c —75C —70C —65C —

1.2 T T T 1.2 T T T

1 L (a) 1100 cm’! i 1|‘ ~ (b) 1330 cm’!
8 0.8 1 08 .7\-?7\7;“45,";— — i
5 06 : 1 osf —
< 04 o - 04 _
@02 1 ool |offset 4

0 1 1 1 1 1

1
0
0 110°.210° 310° 410° 0 110° 210° 310° 410°
Time(s) Time(s)

Fig. 2.1.9. Changes with time in the normalized (a) 1100 cm™and (b) 1330 cm™! band areas during in
situ IR spectroscopy of 0.5 mol I'! glycine + ribose mixture solutions heated at 60, 65, 70, 75 and 80 °C

with exponential fitting curves (the first order reaction).
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Table 2.1.2. The values of k1100 (57), k1330 (s), C and 7 values of the apparent first order reactions for
the normalized band areas of 1100 cm™ and 1330 cm! in the heating experiments of 0.5 mol I"! glycine

+ ribose mixture solutions at 60, 65, 70, 75 and 80 °C.

80 °C 75 °C 70 °C 65 °C 60 °C

T ke 19x10° 92x10° 7.6x10° 33x10° 24x10°
s C  Lo4 105 0973 102 101
= 4 099 0997 0996 0998  0.996
ko 18XI0° LIX10° 9.2x10° 46x10° 2.5x10°
E o 045 046 044 046 050
§ G 054 054 053 054 050

r 0.999 0.999 0.999 0.999 0.999

NH; + CH: bending of glycine decreased almost simultaneously with C-O bonds of ribose. While
C-O bonds of ribose continue to decrease until zero, about halves of NH> + CH» bonds of glycine
decreased and the other halves remained (Fig. 2.1.9; C> ~ 0.5 in Table 2.1.2). In previous studies of
the Maillard reaction, amino acids were considered to be separated from the reaction intermediates
produced by combination of amino and carbonyl groups after Amadori rearrangement, and only sugar
moieties were supposed to continue to be dehydrated (Hodge, 1953). Therefore, the above glycine

residues observed in these experiments can correspond to these separated amino acids.

-10.5 : ’ . .
AL & 1100 |
™ ——1330
1151 i
<
~ 12L 4
£
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0.‘-_..
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1000/ 7 (K1)

Fig. 2.1.10. The Arrhenius plots of k1100 and k1339 for the normalized band areas of 1100 cm™ and 1330

cm’! and the fitting lines.

The Arrhenius plots of k1100 and k1330 and 7 (333-350 K) for 1100 cm™! band area of ribose and
1330 cm! band area of glycine show relatively good linear trends (Fig.2.1.10). The fitting lines of
these experimental data gave E, and 4 for the decreases in ribose and glycine bands during the heating
of 0.5 mol 1" glycine + ribose mixture solutions (£, =98 kJ mol! and 4 = 4.8x10° s! for ribose and

E, =93 kJmol! and 4 = 1.2x10° 5! for glycine, respectively). These values were on the same order
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of magnitudes. These quasi-linear trends suggestedsimilar reaction mechanisms in this
temperature range (60-80 °C).

In previous works, decreases in initial materidlthe Maillard reaction have been fitted by either
the first order or the second order reactions @aekel, 2001). The decrease with time of two gigrti
materials can be usually fitted by the second oréaction. However, the second order fitting of the
present experimental data were not good. On ther ¢ikind, their fittings by exponential equations
were good with correlation coefficient 0.996 (Fig.2.1.9, Table 2.1.2). This indicates talidity of
the first order reaction model. The collision oyghe and ribose in this study can be fast and the
transformation of formed glycine-ribose composiighmbe the rate-limiting step following the first
order reaction.

The obtained apparent first order rate constiangs andkisspat 60—80 °C can be extrapolated to
lower temperatures by the above Arrhenius equétign2.1.2). 15 °C was selected as a representative
temperature of Earth’s aquatic environment. Theagxtiateck; values at 15 °C are 9.4x16? (=
k1100 for decrease in ribose (band area around 1108 emd 1.4x16 s (= kisso) for decrease in
glycine (band area around 1330 8nduring the Maillard reaction of 0.5 mot glycine + ribose
solution. In order to better represent time scaleisese reaction rates at Earth’s surface envigsrig
their half-life ty> can be calculated by (In R){oo (1330)and thety» values at 15 °C are 2.3 years for
decrease in ribose and 1.5 years for decreasgdimgl|

In this section, decreases in starting materialevi@lowed by the present in situ IR method.
However, no significant increasing absorption batmisesponding intermediates and later products
were recognized. Their concentrations or extinctioefficients were possibly too small to be detgcte

in the IR range.
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2.2. In situ ultraviolet—visible spectroscopy for the Maillard reaction by 0.5 mol I'X glycine and ribose

solution

2.2.1. Introduction

Humic substances are known to have broad and &asisr UV-Vis absorption spectra (Wang et
al, 1990), which are derived from presence of atamiags or conjugated C=C or C=0 double bonds,
in the ultraviolet (UV) (200—400 nm) and visibleig)y/(400—800 nm) regions (Stevenson, 1994). In
spite of the featureless absorption spectra, UVspectroscopic measurements have been performed
in various studies of humic substances becauseasd ef measurement, and some quantitative
treatment of the spectra have been conducted.X¥aon@e, slope in visible range, absorbance at 400
and 600 nm, their rationd quotient of mass of organic matter (Kumada, 1965; Ghosh and Schnitzer,
1979; Ikeya and Watanabe, 2003).

UV-Vis spectroscopy is also employed in the stuidghe Maillard reaction. For example, Stamp
and Labuza (1983) followed the Maillard reactioitween aspartame, which has an amino group, and
glucose by measuring absorbance at 420 nm at 70%1,08nd obtained the activation energy of 65
kJ mol! assuming the zeroth order reaction. On the othedhSong et al. (1966) followed the
Maillard reaction between D-glucose and glycinen®asuring absorbance at 490 nm. In fact, solution
browning is typical for the Maillard reaction argdderived from a highly concentrated mixture of UV
active species (Davies and Labuza, 1997) such énoidins, which are the final products of the
Maillard reaction and have aromatic rings and cgajad C=C double bonds. Furthermore, furfural
and hydroxymethyl furfural (HMF), which are the enthediates of the Maillard reaction (Hodge,
1953), has a broad absorption band around 280 moe $hese intermediate products such as HMF
show a yellowish color in the Maillard reactione ttoloration by HMF is called “secondary browning
reaction” (Song et al. 1966).

Thus, UV-Vis spectroscopy has been often usedutiest of humic substances and the Maillard
reaction. However, in situ measurements have ret benducted for monitoring the reaction progress,
except for Otsuka and Nakashima (2007) followirgaddsorption of a dissolved humic substances to
goethite and subsequent oxidation to,® in situ UV-Vis spectroscopy mainly at 254 nnT@t’C.

In order to monitor the formation of products by tklaillard reaction of 0.5 mottiglycine +
ribose mixture solution, in situ UV-Vis spectrosmomeasurements for the solutions with the same
types of heatable liquid cell were conducted. Agndex of yellow-brownish compounds’ generation,
absorbance at 420 nm with one-point base at 80@&m employed after Stamp and Labuza (1983).
For starting materials, glycine and ribose werecel in order to compare results with those by in
situ IR spectroscopic measurement (Section 2.1¢. fidatable liquid cell and the PTFE spacers of

0.05 mm thickness were used.
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2.2.2. Methods

By the same way as in IR measurements (Section 2.1), 0.5 mol 1" glycine + ribose mixture
solutions were prepared and about 1 pl of the solution was injected in the sample chamber of the same
heatable liquid cell. 0.5 mol I'! glycine + ribose mixture solutions were heated at 80, 75, 70, 65 and
60 °C for 144 hours (6 days) in an UV-Vis spectrometer (V530, Jasco) (Fig. 2.2.1). It has a double
beam measurement system, in which light source is divided into two: one for sample and the other for
reference, and detectors measure intensity of each light (7 and /j). The heatable liquid cell was mounted
on the sample position of the UV—Vis spectrometer (Fig. 2.2.2). Therefore, absorption by not only the
sample solution but also two CaF, windows was measured. In order to check reproducibility, 80 °C
experiment was conducted 3 times. UV—Vis spectra were measured every 5 minutes at a scanning
speed of 400 nm min™' with a resolution of 1.0 nm in the 200-1100 nm spectral range. In order to
check constancy of thickness of the sample solutions, IR spectra were also measured before and after

the heating experiments with a wavenumber resolution of 4 cm™! and 64 scans in the 400-7800 cm™!

spectral range.

Fig. 2.2.2. A photograph of the sample compartment of the UV-Vis spectrometer (V530, Jasco).
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2.2.3. Results

Representative visible spectra (400-1100 nm) for 0.5 mol 1" glycine + ribose mixture solution
heated at 80 °C for 0—144 hours (0—6 days) are shown in Fig. 2.2.3. Absorbance at shorter wavelength
increased more for longer heating durations. It should be noted that spectral saturation occurred in UV

region (200—400 nm) (not shown) because of strong absorption by UV active products.

¥
420
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Fig. 2.2.3. Representative in situ visible spectra for the product solutions of 0.5 mol I'! glycine + ribose

mixture solutions heated at 80 °C for 0, 1, 2, 3, 4, 5 and 6 days.

On the other hand, water bands at 5200 and 7000 cm™ in the near IR region were used for
examining constancy of thickness of sample solutions. Fig. 2.2.4 shows IR spectra before and after in
situ UV—Vis spectroscopy at 80 °C (before: 0 day; after: 6 days). 5200 cm™! band area was 74-80 and
7000 cm™! band area was 20-22 for each measurement. 5200 cm™! band area (average value of before

and after) were used for normalizing the experimental spectra in terms of the solution thickness.
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Fig. 2.2.4. IR spectra before and after in situ UV—Vis spectroscopy at 80 °C (before: 0 day; after: 6
days).
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2.2.4. Discussion

Changes in absorbance at 420 nm with one-point base at 800 nm (Viss2) with time during the in
situ measurements at each heating temperature are plotted in Fig.2.2.5. The absorbance was corrected
so as for sample thickness to be the same as the first experiment at 80 °C using 5200 cm™! band area.
These changes were fitted by the first order reaction model. The fittings of the data by

Visspo = C(1 — kgpot) (€q.2.2.1)
give apparent first order reaction rate constants ks (fitting parameters: k420, C). The fitting curves are
shown in Fig. 2.2.5 on the Vis4o changes. k420, C and correlation coefficient » values obtained by the
first order fittings are listed in Table 2.2.1.
12

—-—80°C
1.0 ~75°C
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Fig. 2.2.5. Changes of Viso with time during the in situ measurements of 0.5mol I"! glycine + ribose
mixture solutions heated at 60, 65, 70, 75, and 80 °C with the fitting curves (the first order reaction).
Changes at 80 °C are for the representative ones and changes for the other two experiments are not

shown.

Table 2.2.1. The values of ka2 (s™!), C and correlation coefficient » values of the first order reaction
fittings in the heating experiments of 0.5 mol 1"! glycine + ribose mixture solutions at 60, 65, 70, 75

and 80 °C.

goeCc! 80°C* 80°C? 75 °C 70 °C 65 °C 60 °C

kao 8.0x10° 7.0x10¢ 6.9x10° 6.2x10° 3.2x10° 1.9x10° 1.1x10°
C 1.15 1.15 1.20 1.03 1.13 1.14 1.27
r 0.999 0.999 0.999 0.999 0.999 0.999 0.999

The obtained apparent reaction rate constants increased with the heating temperature. They can be

described by the Arrhenius equation (eq. 2.1.2).

E,
- _Za  (eq.2.12
Ink =InA =T (eq )
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The Arrhenius plots of k420 and 7 (333-350 K) (Fig. 2.2.6) show relatively good linear trends, where
average values of In k420 at 80 °C are employed and their standard deviations (0.06) are indicated by
error bars. The fitting lines of these experimental data gave E, and 4 values for increase of 420 nm
absorbance during the heating of 0.5 mol 1"! glycine + ribose mixture solutions (E, = 98 kJ mol™!' and

A=2.7x10°s1).
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Fig. 2.2.6. The Arrhenius plot of the first order increase rate constant kspo values of Vissy and their

fitting line.

The obtained apparent first order rate constants k420 of Visz at 60—-80 °C can be extrapolated to
15 °C by the above Arrhenius equation (eq. 2.1.2). The extrapolated kazo value at 15 °C was 4.5x107
s! for browning (absorbance at 420 nm) during the Maillard reaction of 0.5 mol 1"! glycine + ribose
solution and the half-life (¢12) at 15 °C was 4.9 years.

Previous kinetic analyses of batch Maillard reactions reported wide ranges of activation energies
(16-238 kI mol™!) possibly due to different experimental conditions and kinetic analyses (van Boekel,
2001). The present data by in situ IR and visible measurements with the activation energy of 90—100
kJ mol™! can give constraints on the better understanding of the Maillard reaction.

On the other hand, spectrum in UV region (200400 nm) could not be traced because of strong
absorption by UV active products in the present experiments of 0.5 mol 1! glycine + ribose mixture
solution with 0.05 mm thickness PTFE spacer. For in situ UV spectroscopy, lower initial concentration

should be examined (Chapter 3).
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2.3. Conclusion

In order to examine formation rates of humic-likdstances, | focused on the Maillard reaction
by 0.5 mol #* glycine + ribose mixture solution as a reactiomudating a formation of humic
substances.

First, for tracing degradation of the reactantsttey Maillard reaction, in situ IR spectroscopic
measurements using an original heatable liquidweete conducted. In situ IR spectra of 0.5 mol |
glycine + ribose mixture solutions heated at 63*B8(0—96 hours) showed peaks at 1044, 1088, 1120,
1156, 1220, 1246, 1330, 1410, 1442 and 1510. drheir band areas showed exponential decreases
for most of the heating temperatures. From refexremperiments, transformations of glycine alone
and ribose alone did not occur in the present hgatkperiments of glycine + ribose mixture solusion
Constancy of bands around 5200 and 7008 saggested thickness of sample solutions was almost
the same and there was almost no escape of thdesaohptions throughout each heating experiment.

The decreasing 1100 and 1330 cimand areas (baseline: 1020-1170 and 1290-136%) cm
respectively) were analyzed as indicators of anwonhtibose and glycine, respectively. The band
area decreases with time were fitted by the exp@adesguation assuming the first order reaction and
k1100 kizzoandty values were obtained, whedgooandkizzoare the apparent first order rate constants
for decreases in 1100 and 1330 chand areaty is the half-life. The Arrhenius plots &fi00 and
kiszoand T (333-350 K) gave linear trends and the fitteddigaveE, andA to beE, = 98 kJ mof
andA = 4.8x10 s? for ribose decrease afid = 93 kJ mol andA = 1.2x10 s for glycine decrease,
respectively.

The obtainedki100 andkizzoat 60—-80C were extrapolated to lower temperatures by thibekius
equation. The obtainddioo andkizso values at 15°C were 9.4x1@? (= kuoo) for decrease of ribose
(band area around 1100 éjrand 1.4x18 s* (= kizzo) for decrease of glycine (band area around 1330
cmh), respectively. The half-life, values at 18C were 2.3 years and 2.1 years, respectively.

Second, for tracing brown products by the reactiorsjtu UV-Vis spectroscopic measurements
of 0.5 mol i* glycine + ribose mixture solutions heated at 6028{0-144 hours) using the same
heatable liquid cell were conducted. Constancy hif sample thickness was checked by IR
spectroscopy before and after each in situ UV-pEcgoscopic measurement and 5200 dvand
area (average value of before and after) was wsatbfmalizing the experimental spectra in terms of
the solution thickness. In situ UV-Vis spectra shdwhat absorbance at shorter wavelength increased
more for longer heating durations. Spectral satumabccurred in UV region (200—400 nm) (not
shown) because of strong absorption by UV actieelpets.

Changes in absorbance at 420 nm with one-paise lat 800 nmM(ss20) with time during the in
situ measurements at each heating temperaturefitteceby the exponential equation assuming the

first order reaction anklzo andti» values were obtained. The Arrhenius plot&gf andT (333—-350

25



K) gave linear trends and the fitted lines gBy@ndA to beE, = 98 kJ mol andA = 2.7x10 s. The
obtainedkszo at 60—80°C was extrapolated to lower temperatures by théekius equation. The

obtainedkszo and half-lifet;values at 15 °C were 4.5x1@* and 4.9 years.
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CHAPTER 3

GO

Spectroscopic similarity between humic substances

and the simulated Maillard reaction products
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This chapter has been modified from the followindplshed paper:
“Non-destructive spectroscopic tracing of simulatednation processes of humic-like substances
based on the Maillard reaction”
By Yuki Nakaya, Satoru Nakashima and Mihoko Moniidu
Applied Spectroscopy, 2018. 72(8). 1189-1198.

3.1. Spectroscopic analyses for the batch solution of the simulated Maillard reaction products by

0.1 mol I glycine and ribose solution

3.1.1. Introduction

In Chapter 2, in situ IR and UV-Vis spectroscapieasurements for the Maillard reaction of 0.5
mol I'* glycine + ribose mixture solution at 60—-80 °C slatimg generation of humic substances were
conducted, and kinetic analyses for decrease®int#rting material and browning process suggested
90-100 kJ mot of activation energies for their reactions. Howeggectral changes for 0.5 mdi |
glycine + ribose mixture solution in UV range coulot be traced because of spectral saturation even
using a 0.05 mm thickness spacer. Therefore, &oirtg UV spectral changes, similar measurements
at lower initial concentrations are needed. In g@stion, spectroscopic similarity between humic
substances and the simulated Maillard reaction ymtsdby 0.1 mol glycine + ribose mixture
solution is discussed and validity of UV-Vis spestiopy is suggested.

UV-Vis spectroscopy has been commonly usedmigtio food chemistry concerning the Maillard
reaction but also in humic substances researctig®uyh absorption spectra in UV and visible range
of humic substances are often featureless (Waagj £990), absorption intensities or their ratibs a
particular wavelengths were used as surrogate mdeasn of quantity and property of humic
substances. For example, absorbance at 254 nneda®fien used as a measure of dissolved organic
matter (DOM) (Edzwald et al., 1985) and naturalamig matter (NOM) (Korshin et al., 1997).
Johnson et al. (2002) used specific UV absorbamcengass of carbon for examining transport
behavior of humic substances in aquifer sediment.

On the other hand, three dimensional excitationssimn matrix (3D-EEM) fluorescence
spectroscopy and size exclusion liquid chromatdgra(SELC) are also important measurements
monitoring humic substances in natural water. Naga@l. (2003) used high-performance size
exclusion chromatography for characterization ahlwusubstances in natural water showing some
fluorescence peaks in the range of 250-500 nm aifagion wavelength (Ex.) and 300—600 nm of
emission wavelength (Em.). Since it is recentlynped out that destructive procedures such as atali
extraction or drying for humic substances’ analysesy limit precise examination of humic

substances (Lehmann and Kleber, 2015), these msinidBve spectroscopic measurements are
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expected to provide precise properties of humistuires.

In this section, spectroscopic data obtainethbyfollowing non-destructive direct measurements
without any additional procedures including dryimgextracting the solution is discussed: UV-Vis
spectroscopy, 3D-EEM spectroscopy and SELC forhbatmples including 0.1 mot Iglycine +
ribose mixture solution heated at 80 °C for 0—168rk (0—7 days).

In order to examine correlation among spectroscdpia and check validity of using UV-Vis
spectra for monitoring progress of the Maillardctean, generalized two-dimensional correlation
spectroscopy (2D-COS) is used. It is a mathematiedhod to visualize correlation between bands in
two series of spectra changing in response to anbation, for example time, temperature and
composition. The two series of spectra can haveséinee or different spectral variables (Noda and
Ozaki, 2004). Since the first proposal in 1986 (AlotR86), the use of 2D-COS in spectroscopy has
been increasing (Noda, 2008). Recently in the husuiostances’ researches, 2D-COS has been
introduced for examining the relationships amongcgscopic data concerning humic substances
(Hur et al., 2011; Chen et al., 2014). For constructing generalized 2D-COS, dynamic spectra are
calculated by subtracting the parent spectra fioenréference spectrum (time-average spectrum in
the present case). Then, the dynamic spectra nezhguitime domain are transformed in those in
frequency domain by Fourier transform. Another eserof dynamic spectra from the reference
spectrum (time-average spectrum in the presenj tasalculated in the same way. These two series
of dynamic spectra are converted to 2D spectrasiiygua synthesized correlation function. The 2D
spectra consist of real and imaginary componenigatéfrom the Fourier transform, and the real and
imaginary components respectively give synchrorend asynchronous correlation intensity. In a
synchronous spectrum, positive (or negative) peagly that the pairs of the spectral variable cleang
corresponding to the perturbation in the same posite) direction. In an asynchronous spectrum, if
positive (negative) peaks appear at the same posis synchronous correlation peaks, that implies
changes at the spectral variable on the horizamtaloccurring earlier (later) than those on theival
axis.

In order to identify functional groups and chemicalmpositions of the reaction products,
heteronuclear single quantum coherence nuclear etiagesonance (HSQC-NMR) spectroscopy for
products is conducted. HSQC-NMR spectrum is a 2&tspm having horizontal and vertical axes
for chemical shifts in two NMR spectra (in thisgytH-NMR and**C-NMR spectra) and indicating
their correlation peaks. As another measurement identification of functional groups, IR
spectroscopy for dried products of the reactialse conducted. In order to estimate molecular teig
of the products, matrix assisted laser desorptioization time-of-flight mass spectroscopy (MALDI-
TOF-MS) is also conducted.
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3.1.2. Methods

Sample Preparation

Glycine and ribose solutions (0.2 mod) Were prepared respectively by dissolving themure
water (MilliQ: Resistance > 18.2 & cm). These two solutions were mixed to obtain adl I
glycine plus 0.1 moft ribose solution. This glycine + ribose mixturewmn was subdivided into 16
polypropylene micro-tubes containing 1.5 ml of éal I'* glycine + ribose solutions. One of them
was kept at room temperature (heated for O hout)tla@ others were heated at 80 °C in an electric
oven for about 6, 12, 18, 24, 30, 36, 42, 48, 5478, 96, 120, 144 and 168 hours in order to acatd
the reaction. After heating at 80 °C for each pgribe solution bottles were taken out from thenove
and stored in a refrigerator (6 °C). These battitisms (0.1 ml) were diluted 100 times by pureevat
(MilliQ) in order to prevent spectral saturationdafluorescence quenching for the following
measurements; (1) UV-Vis spectroscopy, (2) 3D-EEM spectroscopy, 8)dSELC. In order to obtain
data for larger molecular weight components in 168 hour heated products, another 0.1 ol |
glycine + ribose mixture solution heated at 80 €168 hours was put into a dialysis tube (Molecula
weight cutoff (MWCOQO): 3500 Da, in pure water bujfésr 24 hours and dialyzed to obtain fractions

over 3500 Da. Here, it is called “dialyzed solution

UV-Vis Spectroscopy

UV-Vis spectra for the sample solutions heated)+168 hours and the dialyzed solution were
measured in a quartz cell (optical pass lengtima() by an UV-Vis spectrometer (V570, Jasco). Pure
water was measured as a background spectrum, andhé diluted sample solutions were measured.
UV-Vis spectra were measured at a scanning spe4@Dafim mint with a resolution of 1.0 nm in the

190-1100 nm spectral range.

3D-EEM Spectroscopy

Three dimensional excitation emission matrix s@etr the sample solutions heated for 0—168
hours and the dialyzed solution were measuredfinosescence quartz cell (optical pass length: 2
mm, width: 10 mm) by a three-dimensional fluoressespectrometer (F7000, HITACH). Excitation
wavelength (Ex.) was 250-500 nm (excitation slihrs) and emission wavelength (Em.) was 300—
600 nm (emission slit: 5 nm). Scanning speed wa® 2 min' at 5 nm intervals and photomultiplier

voltage was 400 V. All of the spectra were corrédiased on rhodamine B spectrum.
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SELC

SELC for the sample solutions heated for 0-168$wauas conducted by using a high performance
size exclusion liquid chromatography (HPLC-SEC)tUEXTREMA, Jasco) and a SEC column
(YMC-Pack Diol 120, YMC, 35 °C). 50 mM sodium adetacetic acid solution (pH = 7) was used as
a common eluent. The injection volume was 100hd, ftow rate was 1 ml mih and the analysis
time was 30 min for each sample. The SEC columnexperimental condition were the same as
Moriizumi and Matsunaga (2011). Positions of vo@wne (M: retention time 5.5 minutes), total
effective column volume (¥ retention time 12.2 minutes) and retention timhenolecular weight
standards (ovalbumin: 42 kDa; myoglobin: 17 kDa) in their report are marked in the obtained
chromatograms for reference. Because these prsitminlards and the Maillard reaction products are
considered to have different molecular shapes &ulrigal properties, it should be noted that these
values cannot be directly compared. Chromatograere wecorded with a UV detector (UV4070,
Jasco) at 280 nm without baseline correction afidomescence detector (FP4025, Jasco) at Ex. 345
nm/Em. 430 nm. Obtained data were analyzed by ammial software (Chromato-Pro, Runtime

Instruments).

2D-COS

Generalized 2D-COS was conducted on UV-Vis speetrassion spectra at a certain excitation
wavelength in 3D-EEM spectra and SEC chromatogramghe batch solutions. The spectra were
generated by using a free software available at
https://sites.google.com/view/shigemorita/home/&yish(last accessed date; February 4, 2019),
2DShige (Shigeaki Morita, Kwansei-Gakuin Univers@@04—2005).

HSQC-NMR Spectroscopy

HSQC-NMR spectra for the product solutions (hed&ed 68 hours, undiluted) and controls (0.1
mol It glycine and ribose solutions) were measured onM@K700 (Bruker) with 5 mm TClI
Cryoprobe at 25 °C. The samples were diluted 1@giimy RO and analyzed. Measurement times

were 88 hours for the product solution and 11 héarghe controls.

IR Spectroscopy

In order to obtain IR spectra for the product sohg heated for 168 hours, the dialyzed solution

and controls (0.1 mol™ glycine + ribose mixture solution), an FTIR migpectrometer
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(FTIR620+IRT30, Jasco) was used. 10 pl of the sarsplution were dried for 3 hours on an Al foil
and transmission reflection (transflection) speofréne dried samples were obtained. IR spectra wer

measured with a wavenumber resolution of 4'@nd 64 scans in the 400-4000spectral range.

MALDI-TOF-MS

The MALDI-TOF mass spectra for the product solusidreated for 168 hours and the dialyzed
solution were recorded in a positive mode on AXINEAR (Shimadzu/Kratos) in a linear mode,
controlled by the KOMPACT 2.3.5 software packageteEnal calibration of MALDI mass spectra
was carried out using the monoisotopic peaks of igtune of Bradykinin 1-7 rfyz 757.40),
Angiotensin 1l Wz 1046.54), Angiotensin h/z 1296.68), Substance g 1347.74), Bombesin{z
1619.82), Renin Substrate/¢ 1758.93), ACTH clip 1-17/z2093.09), ACTH 18-3M§/z 2465.20)
and Somatostatin 281z 3147.47). In order to prepare the target sampé&eptoduct solution (heated
for 168 hours, undiluted) and a matrix (1 mg'rainapinic acid methanol solution) were mixed at a

ratio of 1:1 and they were air-dried.
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3.1.3. Results

UV-Vis spectroscopy

Representative UV-Vis spectra for 0.1 mbblycine + ribose mixture solutions heated at 80 °C
for 0, 24, 48, 72, 96, 120, 144 and 168 hours {@iluL00 times) are shown in Fig. 3.1.1a. A band
around 280 nm increased with time. Moreover, alzswb at shorter wavelength increased more for
longer heating durations. Fig. 3.1.1b shows a spector the solution heated for 168 hours and that
after dialysis (> 3500 Da). Absorption in the U\gi@n generally decreased after dialysis, in paldicu

around 280 nm. However, in the visible region, draad featureless absorption remained.
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Fig. 3.1.1. (a) Representative UV-Vis spectra fierproduct solutions of 0.1 mot blycine + ribose
mixture solutions heated at 80 °C for 0, 24, 48,982 120, 144 and 168 hours (diluted 100 timed) an
(b) spectra for the 168 hours heated solution andhie dialyzed solution (> 3500 Da) (diluted 100

times).
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3D-EEM Spectroscopy

Representative 3D-EEM spectra for 0.1 mol 1! glycine + ribose mixture solutions heated at 80 °C
for 0, 96 and 168 hours (diluted 100 times) and the dialyzed solution are shown in Fig. 3.1.2a, b, ¢ and
d respectively. Fluorescence maxima at Ex. 345 nm/Em. 430 nm can be recognized for spectra at 96
and 168 hours (Fig. 3.1.2b and ¢). 3D-EEM spectrum for the 168 hours heated solution after dialysis

showed almost no fluorescence (Fig. 3.1.2d).

450

300 400 500 600 300

400 500 600

EM(nm) EM(nm)

Fig. 3.1.2. Representative 3D-EEM spectra for the 0.1 mol 1! glycine + ribose mixture solutions heated
at 80 °C for (a) 0, (b) 96 and (c) 168 hours, and (d) the dialyzed solution. All the solutions were diluted
100 times. Contour intervals are 2.5 intensity units. Fluorescence intensity maximum positions at Ex.

345 nm/Em. 430 nm are indicated.
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Size Exclusion Liquid Chromatography

Representative size exclusion liquid chromatogrdoys280 nm absorbance on the product
solutions show, from left to right, large (5.7 mies), medium (10, 11 minutes) and small (18.8
minutes) molecular weight components based on markers (ovalbumin: 42 kDa; myoglobin: 17 kDa)
(Fig. 3.2.2a). It should be noted that this chrageam can include not only the peak around 280 nm
but also a tail of broad absorption in the ultréeisange because the detection was without baselin
correction. On the other hand, representative chtognams by fluorescence intensity at Ex. 345
nm/Em. 430 nm show peaks around retention timéad17 minutes (Fig. 3.1.3b), corresponding to

medium molecular weights observed by 280 nm absadahromatograms (Fig. 3.1.3a).

| (a) 280 nm absorbance \
198500 -

Als.sj

148500 42 kDa

98500
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-1500
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‘ (b) Fluorescence intensity at Ex. 345 nm/Em. 430 nm

38500

28500
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Relative intensity (uV)
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Fig. 3.1.3. Representative chromatograms by (a)@8@bsorbance and (b) fluorescence intensity at
Ex. 345 nm/Em. 430 nm on the product solutions.afrfol it glycine + ribose mixture solutions
heated at 80 °C for about 0, 24, 48, 72, 96, 120,ahd 168 hours (100 times diluted solutions &rth
diluted 10 times by an eluent).
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2D-COS

Generalized 2D synchronous and asynchronous speeim generated from UV-Vis spectra,
emission spectra at a certain excitation waveleirg8D-EEM spectra and SEC chromatograms for
the batch solutions by using 2DShige.

Generalized 2D synchronous correlation UV-Vis sgefrr the product solutions of 0.1 mdi |
glycine + ribose mixture solutions heated at 80df6C0—168 hours (batch solutions) show generally
strong positive correlations around 200 and 280(red portions in Fig. 3.1.4a). Asynchronous
correlation spectra indicate sequential order efcspl changes: absorption around 320 nm firstly
increased and 200, 280 and >350 nm absorptionifetian this order (from reddish to bluish regions
in Fig. 3.1.4b).

Fig. 3.1.4c and d show generalized 2D (c) synchusrand (d) asynchronous correlation spectra
(horizontal axis: UV-Vis spectra, vertical axis:ission spectra excited at 345 nm), respectivelg Th
fluorescence maxima around 430 nm has strong etioet to absorbance around 200 and 280 nm
(Fig. 3.1.4c). This correlation extends to 500 mnthe visible region. In asynchronous correlation
spectra, the fluorescence maxima around 430 nreases at the same time as absorptions around 250
nm and 400 nm (white regions in Fig. 3.1.4d). Althb changes in the emission spectra excited at
345 nm are assumed to have correlation with UV ddaswe changes at 345 nm, Fig. 3.1.4c showed
the relatively weak correlation among them. Thigassibly because the fluorescent components less
contributed to UV-Vis spectra than other UV absagbicomponents. In fact, the fluorescent
components having chromatographic peaks aroundti@betime of 10 to 17 minutes (Fig. 3.1.3b)
show much weaker absorption at 280 nm than the ooss at retention time of 18.8 minutes (Fig.
3.1.3a) contributing mainly to changes in the 2B80absorption band.

UV-Vis absorbances around 280 nm on the horiz@nxal were determined as spectra above the
baseline (245-315 nm) (Fig. 3.1.1a). GeneralizedgdBynchronous and (f) asynchronous correlation
spectra (horizontal axis: spectra around 280 nnvetibe baseline (245-315 nm), vertical axis:
chromatograms by 280 nm absorbance) are showrgin3Fi.4e and f. The chromatograms around
retention time of 5.7, 10, 11 and 18.8 minut&s;{ Ao, A11andAss.g) show synchronous correlations
around 260-300 nm (Fig. 3.1.4&).0andAy; increase earlier than UV-Vis spectral changes/fand
andAsssincrease later (blue and red regions in Fig. 8.te$pectively). The spectra around 280 nm
above the baseline show strong and simultaneouslatbons withAsg g (red region in Fig. 3.1.4e and
white region in Fig. 3.1.4f, respectively).

Generalized 2D synchronous correlation spectraigbiotal axis: UV—-Vis spectra, vertical axis:
chromatograms by fluorescence intensity at Ex. 3#5Em. 430 nm) indicate that the components
with 10—17 minutes retention time show strong datien with 200-300 nm absorbance (red regions

in Fig. 3.1.4g). Asynchronous correlation spectrdidate earlier increases than UV-Vis spectral
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changes for the components with retention timel)atnd 11 minutes (blue regions in Fig. 3.1.4h).
The components with longer retention time (12—1futgs) show later changes (red regions in Fig.
3.1.4h).
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Fig. 3.1.4. Generalized 2D (a) synchronous an@glghchronous correlation UV-Vis spectra for the
product solutions of 0.1 motIglycine + ribose mixture solutions heated at 80f6C0—168 hours.

Numbers of the regions in (b) corresponds to tteeoof spectral changes. Generalized 2D (c)
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synchronous and (d) asynchronous correlation spéotrizontal axis: UV-Vis spectra, vertical axis:
emission spectra excited at 345 nm) for the prodakttions of 0.1 mol glycine + ribose mixture
solutions heated at 80 °C for 0—-168 hours. Germ@lPD (e) synchronous and (f) asynchronous
correlation spectra (horizontal axis: spectra adae80 nm above the baseline (245-315 nm), vertical
axis: chromatograms by 280 nm absorbance). GeredaZiD (g) synchronous and (h) asynchronous
correlation spectra (horizontal axis: UV-Vis spactvertical axis: chromatograms by fluorescence
intensity at Ex. 345 nm/Em. 430 nm). Color scalestzae indicated for each figure. These scales are

variation ranges of each correlation and cannatdoepared each other.
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HSQC-NMR Spectroscopy

HSQC-NMR spectra for 0.1 mot Isolutions of (a) glycine, (b) ribose and (c) 0.4l glycine
+ ribose mixture solution heated at 80 °C for 168rs are shown in Fig. 3.1.5. The spectrum for 168
hours heated solution (Fig. 3.1.5¢) shows peakgyoine (light green) and ribose (red) togethehwit
some new peaks. Circles indicate characteristiasafer aliphatic Chland CH and aromatic CH
(Stevenson, 1994The other peaks with gray arrows are folded peaks for the products; chemical shift
for 13C are 170 and 185 ppm, respectively. Peaks forméntical ¢H: 3.5 ppm) and horizontatiC:

40 and 60 ppm) lines are noise peaks.
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Fig. 3.1.5. HSQC-NMR spectra for 0.1 mol I'' solutions of (a) glycine, (b) ribose and (c) 0.1 mol 1!
glycine + ribose mixture solution heated at 80 °C for 168 hours. Peak positions of glycine and ribose
are indicated. Circled areas are for aliphatic CH, and CH3 and aromatic CH. Folded peaks for the

products are indicated by gray arrows.
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IR Spectroscopy

IR spectrum for the dried sample of glycine + ribose mixture solution (heated for 0 hours: before
the reaction) (Fig. 3.1.6a) showed ribose bands around 1100 cm™ and glycine bands at 1248, 1322,
1405, 1504 and 1620 cm™ (Section 2.1). The absorption band at 1620 cm™! is considered to correspond
to COO™ asymmetric stretching of glycine (Kitadai et al., 2010). IR spectrum for the dried sample of
168 hours heated solution (Fig. 3.1.6b) showed peaks mainly from glycine and ribose. Because of
relatively strong absorptions of glycine and ribose, almost no significant peak of the products could
be recognized. IR spectrum for the dried sample of the dialyzed solution (Fig. 3.1.6¢) showed almost
no glycine and ribose absorptions around 1100, 1248, 1322, 1405, 1504 and 1620 cm™'. This can be
explained by escape of glycine and ribose due to dialysis of small components (>3500 Da). On the
other hand, this spectrum showed an absorption at 1728 cm™! corresponding to COOR groups, and
absorptions at 2848, 2915 and 2954 due to aliphatic CH stretching (Stevenson, 1994).
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Fig. 3.1.6. IR spectra for the dried samples of (a) 0.1 mol I"! glycine + ribose mixture solution (heated
for 0 hour), (b) the product solution heated at 80 °C for 168 hours and (c) the dialyzed solution.

Absorptions around 2350 cm™ are considered to be due to CO; in the optical path of the spectrometer.
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MALDI-TOF-MS

Mass spectra for the 0.1 mol I"! glycine + ribose mixture solution heated at 80 °C for 168 hours
(red) and its dialyzed solution (> 3500 Da) (blue) are shown in Fig. 3.1.7a m/z: 0-1000, and b m/z: 0—
300). Weak peaks at m/z at 97.77 and 172.71 (indicated in Fig.3.1.7a and b) were considered to be due
to sodium adducted ions of glycine (calculated value: 98.02) and ribose (calculated value: 173.04).
Strong peaks at m/z at 224.44 and 206.45 (indicated in Fig. 3.1.7a) are due to the matrix of sinapinic
acid and its dehydrate, respectively. The other peaks can be due to products and their fragment ions.
Peaks at m/z: 66—69 are indicated in Fig. 3.1.7b, which can be due to fragment ions of furfural (NIST
Chemistry WebBook, NIST Standard Reference Database 69:
http://webbook.nist.gov/cgi/cbook.cgi?ID=C98011 & Units=SI&Mask=200#Mass-Spec (last accessed
date: February 4, 2017)), one of reported intermediates of the Maillard reaction (Hodge, 1953). In spite
of the presence of medium and high molecular weight components indicated by SEC measurements
(Fig. 3.1.3), mass spectrum for 168 hours heated solution showed no significant peaks in higher m/z

region (>1000).
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Fig. 3.1.7. Mass spectra ((a) m/z: 0-1000, (b) m/z: 0-300) for 0.1 mol I"! glycine + ribose mixture
solutions heated at 80 °C for 168 hours (red) and the dialyzed solution (> 3500 Da) (blue).

44



3.1.4. Discussion

Increases in the products during the heating afigéyand ribose mixed solution (0.1 md) ere
quantitatively traced by UV-Vis and 3D-EEM spectmpy and SELC (Figs. 3.1.1-3). These
measurements did not require any additional prassduncluding drying or extracting the solution.
In the following, implications of these spectrabalges including their 2D correlation spectroscopic
analyses are discussed.

UV-Vis spectra (Fig. 3.1.1a) and chromatograms&/2n (Fig. 3.1.3a) suggested the formation
with time of small components with 280 nm absonmptibhese are considered to include furfural,
which has an absorption peak around 280 nm (Martateal., 2000). The disappearance of peak at
280 nm in the spectrum of the dialyzed solutior8%90 Da) (Fig. 3.1.1b) can be understood by the
small size of furfural.

By 2D correlation spectroscopic analyses, a baodrar 280 nm above the baseline of 245-315
nm was suggested to be taken as a measure oténmadiates including furfural (Fig. 3.1.4e and f).
Spectral changes in the visible region (> 350 nrowining) followed after the 280 nm increases (Fig.
3.1.4d). Therefore, in this study, the band arearadt 280 nm with a baseline of 245-315 fiv4go)
is used for kinetic analyses of the formation ofdtal-like intermediates in Section 3.2.

On the other hand, humic-like products were indiddity UV-Vis spectra (Fig. 3.1.1), 3D-EEM
spectra (Fig. 3.1.2) and chromatograms by fluoreseentensity at Ex. 345 nm/Em. 430 nm (Fig.
3.1.3b). The fluorescence maxima in Figs. 3.1.2endc resembled to those of natural humic solation
reported in a previous research (Nagao et al., Ra0ferefore, humic-like fluorescent products are
considered to be produced from glycine and ribgsédating them at 80 °C. HSQC-NMR spectra
(Fig. 3.1.5¢) indicated the humic-like products htignclude aliphatic and aromatic components.
Although size exclusion liquid chromatograms (RdlL.3b) indicated medium and high molecular
weight components, the dialyzed solution (> 3500 did not show fluorescence (Fig. 3.1.2d) and
mass spectra did not indicate products larger 3580 Da. This can be due to supramolecular property
of the humic-like products: aggregations of somal®nproducts via intermolecular interactions such
as hydrogen bonding and Van der Waals fo(B&zolo, 2001; Sutton et al., 2005).

By 2D correlation spectroscopic analyses, it waggested that 250 nm absorbance and visible
absorbance can be employed as a measure of the-likenproducts with fluorescence. In this study,
254 nm absorption with a one-point base at 600UiVhdy) is used for kinetic analyses of the formation
of humic-like products in Section 3.2. It shouldraged thatJV.s4 include not only tails of 280 nm
absorption band but also broad UV tails (Fig. 3.1.1

Other components at retention times at 5.7 and A@qihutes (Fig. 3.1.4e, f, g and h) could not
be assigned to UV-Vis spectral changes. It shosilaldted that changes in chromatograms at retention

time 5.7 and 12—-17 minutes were later than UV-Wecsal changes and those at 10 and 11 minutes
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were earlier. Moreover, no shift in the chromatpdiia peaks (no shift in the molecular weight) may
imply increases with time in similar molecular wieigomponents (Fig. 3.1.3a and b).

Since the Maillard reaction has many pathways aondyzts possibly including non-UV-active
and non-fluorescent products (Hodge, 1953), sonmepooents in the Maillard reaction cannot be
traced by UV—-Vis and fluorescence spectroscopy.

In order to characterize the products, we trieditachl HSQC-NMR spectroscopy, IR
spectroscopy and MALDI-TOF-MS (Figs.3.1.6-8)he batch experiments indicated that some
reactions occurred generating new products incudiliphatic and/or aromatic compounds and
furfural. IR, NMR and MS analyses showed that stgrglycine and ribose still remained in the 168
hours heated solution. HSQC-NMR spectra (Fig. 3.tduld not determine precise structures of
products since the sample solution was mixturehefreactants, products and fragments. However,
they indicated that the Maillard reaction of glyeiand ribose produced aliphatic and/or aromatic
compounds. Strong IR absorptions from glycine a@bdse prevented detection of products in IR
spectra. Mass spectra could not provide al@awralues of products because of very complex maltipl
peaks. In particular, products with avz larger than 1000 could not be identified in thessnspectra.
Moreover, the mass spectrum of the dialyzed saiuee 3500 Da) also did not show the larger
products. Despite these difficulties, mass spe(tig. 3.1.7) indicated at least the production of
furfural. IR, NMR and MS analyses thus indicateel plnesence of aliphatic, aromatic components and
furfural together with residual glycine and ribo3®e. summarize, many components and residual
reactants, glycine and ribose in the product smuprevented accurate measurements and they
provided little information on details of producexcept for the results that the products may elu
aliphatic and aromatic components. These are diffes of characterizing complex products of
simulated geochemical processes.
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3.2. In situ ultraviolet—visible spectroscopy for the Maillard reaction by 0.1 mol I'X glycine and ribose

solution

3.2.1. Introduction

In the above section (Section 3.1), the formatiosacesses of humic-like substances were
simulated by heating glycine and ribose mixed smtu{0.1 mol 1) at 80 °C through the Maillard
reaction. Increases in the products during theiingaif glycine and ribose mixed solution (0.1 mol
I"Y) were quantitatively traced by UV-Vis and 3D-EEpEstroscopy and SELC. Two-dimensional
correlation spectroscopic analyses suggested thand area around 280 ntd\(2sg) and 254 nm
absorbancd{Vzs4) can be used as measures of the formation ofralffike intermediates and humic-
like products, respectively.

In order to evaluate precise kinetic data for tregpess of the Maillard reaction by using 280 nm
and 254 nm absorbances, in situ UV-Vis spectrosesipythe original heatable liquid cell (Sections
2.1 and 2.2) was conducted on 0.1 mojlycine + ribose mixture solutions heated at &), ®, 75
and 80 °C for 0—144 hours, for accelerating thetrea. Changes with time idV2go andUVas4 were

fitted by the first order reaction equation andrtk@netic parameters were estimated.

3.2.2. Methods

In order to prevent spectral saturation in UV regiBTFE spacers of 0.1 mm thick were selected
for in situ UV-Vis spectroscopy of 0.1 mol glycine + ribose mixture solutions heated at &), 7,

75 and 80 °C for 0—144 hours. They were made fromrgercial PTFE sheets (AS ONE, 7-358-02)
by piercing them with punches of 12 mm (outsiderditer) and 8 mm (inside diameter). 0.2 mbl |
glycine and 0.2 mol ribose solutions were prepared by dissolving themure water (MilliQ).
These solutions and pure water were mixed to olftdirmol i* glycine + ribose mixture solutions.
About 3 ul of the solution was injected in the séarghamber of the liquid cell.

The glycine + ribose mixture solutions (0.1 mé) Were heated at 80, 75, 70, 65 and 60 °C for
144 hours (6 days) in an UV-Vis spectrometer (V5RBGco). In order to examine reproducibility,
80 °C measurement was conducted three times. Tdtaliie liquid cell was mounted on the sample
position of the UV-Vis spectrometer and the refeegposition was left blank. UV-Vis spectra were
measured every 5 minutes at a scanning speed afrd@0int with a resolution of 1.0 nm in the 200—

1100 nm spectral range.
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3.2.3. Results

Representative UV-Vis spectra for 0.1 mbblycine + ribose mixture solutions heated at 80 °C
for 0—144 hours are shown Fig. 3.2.1. The intenditg band around 280 nm increased with time, in

the same way as the batch experiments.

Abs

0 1 | L | ! | L

200 300 400 500 600
Wavelength [nm]

Fig. 3.2.1. Representative in situ UV-Vis spectrathe product solutions of 0.1 mot lycine +
ribose mixture solutions heated at 80 °C for alfo@4, 48, 72, 96, 120 and 144 hours.

It should be noted that the batch measurementsdtidd 3.1 were done on 10 mm cell for 100
times diluted solutions, while the in situ measueats were on about 0.1 mm thickness with initial
solutions. Therefore, absorbance values by the fethods can be expected to be in the same order.
However, 280 nm absorbance on the 144 hours spedtrahe in situ measurements at 80 °C (Fig.
3.2.1) are about 2.5 times larger than those itb#teh experiments (Fig. 3.1.1). These differemeces
considered to be due to thicker solution thickngsisan the spacer of the in situ cell and the wiffe
references (blank for in situ vs. pure water faicha The solution escape from the same in situ cel
were considered to be minor by the IR spectrosabwing the stable absorbance of water around
5200 and 7000 cth(Chapter 2). Unfortunately, absorption by wate®@® nm in the near-IR range
was too weak to be monitored for the water losshttuld be also noted that glycine only and ribose

only solutions showed almost no absorption incréaslee UV-Vis range at 80 °C.
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3.2.4. Discussion

UV-Vis spectra of 0.1 motliglycine + ribose mixture solutions heated at &), 7, 75 and 80 °C
for 0-144 hours were obtained. The continuous nreasents at a short time interval (5 minutes) and
the stability of temperature (1 °C) of the presinsitu spectroscopy enable detailed quantitative
analyses of kinetic data. Changes with timgs)) in band area around 280 nm with baseline4ét2
315 nm UVzsg) and absorbance at 254 nm with one point basetahg(UV2s4) were calculated. To
simplify kinetic analyses, their starting valués=(0) were respectively subtracted from allbfzso
andUVzs4 values. Changes in (8)V2so and (b)UVass with time during the in situ measurements at
each heating temperature are plotted in Fig. 3.22@hese changes can be divided into the early
induction stage and the later progress stage (wakdd, 2001). In this study, the later stage where
UV2g0>1 orUVzss > 0.05 were fitted as steady changing statesifatic analyses. The changes in the
later stage were fitted by the first order fittingfer the kinetic analyses for changes in 420 nm
absorbance by the Maillard reaction of 0.5 mafjlycine + ribose mixture solutions (Section 2@) f
possible comparison of rate constant values (ghjtand easiness of using half-life values.

The preliminary fittings of the data were firstlgrducted on the changes at 80 °C by

UVygo = C1(1 — exp(—kago(t —17))) (eq. 3.2.1)

UVass = C1(1 — exp(—kas4(t — 7))  (eq. 3.2.2)
where fitting parameters we@, apparent first order reaction rate constéssandkzss and t. Since
80 °C in situ measurement was conducted three tiongeplicability, the parameters were optimized
as for all three data to be fitted. The value€ptvere 47.0 foldJVagoand 11.5 foldVass The values
of T were 7880 s foJV2go and 29400 s fodVqss Secondly, the changes at 80 °C were fitted by eq.
3.2.1 and 3.2.2 using the fix&] and t, andkago andkzss were obtained for each changes at 80 °C.
For fittings on the changes at 60, 65, 70 and 75%C3.2.1 and 3.2.2 with the fix€d and fitting
parameters dfzso, kosa and T were used. The fitting curves are shown in Fig.2Zon theJV2go and
UVa2s4 changeskoso, koss, T and correlation coefficiemtvalues obtained by the first order fittings are
listed in Table 3.2.1.
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Fig. 3.2.2. Changes if@) UV2g0 and (b)UV2s4 with time during the in situ measurements df fdol
I'! glycine + ribose mixture solutions heated at 60, 65, 70, 75, and 80 °C with the fitting curves (the

first order reaction).

Table 3.2.1. The values of k»s0, k254, T and correlation coefficient » values of the first order reaction
fittings in the heating experiments of 0.1 mol 1"! glycine + ribose mixture solutions at 60, 65, 70, 75

and 80 °C.

g0°C!  80°C2  80°C*  75°C 70 °C 65 °C 60 °C
(@) ko 9.55x107 1.02x10° 1.01x10° 6.13x10 3.09x10° 2.64x10¢ 1.61x10°
280 ¢ (7880)  (7880)  (7880) 16700 10600 55000 110000
nm 1.00 1.00 1.00 1.00 0.998 0.999 0.970
(b) Jass 1.23x107 121x107 1.16x107 7.02x10° 3.39x10® 3.25x10° 1.85x10°
254 ¢ (29400)  (29400)  (29400) 55500 36700 107000 115600
nm 1.00 1.00 1.00 1.00 1.00 0.999 0.993

The obtained apparent reaction rate constants increased with heating temperatures. They can be

described by the Arrhenius equation (eq. 2.1.2).
1nk=1nA—& (eq. 2.1.2)
RT

The Arrhenius plots of k2s0 and k»s4 and 7' (333-350 K) (Fig. 3.2.3) show relatively good linear trends,
where average values of In k at 80 °C are employed and their standard deviations (0.027 for In k»g0 and
0.024 for In k54 at 80 °C) are indicated by error bars. The fitting lines of these experimental data gave
the E, and A4 values for the reactions in the first reaction stages of 280 nm band area and 254 nm
absorbance during the heating of 0.1 mol I glycine + ribose mixture solutions (Table 3.2.2). The
absorbance at 254 nm with one point base at 600 nm can reflect not only the shoulder of 280 nm peak
but also a tail of broad UV absorptions. In fact, the first order rate constants for increases in the band

area around 280 nm (k2g0) are larger than those for the 254 nm absorbance (k2s4) with a slight difference
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in the activation energy values (£,) (Tables 3.2.1 and 2, and Figs.3.2.2 and 3). The obtained E, and 4
values enabled extrapolation of k20 and k»s4 values to lower and higher temperatures by the Arrhenius
equation (Eq. 2.1.2). For example, kaso and kass values at 15 °C were estimated to be 1.1x10” s' and
1.3x1071% 57!, respectively. They also gave 20 and 174 years of half-lives for koo and kass values at
15 °C.

In addition, the induction time 7 can be also a kinetic parameter determining time scales of the
reaction. Assuming that 7 values reflect periods of the induction stage, pseudo reaction rate constants
in the induction stage (kg0 and k"%s4) can be defined by 1/7. Their Arrhenius plots and fitting by
the Arrhenius equation (Eq. 2.1.2) (Fig. 3.2.3) gave E, and A4 values for reactions in the induction stage
(Table 3.2.2). From extrapolation of kg and k",s4 values to 15 °C by the Arrhenius equation (Eq.
2.1.2), the periods in the induction stage were estimated to be 2.57 and 0.11 years for UV2go and UV 254,
respectively. These are much shorter than in the later apparent first order reaction progress stage and
time scales of the whole reaction may be controlled by the later stage. The present spectroscopic
method and obtained kinetic parameters can be used in evaluating time scales of the Maillard reaction

both in Earth surface environment and food chemistry with further detailed studies.
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Fig. 3.2.3. The Arrhenius plots of kaso, k%250, k254 and k"s4 values and their fitting lines.

Table 3.2.2. The obtained E, and 4 values for the reactions in the induction and the first reaction stages
of (a) 280 nm band area and (b) 254 nm absorbance in the heating experiments of 0.1 mol I'! glycine

+ ribose mixture solutions at 60, 65, 70, 75 and 80 °C.

Ea(kJmofl) A (s?

(a) Later P order stage 87 8.1x10°
280 nm Early induction stage 127 8.%10"
(b) Later £ order stage 88 1.0<10°
254 nm Early induction stage 66 2.%10°
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On the other hand, changes with time in 420 nm absorbance can be compared with ones during in
situ measurement for 0.5 mol 1! glycine + ribose mixture solutions. Fig. 3.2.4 shows changes with
time in 420 nm absorbance with one point base at 800 nm during in situ measurement for (a) 0.5 mol
1! (Section 2.2) and (b) 0.1 mol I"! (this section) glycine + ribose mixture solutions at 80 °C. In both
of their measurements, 0.1 mm thickness spacers were used. Changes for (b) 0.1 mol 1! are increased
by 5 times for visibility in Fig. 3.2.4. Because of weak absorption in visible range, these changes at
60—75 °C could not be traced quantitatively. (a) Changes for 0.1 mol 1! solution show the induction
stage while (b) changes for 0.5 mol 1" solution showed almost no induction stage (Fig. 3.2.4). This
suggests that pseudo reaction rates in the induction stage are inversely proportional to concentration
of the reactants and/or intermediates. In order to examine effects of concentration of the reactants on
the reaction time scales, additional experiments are needed. Because spectral changes in UV range for
0.5 mol I'! solution could not be traced due to strong absorption even using a thin spacer, comparing
changes in 420 nm absorption can be a measure for comparison. A thicker spacer may enable tracing
of changes in 420 nm absorption for 0.1 mol I"! solution. These points concerning concentration effects

are discussed in Chapter 4 in addition to effects of minerals on the Maillard reaction.
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Fig. 3.2.4. Changes in 420 nm absorbance (one point base at 800 nm) with time during the in situ
measurements of (a) 0.5mol I'! and (b) 0.1mol 1! glycine + ribose mixture solutions heated at 80 °C.

Changes for (b) 0.1 mol I'! are increased by 5 times for visibility.
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3.3. Conclusion

In order to evaluate the progress of the Maillagdction, | first conducted batch heating
experiments of 0.1 moftiglycine + ribose solutions at 80 °C directly inwgimn states. The product
solutions were analyzed by (1) UV-Vis spectroscdfy,3D-EEM fluorescence spectroscopy, (3)
SELC, (4) IR spectroscopy, (5) HSQC-NMR spectrogcapd (6) MALDI-TOF-MS. Generalized
2D-COS were also used to examine correlations ammongg of the above spectroscopic data.

a) UV-Vis spectra and chromatograms by 280 nm sugdebteformation with time of small
molecular weight components with 280 nm absorptiinese were considered to include
furfural, one of reported intermediates of the Néad reaction having an absorption peak
around 280 nm. By 2D correlation spectroscopicys®s, a band around 280 nm above the
baseline of 245-315 nm was suggested to be takemassure of the formation of furfural-
like intermediates.

b) Larger products were indicated by UV-Vis spectia;EEM spectra and chromatograms by
fluorescence intensity at Ex. 345 nm/Em. 430 nne Thorescence maxima resembled to
those of natural humic solutions reported in a ey research. By 2D correlation
spectroscopic analyses, it was suggested thatr2shsorbance with a one-point base at 600
nm UV2s4) can be employed as a measure of the humic-liddymts.

c) IR and HSQC-NMR spectra for 0.1 mdldlycine + ribose mixture solutions heated at 80 °C
for 168 hours showed peaks of glycine and ribogetteer with some new peaks of the
products including aliphatic and aromatic composent

d) Mass spectra for the 0.1 mot glycine + ribose mixture solution heated at 80f6€168
hours and the dialyzed solution (> 3500 Da) shomeesignificant peaks in high mass number
region (>1000) after dialysis. Although detailsroéss characteristics of the products were
not specified, furfural was identified.

e) The absence of high mass components in the mastra@sd the absence of fluorescent
components in the dialyzed solution (> 3500 Da)enmgossibly due to the supramolecular
characters of humic-like products.

In order to evaluate precise kinetic data for tregpess of the Maillard reaction by using 280 nm
and 254 nm absorbances, in situ UV-Vis spectroseuily an original heatable liquid cell was
conducted on 0.1 motliglycine + ribose mixture solutions heated at @), %, 75 and 80 °C for 0—
144 hours. Changes with time in band area arou@dn®8 and absorbance at 254 nm were divided
into an early induction stage and a later appdiesitorder reaction stage. Kinetic analyses of the
obtained data gave the activation energies of 66kI2mof'. The obtainedipparent reaction rate
constants at 60—8C was extrapolated to 15 °C by the Arrhenius dquand the reaction time scale
was estimated to be more than 20 and 147 yeartndoeases in 280 and 254 nm absorbance,

respectively.
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These non-destructive measurements by in situ secpic method did not require any
additional procedures including drying or extragtthe solution and they can be effectively used for

direct tracing of the reaction progress and/or dgmusition.
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Appendix: Kinetic analyses in a published paper by YN

In Section 3.2, UV changes were divided into thiyeaduction stage and the later progress stage.
Their kinetic analyses suggested the activatiomgée® of 66—127 kJ mdl On the other hand, in a
published paper (Nakaya et al., 2018), kineticysed were conducted only for the later stage ierord
to avoid complicated explanation. Here, these amalyare presented as an appendix.

From UV-Vis spectra of 0.1 moliglycine + ribose mixture solutions heated at &), 7, 75 and
80 °C for 0—144 hours, changes in (A)zs0 and (b)UV2s4 with time during the in situ measurements
at each heating temperature were traced (Flga, b). It should be noted that substractionhefrt
starting valuest(= 0) from all 0fUV2g0 andUV>s54 values were not conducted in the published paper.
The later stage whefdVago >1 or UVass > 0.095 were fitted as steady changing stateifaatic
analyses. The fittings of the data by

UVago = C; (1 — exp(—kapgo(t —7))) + 0.095  (eq.L1)
UVysq = C(1 — exp(—kos4(t — T))) +1 (eql.2)
give apparent first order reaction rate constkntsandkoss, where 7 is astarting time of each later
stage wherlUVogo = 1 andUVzs4 = 0.095, andC; is a fixed parameter determined by preliminary
fittings. The preliminary fittings were conducted the changes at 80 °C by eq. 3.2.1 and 2 (fitting
parametersk, C;). Since 80 °C in situ measurement was conductesk ttimes for replicability,
average value of; was employed. The values ©f were 49.2 folUV.go and 3.23 folUVasa The
fitting curves are shown in Fig.1 on theUV.g, and UVz2s4 changes. The values &igo, kos4 and

correlation coefficient values obtained by the first order fittings astdd in Tabld.1.
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Fig.1.2. Changes itVago andUVzs4 with time during the in situ measurements of Odl  glycine
+ ribose mixture solutions heated at 60, 65, 70,an8l 80 °C with the fitting curves (the first orde

reaction).
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Tablel.1. The values dfzgg, koss and correlation coefficiemtvalues of the first order reaction fittings

in the heating experiments of 0.1 mibiglycine + ribose mixture solutions at 60, 65, 7®and 80 °C.

80°C 80°C 80°C 75°C 70°C 65°C 60°C

(@) ki (107st) 8.73 9.59 690 572 288 221 129

280 nm r 0.997 0.998 0.997 0.990 0.979 0.976 0.927
(b) ki (107sY) 445 457 364 2.35 114 0.978 0.547
254 nm r 0.997 0.999 0.993 0.993 0.993 0.987 0.967

The obtained apparent reaction rate constantsasecewith heating temperatures. They can be

described by the Arrhenius equation (eq. 2.1.2).
Ink =InA — Eo (eq. 2.1.2)
RT

The Arrhenius plots of2g0 andkzss andT (333-350 K) (Figl.3) show relatively good linear trends,
where average values of kmat 80 °C are employed and their standard devist{OriL4 forkzso and
0.10 forkzss at 80 °C) are indicated by error bars. The fitlings of these experimental data g&uye
andA values for the reactions in the first reactiomgetof 280 nm band area and 254 nm absorbance
during the heating of 0.1 mot blycine + ribose mixture solutions (Talilg). The absorbance at 254
nm with one point base at 600 nm can reflect ndt thre shoulder of 280 nm peak but also a tail of
broad UV absorptions. In fact, the first order rad@stants for increases in the band area aroudd 28
nm (k2sg) were larger than those for the 254 nm absorb#ékes with a slight difference in the
activation energy value€y) (Tablesl.1 and 2, and Figd.2 and 3). The obtaindg, andA values
enabled extrapolation dbgo and koss values to lower and higher temperatures by thdekius
equation (Eq.2.1.2). For example, half-livesKag andkzss values at 15 °C were 30 and 98 years.

These values obtained from the kinetic analysdbe published paper are generally similar to
those in Section 3.2. In Section 3.2, kineticshia induction stage were additionally considered by
using T value as a fitting parameter of the fitting foe tlater first order reaction stage. This enables
estimation of whole time scales of the reactior snpossibly a more improved kinetic analyses of

the whole processes.
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Fig. 1.3. The Arrhenius plots of k250 and k254 values and their fitting lines.
Table 1.2. The obtained E, and A values for the reactions in the induction and the first reaction stages

of (a) 280 nm band area and (b) 254 nm absorbance in the heating experiments of 0.1 mol I'! glycine

+ ribose mixture solutions at 60, 65, 70, 75 and 80 °C.

Ea (kJ molY) A(10° sY
(a) 280 nm 91.4 2.79
(b) 254 nm 96.6 7.68
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CHAPTER 4

P

Effects of goethite on the simulated Maillard reaction
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This chapter has been modified from the followindplshed paper:
“Spectroscopic study of effects of goethite surfame the simulated Maillard reaction forming humic-
like substances”
By Yuki Nakaya, Katsuya Okada, Yudai Ikuno and 8atéakashima
e-Journal of Surface Science and Nanotechnoldif8.216. 411-418.

4.1. General introduction about effects of minerals on the geochemical reaction

Solid-liquid interfaces determine chemical and ptslsproperties of organic and inorganic
materials’ surfaces in contact with liquids in ar$ fields. In Earth sciences, solid-liquid inteda
are crucial for dynamic behavior of Earth systelegause most of reactions and transport of magerial
occur at mineral-water interfaces (Nakashima et28l04). Moreover, mineral surfaces have been
reported tact as catalytic sites for various geochemical reactions (e.g. Hoffmann, 1990; Wehrli, 1990;
Sulzberger, 1990; Otsuka and Nakashima, 2007).

Otsuka and Nakashima (2007) reported that humistanbes decomposed faster in the presence
of goethite. They suggested adsorption and oxidatfdumic substances on goethite surfaces. Some
experimental works studied changes in bulk solutbamistry during the Maillard reaction in the
presence of clay minerals (e.g. Taguchi and Sampei, 1986; Arfaioli et al., 1999). They reported that
reaction products and their formation rates werdifieal by clay minerals.

Adsorption of humic substances onto clay minemso important because it is responsible for
stability and mobility of humic substances (Wengakt 2006), thus concerning to those of the
pollutants. However, various types of complex af@iperals are present in natural environments and
characterization of their surfaces are not easli€Hi2000). Some studies have simulated adsarptio
of humic substances to clay minerals by using inparoxide, goethiteotFeOOH) (e.g. Weng et al.,
2006; Otsuka and Nakashima, 2007).

In order to examine effects of minerals on kingigzameters of the Maillard reaction between
glycine and ribose forming humic-like substancekgjiers 2 and 3), batch experiments of 0.1 mol
I glycine + ribose mixture solution heated at 60280in the presence and absence of an iron
hydroxide, goethite, was conducted in this studgetBite is one of representative inorganic soil
constituents giving yellow-brownish colors of spiland is the most stable phase in humid
environments (Cornell and Schwertmann, 1996).Ut&se is positively charged at acidic to neutral
pH conditions (Zeltner and Anderson, 1988). Goetlstplaying important roles in the environment

as an adsorbent and a catalyst (Liu et al., 2014).
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4.2. Preparation and identification of goethite

4.2.1. Introduction

Goethite can be synthesized in laboratory by oiddaand reduction of iron compounds. For
example, Schwertsmann and Cornell (2000) and Otsuikkh Nakashima (2007) used Fe@}O
solution and KOH solution to make ferrihydrite ppetate, and heated the suspension to obtain
goethite precipitate. Ferrihydrite is red-brownishtastable iron hydroxides, which ages to goethite.
While they used Fe(N£x and KOH in the methods, in this study, goethites weepared by using
FeCk and NaOH for avoiding remaining nitrate adsorbedjoethite surfaces and for possible future
comparison with different ionic strength conditiofrsthis section, the preparation and identificati

of goethite by visible, Raman and IR spectroscaopy ¥é-ray diffractometry are also presented.

4.2.3. Methods

A mixture solution of 100 mL of 0.1 motIFeCk solution and 180 mL of 5 mof INaOH solution
were diluted to 2 | with pure water (MilliQ: Resasice > 18.2 M cm). This solution with rapid
precipitation of brownish suspension was subdivioied two polypropylene vessels (1 | each) and
incubated at 70 °C for 60 hours. Then yellowishwiroprecipitates were filtered using Ou2n
Millipore filter. They were washed by pure watereth times and dried in an electric oven at 50 TC fo
4.5 hours.

In order to identify the obtained precipitates, Bramounts of them were hand pressed on Al foil
and measured by visible, Raman and IR micro-spsmbpmy. For visible and Raman micro-
spectroscopy, a home-built micro-spectrometer wasd (Onga and Nakashima, 2014). Visible spectra
were obtained in the wavelength region of 380-8%0hy using a 150 lines migrating with the
following conditions: 5 seconds of integration time; accumulation numbers of 12; with a dark field
type objective lens (6). Raman spectra were obtained in the 50-1956 @nge by using a 1200
lines mmt grating with the fdbwing conditions: 5 seconds of integration time; accumulation numbers
of 12; with a 50X objective lens. IR micro-spectroscopic measurememtre conducted by using an
FT-IR microspectrometer (FTIR620 + IRT30, Jasco) (Tonoue at al., 2014; Hamamoto et al., 2015;
Kudo et al., 2017). IR spectral measurements wecerraulated for 64 scans with a wavenumber
resolution of 4 cn in the 700—4000 crhspectral range. The precipitates were also meadiyreX-
ray diffractometry using MiniFlex (Rigaku). X-rayfierns were measured at a scanning speed of 2.0°

per minute with a measurement interval of 0.1 6.0°-50.0° angle range.
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4.2.3. Results and discussion

A representative visible reflectance spectrum efdbtained iron hydroxide sample is shown in
Fig. 4.2.1a. Three absorption bands around 420,a&8@0680 nm (indicated in Fig. 4.2.1a) were
recognized in all the obtained visible spectra.SEheands were similar to reported absorption bands
of goethite by Onga and Nakashima (2014).

Raman spectra of the same sample showed peak® @n89687 cm (Fig. 4.2.1b) (Onga and
Nakashima, 2014). They correspond to reported pefagsethite at 392 and 682 ¢nThe other peaks
at 239, 298, 477, 988, 1128, 1214 and 1330 w@re not assigned but did not correspond to regdort
peaks of ferrihydrite, lepidocrocite and hemai@aga and Nakashima, 2014). Therefore, the obtained
iron hydroxides were mainly composed of goethite.

An IR transflection (transmission-reflection)esfrum of the obtained iron hydroxide sample is
shown in Fig. 4.2.1c. Absorption bands at 652, B3, and 3125 cthcan be recognized in all of the
IR spectra obtained in the present study and qooressto those for goethite reported by Nagano.et al
(1992). Weaker bands at 1200-1900'qie.g. 1307, 1560 and 1780 ¢jrare considered to be due to
overtones and combinations of the goethite fundéahé&ands such as 652, 780 and 895 cm

X-ray diffraction pattern of the iron hydroxide sted six dominant peaks ab 2 21.3°, 26.4°,
33.2°,34.7°,36.7°, 39.2°, 40.1° and 41.3° (Fig.®d). They correspond to reported peaks of gtmethi
by Nagano et al. (1992). The other weaker peak¥ at11.1°, 15.8°, 18.0° and 43.4° could not be
assigned.

Based on these results by visible, Raman and IRonrsigectroscopy and X-ray diffraction, the

obtained precipitates are mainly composed of gteethit contain some unidentified impurities.
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Fig. 4.2.1. (a) A representative visible reflecespectrum, (b) a representative Raman spectrgm, (c

a representative IR transflection (transmissioteotion) spectrum and (d) X-ray diffraction pattern

for the obtained iron hydroxide sample indicatingimhy goethite.
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4 3. Kinetic analyses for effects of goethite on the simulated Maillard reaction by 0.1 mol It glycine

and ribose solution

4.3.1. Introduction

In order to examine effects of goethite on timetic parameters of the Maillard reaction between
glycine and ribose forming humic-like substancesch experiments of 0.1 mot glycine + ribose
mixture solution heated at 60, 70 and 80 °C witthlauiit goethite were conducted. As indicators for
the reaction progress, absorptions at 254 and #2@an be used. They have been often used as
quantitative indicators for amounts of dissolvedamic matter in water (254 nm) (Edzwald et al.,

1985) and browning degree in the Maillard reacpoocesses (420 nm) (Stamp and Labuza, 1983).

4.3.2. Methods

For batch heating experiments of 0.1 mblglycine + ribose mixture solution, polypropylene
micro-tubes containing 1.0 ml of the solution werepared. For an experimental group including
goethite (7x 3 polypropylene micro-tubes), 5 mg of goethitengkes were added to 0.1 mol |
glycine + ribose solutions. The three setsq(73) were heated at 60, 70 and 80 °C in an eleauén
for 24, 48, 72, 96, 120, 144 and 168 hours (1-&)myorder to accelerate the reaction. Other three
sets (7x 3) without goethite were also prepared for corgrolup, and heated at 60, 70 and 80 °C in
an electric oven for 24, 48, 72, 96, 120, 144 a6® Hours (1-7 days) After heating for each period,
they were taken out from the oven and stored @frigerator (6 °C). Another set of 0.1 mdldlycine
+ ribose solutions with and without goethite waptkat room temperature (heated for O hour). The
supernatants of the product solutions were dild@tdmes by pure water (MilliQ) in order to prevent
spectral saturation.

The diluted solutions (3 ml) were measured guartz cell (optical pass length: 10 mm) by an
UV-Vis spectrometer (V570, Jasco). UV-Vis specteevmeasured at a scanning speed of 400 nm

mint with a wavelength resolution of 1.0 nm in the 20080 nm spectral range.
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4.3.3. Results

A photograph of 0.1 mol I"! glycine + ribose solutions heated at 80 °C for 0—7 days with goethite
suspensions (the experimental group) is shown in Fig. 4.3.1a. A photograph of those without goethite
(the control group) is also shown in Fig. 4.3.1b. The product solutions became more yellow-brownish
with increasing heating duration. The product solutions show darker colors than the control group for

all the heating durations.

Fig. 4.3.1. Photographs of (a) 0.1 mol I'! glycine + ribose mixture solutions heated at 80 °C for 0—7
days with goethite suspensions (the experimental group) and (b) 0.1 mol 1! glycine + ribose mixture

solutions heated at 80 °C for 0—7 days without goethite (the control group).

UV-Vis spectra for the product solutions heated at 80 °C (diluted 10 times) are shown in Fig. 4.3.2.
Absorbance at shorter wavelength increased more for longer heating durations. These spectral changes
suggest progress of the simulated Maillard reaction. For the experimental group (Fig. 4.3.2a), the
absorption intensities in the ultraviolet to visible wavelength region are generally larger than the
control group (Fig. 4.3.2b). It should be noted that larger absorbances more than 2 do not have linear
correlations with concentration due to spectral saturation. Therefore, absorption in the visible
wavelength range was mainly analyzed in this study.

In order to show quantitative differences in absorption intensities with and without goethite,
absorption intensities at 420 nm (Vis420) were determined as peak heights with a one-point base at 800
nm. Visao has been often used as a quantitative indicator for browning degree in the Maillard reaction
processes (Section 2.2). Fig. 4.3.3 shows changes with time in Vis4z for 0.1 mol 1" glycine + ribose
mixture solutions with/without goethite (the experimental/control group) heated at 60, 70 and 80 °C
for 0—7 days. The higher heating temperatures gave the larger increases in Visszo. The values of Visao
for the experimental group (with goethite) were consistently larger than those without goethite. These

results indicate enhancement of formation of brown products by the presence of goethite.
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Fig. 4.3.2. UV—Vis spectra for (a) product solutions with goethite (experimental group) and (b) product
solutions without goethite (control group) heated at 80 °C for 0—7 days (diluted 100 times). 0, 1, 2, 3,

4,5, 6 and 7 days spectra are shown.
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Fig. 4.3.3. Changes with time (0—7 days) in absorption intensities at 420 nm with a one-point base at
800 nm (Vis420) for product solutions with/without goethite (experimental/control group) heated at 60,

70 and 80 °C (diluted 100 times).
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4.3.4. Discussion

In Section 2.2, changes with time in Visaz for 0.5 mol 1! glycine + ribose mixture solutions without
goethite were fitted by the first order reaction model and the apparent reaction rate constant were
obtained. In this section, similar analyses for the batch samples of 0.1 mol I'! glycine + ribose mixture
solutions with/without goethite heated at 60—80 °C are presented (Fig. 4.3.3). Since UV—Vis spectral
changes at 60—80 °C are considered to consist of the early induction stage and the later progress stage
(Section 3.2), the fitting was conducted by the following equation:

Visgao = C(1 — exp(—kazo(t = 7)) (eq.4.3.1)

First, in order to fix C value, changes with time in Vissyo in “in situ” UV—Vis spectroscopy for 0.1
mol 1! glycine + ribose mixture solutions heated at 80 °C (without goethite) (Section 3.2) were fitted
by eq. 4.3.1 with fitting parameters of C, ks20 and 7 as preliminary values. Since in situ measurement
at 80 °C was conducted three times for replicability, the parameters were determined by average values
of the three fittings (C = 0.670). The fittings were conducted again by eq. 4.3.1 with the fixed C (=
0.670). Fig. 4.3.4 shows changes in Visayo with time for the in situ measurements of 0.1 mol 1! glycine
+ ribose mixture solutions without goethite heated at 80 °C with the fitting curves (the first order
reaction) by eq. 4.3.1 (C = 0.670). Obtained apparent first order reaction rates k420 and induction
periods 7 are listed in Table 4.2.1.

+ 80°C in situ data
—fitting line

0.125

0.100
4 0.075
0.050
0.025
0.000

0 1 2 3 4 5
time (sec.) x 108

Fig. 4.3.4. Changes in Visao with time for the in situ measurements of 0.1 mol 1" glycine + ribose

mixture solutions without goethite heated at 80 °C with the fitting curves (the first order reaction).
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However, this C cannot be used in fitting of the batch experiments because Vissxo values in the in
situ UV-Vis spectroscopy (Fig. 4.3.4) were smaller than those in the batch experiments (Fig. 4.3.3)
and scaling factors were needed. This is possibly due to difference in optical path length and dilution
factor between in situ measurements with a heatable liquid cell and batch measurements with a quartz
cell. The scaling factors for C; were determined as follows: (1) Viso values at 0, 1,2, 3,4, 5 and 6
days were extracted from whole Vis4z values in the in situ experiments. (2) They were multiplied by
the same scaling factor and subtracted from those in the batch experiments (Fig. 4.3.4), where the
scaling factor was optimized so as the residuals to be minimum by a least square method. Since in situ
measurement at 80 °C was conducted three times, determination of the scaling factor were also
conducted three times, and an average value was employed. Finally, the preliminary value of C (=
0.670) was multiplied by the scaling factor, and a new fixed parameter C’ for fitting of the batch
experiments was obtained to be 1.86.

Second, changes with time in Visayo for the batch samples of 0.1 mol 1! glycine + ribose mixture
solutions with goethite heated at 60—80 °C and those without goethite heated at 70 and 80 °C for 2—7
days were fitted by the following equation:

Visgzo = C'(l — exp(—kapo(t — T))) (eq. 4.3.2)
where fitting parameters were k420 and T with the fixed C’ = 1.86. It should be noted that the fitting
for the sample without goethite heated at 60 °C was not conducted because of few changes with time.
The fitting curves are shown in Fig. 4.3.5 on the Vissz0 changes. Obtained apparent first order reaction

rates kap0 and induction periods T are listed in Table 4.2.1.

-= with goethite 80 °C
0.6 — with goethite 70 °C
: — with goethite 60 °C
-%x- Wwithout goethite 80 °C
w 0.4 -=- without goethite 70 °C
2
0.2
0.0

time (sec.) x 105

Fig. 4.3.5. Changes in Visso with time for the batch samples of 0.1 mol 1! glycine + ribose mixture
solutions with goethite heated at 60, 70 and 80 °C (red, orange and yellow filled circles) and those
without goethite heated at 70 and 80 °C ( red and orange crosses). The fitting curves (the first order

reaction) are overlaid.
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Table 4.2.1. The values kf,q, T and correlation coefficiemtvalues of the first order reaction fittings

in the heating experiments of 0.1 mdIdlycine + ribose mixture solutions.

In situ spectroscopy Batch experiments
Without goethite With goethite Without goethite
80°C! 80°C? 80°C® 80°C 70°C 60°C 80°C 70°C
kazo (x 1077 s1)  5.30 4.89 4.52 8.99 4.06 0.950 4.28 1.09
T (S) 85300 82200 113900 66200 101200 128800 49600 141300
r 1.00 1.00 1.00 1.00 0999 0991 1.00 0.996

Third, kaxo for the samples with/without goethite are plotie@n Arrhenius diagram (Fig. 4.3.6).
The values ok for the batch and in situ experiments for 0.1 irfaind 80 °C are almost similar.
Therefore, the above fitting procedure is considacebe reasonable. The valueskgh for in situ
experiments for 0.5 mot*lat 60-80 °C and the fitting lines by the Arrhenaguiation (eq. 2.1.2)

(Section 2.2)
: (eq.2.1.2)
Ink=InA—- RT
are also shown in Fig. 4.3.6. Table 4.2.2 listandA values obtained from the fitting by the Arrhenius
equation, together witkuzo values and half-lives of the first order reactataige at 15 °C estimated by
extrapolation of the Arrhenius equation.

Fig. 4.3.6 shows larger reaction rate consi@mparent first order reaction) for 0.5 midsamples
than 0.1 mol+ samples for 60-80 °C heating temperature range.fif$t order reaction rate is in
principle independent of initial concentration bétreactants. However, in this case, the reactiten r
constants can include some factors related ta@indtincentrations of the reactants. Therefoi®po
changes can be considered to be described bydgherhbrder reaction than the first one. Fig. 4.3.6
also suggests th&tsso changes for 0.1 mottiglycine + ribose mixture solutions can be accetera
by the presence of goethite. These initial conedioin effects and reaction enhancement by goethite
are considered to determine reaction time scalteineal environment.

Since the number of data points on the fittingsheyArrhenius equation were small (3 points for
kazo values for 0.1 moli samples with goethite and 2 points for those wittgpethite, Fig. 4.3.6),
large errors for the obtaine, and A values can be included. However, they show thelaim
activation energy values. For better understandirgffects of goethite and initial concentratioms o

the reaction, longer experimental duration and ndata points are needed.
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—o— kyy (without goethite, 0.5 mol I1)
—— k,,, (with goethite, 0.1 mol I)
—e— k,,, (without goethite, 0.1 mol I1)
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=12 °
-13
=3
T -4
L J
-15
-16
2.85 2.90 2.95 3.00
1000/T (K1)

Fig. 4.3.6. The Arrhenius plots of k0 values in the in situ heating experiments for 0.5 mol I'! glycine
+ ribose mixture solutions without goethite (black filled circles) and 0.1 mol I"! glycine + ribose
mixture solution without goethite (blue cross) and the batch experiments for 0.1 mol I'! glycine +

ribose mixture solutions with/without goethite (red/blue filled circles) with their fitting lines.

Table 4.2.2. The E,, A values obtained from the fitting by the Arrhenius equation and k420 values and

half-lives of the first order reaction stage at 15 °C estimated by extrapolation of the Arrhenius equation.

E.(kImol') A (s kapo at 15 °C (s')  Half-life at 15 °C (y)

0.5 mol I'!

o ) ) 98 2.7x10° 4.5x107 4.9
(in situ without goethite)
0.1 mol I'!
_ _ 110 2.0x10" 2.1x1071° 105
(batch with goethite)
0.1 mol I'!
137 9.1x10" 1.1x10 1990

(batch without goethite)
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4 4. Conclusion

In order to examine effects of goethite on specinainges with time during the Maillard reaction
between glycine and ribose forming humic-like sabses, batch heating experiments of 0.1 nol |
glycine + ribose mixture solution with/without gbé&e was conducted at 60, 70 and 80 °C.

First, iron hydroxide was prepared by using Re&id NaOH for avoiding remaining nitrate
adsorbed on goethite surfaces and for possibleegutomparison with different ionic strength
conditions. The product was analyzed by visiblanRaand IR spectroscopy and X-ray diffractometry.
The results indicated that the obtained precipstatere mainly composed of goethite but contained
some unidentified impurities.

Second, UV-Vis spectroscopy was conducted on ttehtsamples heated at 60, 70 and 80 °C.
Spectral saturation occurred in UV region (200—401) (not shown) because of strong absorption by
UV active products. Therefore, absorption in visibbhinge was mainly analyzed. Changes in
absorbance at 420 nm with one-point base at 80QMsxg) with time at each heating temperature
were fitted by the exponential equation assumikeditist order reaction. Obtained apparent firseord
reaction constantkyo were larger in the presence of goethite, indigatieaction enhancement by
goethite. The reaction rates at 0.1 mblere smaller than those for 0.5 mdldlycine + ribose
mixture solution heated at 60—80 °C without goethsuggesting that higher initial concentration of
the reactants can make the reaction faster. Tirgfiby the Arrhenius equation f&go andT (333—
350 K) gave thé=; andA values. These values can include errors due todBge points. Although
further studies are needed, reaction enhancemegodihite and initial concentration effects should

be considered in evaluating reaction time scalglsdéneal environment.
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CHAPTER 5

G0

Adsorption of the simulated Maillard reaction reactants and
products on goethite studied by in situ attenuated total

reflection infrared (ATR-IR) spectroscopy
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5.1. In situ attenuated total reflection infrared (ATR-IR) spectroscopy for adsorption of the

simulated Maillard reaction reactants and products on goethite

This section has been modified from the followindplished paper:
“Spectroscopic study of effects of goethite surfame the simulated Maillard reaction forming humic-
like substances”
By Yuki Nakaya, Katsuya Okada, Yudai Ikuno and 8atéakashima
e-Journal of Surface Science and Nanotechnoldify8.216. 411-418.

5.1.1. Introduction

In Chapter 4, enhancement of the Maillard readbipmgoethite was suggested. Some works also
reported that the Maillard reaction products arartformation rates were modified by clay minerals
(Taguchi and Sampel986; Arfaioli et al., 1999). These modifications of the Maillard reactare
generally supposed to take place at mineral susfddewever, surface processes on minerals during
the Maillard reaction have not been experimentdgmined. In this section, adsorption on goethite
of reactants and products of the Maillard reacibnoom temperature is studied by attenuated total
reflection infrared (ATR-IR) spectroscopy.

ATR-IR spectrum is an absorption-like IR spectrubtained from absorption by a sample of
evanescent waves penetrating at the interface batie ATR crystal and the sample on it. Kitadai
et al. (2009a, b) used ATR-IR spectroscopy for erarg adsorption of L-lysine on montmorillonite
and amorphous silica in their colloidal suspensi@s the other hand, Hug and Sulzberger (1994)
and Hug (1997) directly observed adsorption of soradates and sulfate on minerals by making thin
mineral layers on the ATR crystal. In this studyntgoethite layers were made on an ATR crystal in
reference to Hug (1996) and Luengo et al. (2008),ila situ ATR-IR spectral changes for the reactant

and products of the Maillard reaction were monitdica& room temperature.
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5.1.2. Methods

In order to examine adsorption on goethite of the reactants of the simulated Maillard reaction,
ATR-IR measurements were conducted by an FT-IR spectrometer (VIR9500, Jasco) with an ATR
attachment (horizontal ATR with a ZnSe crystal, Specac: about 5 times reflection) (Fig. 5.1.1). In the
ATR-IR method, IR beam (evanescent waves) penetrates in the order of several hundreds of nm at the
interface between the ATR crystal and the sample on it (Fig. 5.1.2) and an absorption-like IR spectrum
can be obtained from the sample (Hug and Sultzberger, 1994). Since penetration depth depends on
wavenumber and optical path length is difficult to be normalized, ATR-IR signals at different
wavenumbers cannot be compared in the same way as absorbance spectra. In this study, pATR = -
logio /1y (I: reflection intensity, /,: incident intensity) values (“p” means “- log”) was employed for
the vertical axis of ATR-IR spectra following Masuda et al. (2003). In this study, thin layers of goethite
were made on the ATR crystal (ZnSe), and IR spectral changes with time for the reactant solution on
the goethite layer were measured.

The thin layer of goethite was made on the ATR crystal (ZnSe) in reference to Hug (1996) and
Luengo et al. (2006), as follows: pure water (1.0 ml) was pipetted onto the crystal, and 0.8 ml was
removed to obtain thin water layer on the crystal. Then 0.8 ml of a 10 g I"! goethite suspension was
pipetted onto the crystal and mixed by using the pipette tip. After air-drying at room temperature for
2 hours, the ATR surface was rinsed by pure water twice in order to remove excess goethite. After the

second air-drying, thin layer of goethite was obtained on the ZnSe crystal (Fig. 5.1.2).

Horizontal MG RIUNt

Dry air \
\ for drying samplesi
: 4 on ATR crystal
Dry air to inside of ATR unit/

Fig. 5.1.1. An overview of the FTIR spectrometer (VIR9500, Jasco) and the sample compartment with
the horizontal ATR unit (horizontal ATR with a ZnSe crystal, Specac).
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Detector Infrared light source

Fig. 5.1.2. A schematic figure of the attenuated total reflection (ATR) crystal (ZnSe) with thin layers

of goethite used in ATR-IR measurements.

The deposited goethite layer on the ATR crystal was observed by laser scanning confocal
microscopy (LSCM). A line profile for surface heights of the goethite layer on the ATR crystal (line
A-B in Fig. 5.1.3a) show height differences of 200 to 500 nm corresponding to thin layers of a few
hundred nm (< 1 um) (Fig. 5.1.3b). Some large particle aggregates of 10-50 pm in size with heights
of about 3 um can also be recognized (Fig. 5.1.3). The goethite layer was mostly thinner than the
penetration depth of evanescent waves in the order of several hundred nm. Therefore, ATR-IR spectra
can include both solutes dissolved in water nearby the goethite surface and those adsorbed on goethite

surfaces besides goethite layer itself.

%100

20 ym

ATR crystal surface
(Goethlte was intentionally removed )

Goethlte thln Iayer

(um) 50 1ee

Fig. 5.1.3 (a) A representative laser scanning confocal microscope (LSCM) image of goethite layer on
ATR crystal (ZnSe) (objective lens: x100) and (b) height profile on a line segment A-B. Particle

aggregates of about 3 um thick and a thinner layer of a few hundred nm are recognized.
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As reactants for the simulated Maillard reactiomfimg humic-like substances, glycine and ribose
were selected here based on my previous resedrc@gapters 2, 3 and 4. The reactant solution (0.1
mol I'* glycine plus 0.1 moH ribose solution) were heated at 80 °C in the gteoven for 196 hours
to obtain a product solution. In the ATR-IR measweats, these product (experimental) and reactant
(control) solutions were used.

The reactant solution and the product solution (dl0were pipetted onto the ATR crystal with
the goethite layer and their IR spectral chang#is tivnhe were measured every 150 seconds for 10800
seconds (3 hours) at room temperature (25 = 3RE€rontrol experiments, IR spectral changes with
time for the reactant and product solutions on AR crystal without goethite layer were also
measured every 150 seconds for 10800 seconds (3)hall the IR spectral measurements were
accumulated for 64 scans with a wavenumber resolati 4 cm' in the 650—4000 crhspectral range.

It should be noted that amount of water vapor @ndftical path in the spectrometer can change
depending on ambient humidity giving small fine kan measured spectra in the 1300-1806 cm
region. In this study, these peaks were removed Bample spectra by subtracting an spectrum for
water vapor so as for a representative vapor peathat 1845 crh (baseline: 1839-1853 cihto
become zero.

It should be noted that pHs of the sample solutisese 5.8 for the reactant solution and 4.0 for
the product solution. This acidification in the ¢cgan for 196 hours is possibly due to generatibn o
COOH groupsgIkan et al., 1996; Chung et al., 2012). In order to examine IR absorption bands of the
reactants and products including such pH depergienips, ATR-IR spectra for the reactant (pH =
5.8, 4.1 and 3.5) and product (pH = 4.0 and 3.hkitiems were observed, where pHs were adjusted by
adding severall of 1 mol I* HCI solution.

79



5.1.3. Results

ATR-IR spectra were measured for the reactant andgt solutions (0.1 motiglycine + ribose
solutions and those heated at 80 °C for 196 havitejwithout the goethite layer. Raw pATR spectra
(PATR = - logl/lg; I: reflection intensitylo: incident intensity) for (a) the reactant solutisithout the
goethite layer, (b) pure water without the goethaiger and (c) goethite thin layer (dried) are show
in Fig. 5.1.4. The spectra for agueous solutiog.(bil.4a and b) showed water absorptions around
772, 1635, 2110 and 3340 ¢rfMasuda et al., 2003; Hamamoto et al., 2015). The goethite absorptions
at 652 and 3125 ci(Fig. 4.2.1c) were possibly masked by the strdmgpeptions by water. Smaller
peaks around 1000-1600 @ron the spectrum (a) were by the reactants. A rAWRpspectrum for
goethite thin layer (dried) is shown in Fig. 5.1.Reaks at 795, 890 and 3155%were mostly similar
to those in IR transflection (transmission-reflen)i spectrum of goethite (Fig. 4.2.1c). Howeveg, th
peak position for goethite by ATR-IR was slightlifferent from that by transflection method (895
cmit for Fig. 4.2.1c vs 890 cmin Fig. 5.1.4a). These differences are origindteth distortion of
absorption bands by ATR-IR due to differences witvenumber in penetration depths of evanescent
waves (Masuda et al., 2003). An absorption aro@&zZm' is due to C@on the optical path in the
spectrometer. Small fine peaks in the 1300-1808 mgion are due to water vapor, whose amount
on the optical path in the spectrometer can beggtaiby ambient humidity. In the following, these
peaks were removed from sample spectra by subigaeth spectrum for water vapor so as for a
representative vapor peak height at 1845 ¢baseline: 1839-1853 cihto become zero.

1.5
3200 |(@)— reactants| ..
~ |(b) water
1.0 { (c)— goethite
. ' f p— 890, h
0.5 1 - 3155 |
0.0 = 1| e ““*—*J

4000 3000 2000 1000
Wavenumber (cm™1)

Fig. 5.1.4. Raw pATR-IR spectra for (a) the reactniution (0.1 molt glycine + ribose solution),
(b) pure water and (c) dried goethite thin layer.
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Subtracting the water spectrum from an aqueoustisnlspectrum can provide an ATR-IR
spectrum of solutes. In the following, solution cijpa subtracted by pure water are presented.

The spectra for the reactants solution (pH = 58\s absorption peaks at 1010, 1044, 1088, 1120,
1156, 1226, 1246, 1330, 1410, 1442, 1510, 163A@BA cm' (Fig. 5.1.5R ¢). Those for the reactant
solutions at pH= 4.1 and 3.5 also show the samlesp@dg. 5.1.5R1 and R ). Those for the reactant
solution on the goethite layer showed peaks at 10044, 1088, 1120, 1156, 1226, 1246, 1330, 1410,
1442, 1510, 1630 and 1780 ¢r¢Fig. 5.1.5R+Q).

Fig 5.1.5 Rs, Rs1, Rss and R+g show the glycine peak at 1510*@riginated from amino group
(-NH3") and the peaks at 1330 and 1442'amniginated from methyl group (>GH(Kumar et al.,
2005; Kitadai et al., 2010). The peaks at 1410 and 1630°%(fig 5.1.5R s, Ri.1, Rssand R+g) can be
due to symmetric and asymmetric stretching of C@Dglycine, and the later possibly includes a
reported peak by amino groups of glycine at 1600 ¢Kitadai et al., 2010). The peak at 1740%tm
(Fig 5.1.5R ¢, Rs.1 and R5) can be due to C=0 stretching of COOH gr@8ibverstein et al., 1991;

Max et al., 1998). The larger intensities at 1740 dn the lower pH spectra (Fig 5.1.58 Ry.1 and
Rs.5) indicate protonation of COMf glycine by acidification of the reactant soturti(Silverstein et
al., 1991; Max et al., 1998). The peaks at 1044, 1088, 1120 and 1158 (g 5.1.5R s, R1.1, Rss and
R+g) can be possibly originated from C-O bondsibbse (Carmona and Molina, 1990). Some
reported peaks by ribose can be recognized at 1@P®, 1246 and 1442 chfFig 5.1.5R s, Ra1, Rss
and R+g) (Huang et al., 2016).

The spectra for the product solutions (0.1 rradllycine + ribose solution heated at 80 °C for 196
hours without goethite, pH = 4.0 and 3.5) show Isinpeaks to the reactant solutions at 1010, 1044,
1088, 1120, 1156, 1226, 1246, 1330, 1410, 14420,1&hd 1630 cm (Fig. 5.1.5R0 and Rs),
originating from the residual reactants (Sectioh).3The bands around 1710 ¢nn Pso and Rs
spectra are broader and larger than those at 1#40ncRs s, Rs1 and R s spectra. These broad bands
around 1710 crhcan include a lower wavenumber component suchQ®RCgroup together with a
contribution from COOH species around 1740%cifhese COOH and COOR groups can be formed
in intermediates and products of the Maillard reac{lkan et al., 1996).

The goethite spectrum in Fig. 5.1.4c is also showrig. 5.1.5gt after removal of a water vapor
spectrum. Several bands at 1200-1900 ¢eng. 1780 and 1685 cihare considered to be due to
overtones and combinations of goethite fundamészatis such as 890 and 795%c(Rig. 5.1.4c). It
should be noted that the other overtones and catibits of the goethite fundamental bands such as
652, 780 and 895 cfcan overlap the reactants’ bands around 1200-&T30

Smaller fine peaks in the 1400-1800tnegion are due to water vapor which remained after

subtraction of pure water spectrum.
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Fig. 5.1.5. Difference IR spectra from the pure water spectrum for the reactants without goethite with
pHs of 5.8 (Rs3), 4.1 (R4.1) and 3.5 (Rss). (R+g): the reactants on goethite. The products without
goethite with pHs of 4.0 (P4) and 3.5 (P3.5). (P+g): the products on goethite. (gt): goethite layer.
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5.1.4. Discussion

In order to examine changes with time in the ATRsiRctra for the reactant and product solutions
with/without goethite layer, they are shown asediéhce spectra from the starting spectra Q
second) for showing only time dependent changesvarg contribution from the goethite layer (Fig.
5.1.5¢t).

Representative difference spectra friorD spectrum for (R) the reactant solution withgaogthite
(Fig. 5.1.6R) at =0, 1, 2 and 3 hours show only a few changesa@uater vapor. On the other hand,
representative difference spectra fror0 spectrum for (R+g) the reactant solution gitlethite (Fig.
5.1.6R+g)) show larger increases in bands at 141%(a) and 1630 crh(b) than that without goethite.
The peak at 1410 cf(a) is due to asymmetric stretching of C@®glycine (Fig. 5.1.5R), and the
peak at 1630 crh(b) is due to symmetric stretching of CQfd glycine (Fig. 5.1.5R).

Representative difference spectra from 0 spectrum for the product solution without dpitet
(Fig. 5.1.6P) show also increases in bands at t#10(A) and 1630 cm (B). Those for the product
solution with goethite (Fig. 5.1.5P+g) show largereases in bands at 1390°t{A\’) and 1630 cmn
1 (B) than that without goethite (Fig. 5.1.5P). Maover, a band at 1710 ¢im(C) appeared and
increased with time. It should be noted that thakga 1410 cm shifted with time toward 1390 cin

0.08
(C) 1710 (A)1410
630

B (A’)1390 R

: .

= 0.04

= P
0.02 ==y e

3 P+g
! /%

1800 1600 1400 1200 1000
Wavenumber (cm™1)

Fig. 5.1.6. Representative difference IR spedtraQ, 1, 2 and 3 hours) frotm= 0 spectrum for (R)
the reactant solution without goethite, (R+g) thaatant solution on goethite, (P) the product gwiut
without goethite and (P+g) the product solutiorgoethite.

In order to show quantitatively these increaseangks with time in peak heights at (A) 1410, (B)
1630 and (C) 1710 ctn(baselines: 1325-1443, 1500-1800 and 1500-180C@neach) in the R, P,
R+g and P+g spectra are plotted in Fig. 5.1.7. phaks and baselines were selected so that

fluctuations of water vapor peaks affect as legsossible.
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Increases in the intensities of peaks at 1410 and 1630 cm™ without goethite (R and P) can
correspond to increases in the concentration of components with COO™ functional groups (symmetric
and asymmetric vibrations) due to water evaporation (Fig. 5.1.7A and B). However, larger increases
in these intensities with goethite (R+g and P+g) than in those without goethite (R and P) cannot be
explained by this evaporation effect. These might be due to adsorption of COO™-bearing components
onto the goethite layer. The increases in these intensities at 1410 and 1630 cm™ are about twice as
large for the products (P+g) than for the reactants (R+g) (Fig. 5.1.7A and B). COO -bearing
components in the products can be more strongly adsorbed on goethite. It should be noted that these
increases can be larger for P+g because of the band shift from 1410 to 1390 cm™ for P+g.

The peak height at 1710 cm™! with a linear baseline at 1500—-1800 cm™' remained mostly unchanged
for the reactants and the products without goethite (Fig. 5.1.7C). The negative peak heights can be due
to increases in broad 1630 cm™ band affecting the inclination of baselines. This 1710 cm™ peak
increased only for the products with goethite (P+g) (Fig. 5.1.7C). Since this peak is due to either
COOH or COOR groups, these carboxyl or ester components can be adsorbed on goethite.

(A) 1410 cm (B) 1630 cm™ (C) 1710 cm!
P+ P+g 0.0050
= 2 = 0.010 = P+g
3 0.002 Rtgw| 3 R+g 2 0.0025 R+g
I I T
= ~ 0.005 =
$ 8 R S 0.0000 =
o o o R
0.0001PA " " "V"""2| 0.0001 , ~0.0025 {.
o 1 2 3 o 1 2 3 o 1 2 3
Time (h) Time (h) Time (h)

Fig. 5.1.7. Changes with time (0-3 hours) in IR peak heights at (A) 1410, (B) 1630 and (C) 1710 cm™
(baselines: 1325-1443, 1500-1800 and 1500-1800 cm™!, respectively) in the R, R+g, P and P+g
spectra of Fig. 5.1.6.

From the above observation, oxygenated components in both the reactants and products are
considered to be adsorbed onto goethite in a few hours at room temperature. Adsorbed amounts onto
goethite were generally larger for the product solution than for the reactant solution.

In Section 4.3, the time scales for the simulated Maillard reaction progress are suggested to be
more than several days at 60-80 °C (Fig. 4.3.3) and can be far much longer at room temperature. It
should be noted that the enhancement of reaction progress in the presence of goethite occurred already
within a day (Fig. 4.3.3). On the other hand, adsorption of the reactant glycine and products onto
goethite occurred within a few hours at room temperature (Fig. 5.1.7). Therefore, later processes on
the goethite surface after the fast adsorption are necessary for the reaction enhancement. They can be

possibly due to acceleration of association of glycine, ribose and reaction intermediates with COOH
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or COOR groups by their higher concentrations engibethite surface.

The goethite surface is reported to be chargedipelgi with mainly surface Fe-Of groups
under pH conditions of this study (pH = 4.0-5.8l{@er and Anderson, 1988). Therefore, negatively
charged COOgroups can be easily attracted on the goethifasaiand adsorption of glycine and the
Maillard reaction products on goethite is suggesteble driven by electrostatic interaction of these
charged groups. Electrostatic interaction hasladsm suggested in some previous studies using silic
(Vlasova and Golovkova, 2004; Kitadai et al., 2009b) and montmorillonite (Kitadai et al., 2009a),
whose surfaces are negatively charged and caragtteith positively charged amino acids such as
lysine. On the other hand, COOH or COOR groupsatsmbe adsorbed by hydrogen bonding between
oxygen molecules of these groups and hydrogenatethite surface. Olsson et al. (2011) suggested
adsorption of glucose on goethite via hydrogen buandhteraction. Since the pH of the product
solution became more acidic (pH = 4.0) than thetesd solution (pH = 5.8), the surface positive
charge of goethite possibly increased (Zeltnerfmdierson, 1988) resulting in larger adsorption of
these components (Fig. 5.1.7A and B).

For the better understanding of mechanism of tla@s®rption processes, kinetic analyses for
increase in adsorbed components are needed. Sitaals$1997) and Luengo et al. (2006) conducted
adsorption experiments of phosphate on goethitenfore than a week and suggested that the
adsorption could be described by combination ofefagnitial and slower secondly processes.

Therefore, in the future study, adsorption expenitsdor longer duration should be conducted.
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5.2. Development of in situ hydrothermal ATR-IR spectroscopic measurement systems

In order to understand detail surface processes, kinetic ATR-IR measurements at goethite surfaces
at different temperatures (20-80 °C) for longer duration are necessary. We have designed and
constructed a new in situ heatable ATR-IR cell without solvent evaporation, for precise quantitative
monitoring of surface processes (made by Center for Scientific Instrument Renovation and
Manufacturing Support, Osaka Univ.). An overview and a schematic cross section of the cell is shown
in Fig. 5.2.1. A sample solution stays in a space sandwiched by an ATR crystal (ZnSe), an o-ring and
an upper CaF, (calcium fluoride) optical window of 2 mm thick and 20 mm in diameter. And it is
sealed by compression by upper and lower caps through rubber O-rings of 20 mm in diameter.

The in situ heatable ATR-IR cell can be set on a commercial variable angle ATR unit (VeeMAX,
PIKE). The ATR unit can be set in the sample compartment of the IR spectrometer (FTIR4100, Jasco)
(Fig. 5.2.2). These apparatuses are arranged so as for IR signal to be as strong as possible by using a
designed pedestal. A plastic plate on the ATR unit (Fig. 5.2.2b) enables the sample compartment
including the ATR unit to be sealed.

' ' |~ O-ring
7
Fo wi
Sample CaF, window
solution = or cartridge heater

. N s— ATR crystal
IR light source === Detector

PTFE heat insulator

Fig. 5.2.1. An overview and a cross section of the new heatable cell for ATR-IR spectroscopy.
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source

Fig.5.2.2. (a) The sample compartment of the FT-IR spectrometer (Jasco FTIR4100). (b) A photograph
of the sample compartment with the variable angle ATR unit (VeeMAX, PIKE). (c) A photograph after
setting the new in situ heatable ATR-IR cell. (d) A photograph of the variable angle ATR unit with
indication of light pathway.

In order to check the stability of the above ATR cell for in situ hydrothermal measurements, in situ
ATR-IR spectroscopy for 0.1 mol 1"! glycine + ribose mixture solution with/without goethite layers at
80 °C for 48 hours was conducted. A sample solution (0.6 ml) was pipetted onto the ATR crystal and
their IR spectral changes with time were measured every 300 seconds for 172800 seconds (48 hours)
at 80 °C. The IR spectral measurements were accumulated for 64 scans with a wavenumber resolution
of 4 cm! in the 400-7800 cm™! spectral range. The goethite layers were made on the ATR crystal
(ZnSe) in the same way as in Section 5.1. Background signal was measured just before turning on the
heater for the interval measurements. Therefore, in situ ATR-IR spectra for the sample with the
goethite layers did not incorporate absorption by goethite.

Fig. 5.2.3 shows representative ATR-IR spectra for 0.1 mol 1! glycine + ribose mixture solution
(+g) with and (-g) without goethite layers heated at 80 °C (0—48 hours) in the 700-4000 cm! spectral
range, where they were shifted vertically for clarity. A spectrum for water vapor measured by this

apparatus has been subtracted from each spectrum in the same way as in Section 5.2. They show strong
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absorptions around 1640 and 3370 cm™! due to vibrations of water molecules and a little increase with
time in absorption by water vapor even after the spectral subtraction (Eizenberg and Kauzmann, 1969).

The newly-made cell is for a single reflection ATR crystal, while multiple reflection ATR crystal
were used for the measurements at room temperature presented in Section 5.1. Therefore, absorption
by water vapor on the light pathway might not be negligible in comparison with absorption by the
sample in the domain of evanescent waves. Moreover, absorbance at smaller wavenumbers increased
with time for each in situ measurement and absorbances at 795 and 900 cm™! due to goethite decreased
with time for the in situ measurement with the goethite layers. This spectral instability should be
improved in the future study. This measurement system is still under development, especially in terms

of preventing water vapor fluctuation for measurements with long time durations.

0.6

3370 -g (48 h)
0.5 -g (0 h)
0.4

o

£ 03] +g (48 h)

- +g (0 h
0.2 g (0 h)
0.l 5
0.0 : : .

4000 3000 2000 1000

Wavenumber (cm™1)

Fig. 5.2.3. Representative pATR-IR spectra for 0.1 mol I"! glycine + ribose mixture solution (+g) with
and (-g) without goethite layers heated at 80 °C (0—48 hours).
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5.3. Conclusion

Direct monitoring of adsorption onto goethite ahictants and products of the simulated Maillard
reaction by 0.1 mof glycine + ribose solutions was conducted on thjrets of goethite on an ATR
crystal (ZnSe). IR spectral changes with time for teactant (non-heated) and product (heated at
80 °C for 196 hours) solutions on the goethite layere measured every 150 seconds for 10800
seconds at room temperature. Increases in peaktheit 1410, 1630 and 1710 ¢rsuggested fast
adsorption of components with COCCOOH and COOR groups on positively charged gtethi
surface.

This adsorption process within a few hours at rdemperature was faster than the formation
enhancement of humic-like and brown products inesvdays (Chapter 4), suggesting that the
adsorption process is not rate-limiting for thectem enhancemnt. An in situ hydrothermal ATR-IR
cell under development can be used for furtherilget&inetic studies of surface processes on gteethi

layers at different temperatures (20-80 °C).
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Summary and future perspectives
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6.1. Summary

6.1.1. General introduction

“Humic substance” is a general term of polymedlihigh molecular weight organic matter, whose
structure is not well defined, present in Earthigace environments. The reactive functional groups
of humic substances may influence environmentdlipoh by adsorbing and transporting pollutants,
and promoting the chemical reactions (Stevenso®4)19However, the processes and rates of
formation of humic substances are complicated adyunderstood. On the other hand, the Maillard
reaction is a continuous reaction between an aminap in amino acids and a carbonyl group in
sugars producing polymerized brown-colored higheoolar weight organic compounds, melanoidins
(Maillard, 1912) leading to a formation of humikdisubstances. The Maillard reaction is considered
to be a dominant process in the aquatic environsgett as at the bottom of a deep lake where there
is few microorganisms (Stevenson, 1994).

In this thesis, for evaluating time scales offation processes of humic-like substances simalilate
by the Maillard reaction, hydrothermal changes Iycige + ribose mixture solutions and their
interactions with an iron hydroxide (goethite) wereamined. In Chapter 2, in situ hydrothermal
spectroscopic measurement systems for the simulgadltard reactions were first developed. In situ
IR and UV-Vis spectroscopic measurements for th#lafid reaction of 0.5 mol glycine + ribose
mixture solution at 60—80 °C were conducted. Ing&a3, for tracing UV spectral changes in detail,
in situ UV-Vis spectroscopy for 0.1 mot blycine + ribose solutions at 60-80 °C was perfmm
Spectroscopic similarity between humic substanoddiae simulated Maillard reaction products was
also discussed and validity of UV-Vis spectrosce@g suggested. In Chapter 4, changes with time
in absorbance at 420 nm (indicator of humic sulegsnwere analyzed at 60-80 °C in the presence
and absence of an iron hydroxide (goethite). Endigrent of reaction rates in the presence of goethite
was recognized. Effects of initial concentratioAss(or 0.1 molF) were also noticed. In order to
examine surface processes on goethite during tglaied Maillard reaction, adsorption on goethite
of reactants and products of the Maillard reacéibroom temperature was studied by attenuated total
reflection infrared (ATR-IR) spectroscopy (Chapdgr In this chapter, these results are summarized

again and overall discussion and future perspextve presented.
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6.1.2. Development of in situ hydrothermal spectroscopic measurement systems for the

simulated Maillard reaction

For stable in situ IR and UV—Vis spectroscopic measurements for the Maillard reaction by 0.5 mol
I'! glycine + ribose mixture solution as a reaction simulating formation processes of humic-like

substances, the original heatable liquid cell (Fig. 6.1.1) was newly designed and constructed.

Cartridge heater . ;
o ermocouple
Light pathway
! l O-ring
Sample soiltion o % CaF, window
\f; ) [ Spacer
O o , i CaF, window
Hole for |7 S Q\~O-ring
cartrildge heater <—— Teflon h?at insulator
v

Fig. 6.1.1. An overview and a cross section of the new heatable liquid cell.

First, for tracing degradation of the reactants by the Maillard reaction, in situ IR spectroscopic
measurements using the above heatable liquid cell were conducted. Representative in situ IR spectra
for 0.5 mol I'! glycine + ribose mixture solutions heated at 80 °C (0—48 hours) in the 400-7800 cm™!
spectral range are shown in Fig.6.1.2. They show peaks around 1600, 3400, 5200 and 7000 cm!
corresponding to vibrations of water molecules (Eizenberg and Kauzmann, 1969). PTFE spacers of
0.05 mm thick enabled unsaturation of absorbance in the 9001800 cm™ spectral range. The peaks
around 5200 and 7000 cm™' due to water were not saturated neither. Constancy of these bands

suggested the stability of the hydrothermal system without solution escape.
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Fig. 6.1.2. Representative IR spectra of 0.5 mol I'! glycine + ribose mixture solutions heated at 80 °C
(0—48 hours) in the 400-7800 cm™! spectral range.

The decreasing 1100 and 1330 cm’' band area (baseline: 1020-1170 and 1290-1360 cm™,
respectively) were analyzed as indicators of amounts of ribose and glycine, respectively (Carmona
and Molina, 1990; Kumar et al., 2004). The decreases with time in the band area were fitted by the
exponential equation assuming the first order reaction (Fig. 6.1.3). Apparent first order rate constants
for decreases in 1100 (k1100) and 1330 (ki330) cm™! band area were determined at 60-80 °C. They are
listed in Table 6.1.1 and shown in Fig. 6.1.4a.

The Arrhenius plots of k700 and k;330 and T (333-350 K) (Fig. 6.1.4a) gave linear trends and the
fitted lines give the E, (activation energy) and 4 (frequency factor) by the Arrhenius equation:
E
Ink =In4 - ﬁ
By extrapolating these linear trends to a representative Earth surface temperature of 15 °C, half-lives

(t12) for ribose and glycine decreases were estimated to be about 2.3 and 2.1 years, respectively.

—80°C —75¢ —70C —65C ——
1-2L . . . 1.2 — :

5 1h. @1100cm! | 1‘\;_(b)13300m'1

%0'8 ' U Nt —

£ 06 106F NS I

E 04 o | 040 | .

@ 0.2 1 ool |offset _
0 I I

I | 1 0 I
0 110°.210° 310° 410° 0 110° 210° 310° 410°
Time(s) Time(s)

Fig. 6.1.3. Changes with time in normalized (a) 1100 cm™ (ribose) and (b) 1330 cm! (glycine) band

areas during in situ IR spectroscopy of 0.5 mol I"! glycine + ribose mixture solutions heated at 60, 65,

70, 75 and 80 °C with exponential fitting curves (the first order reaction).
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Fig. 6.1.4. The Arrhenius plots of (&) k100 and k330, and (b) k420, and their fitting lines.

Table 6.1.1. The activation energy E,, and the frequency factor 4 values obtained from the fittings of
data in Fig. 6.1.4 by the Arrhenius equations and k;700, k1330, ka20 values and half-lives of the first order
reaction stage at 15 °C estimated by extrapolation of the fitted Arrhenius equations.

E.(kImol')y A(s!) kat15°C(s?) Half-life at 15 °C (y)

Ribose decrease (1100 cm™) 98 4.8x10° 9.4x107 2.3
Glycine decrease (1330 cm™) 93 1.2x10° 1.4x107® 2.1
Browning (420 nm) 98 2.7x10° 4.5x107 4.9

Second, for tracing formation of brown products by the Maillard reaction, in situ UV-Vis
spectroscopic measurements of 0.5 mol 1! glycine + ribose mixture solutions heated at 60—80 °C (0—
144 hours) using the same heatable liquid cell were conducted. Constancy of the sample thickness was
checked by IR spectroscopy before and after each in situ UV—Vis spectroscopic measurement and
5200 cm™! band area (average value of before and after) was used for normalizing the experimental
spectra in terms of the solution thickness. In situ UV—Vis spectra (Fig. 6.1.5) showed that absorbance
at shorter wavelength increased more for longer heating durations. Spectral saturation occurred in UV
region (200—400 nm) (not shown) because of strong absorption by UV active products.

Absorbance at 420 nm with one-point base at 800 nm (Viss20) was employed as an indicator of
browning during the Maillard reaction (Stamp and Labuza, 1983). Their changes with time during the
in situ measurements at each heating temperature were fitted by the exponential equation assuming

the first order reaction (Fig. 6.1.6) and k420 and #1/» values were obtained.
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Fig. 6.1.5. Representative in situ visible spectra for the product solutions of 0.5 mol I'! glycine + ribose
mixture solutions heated at 80 °C for 0, 1, 2, 3, 4, 5 and 6 days. Red line shows absorbance at 420 nm
(Vis420).
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Fig. 6.1.6. Changes in Viss with time during the in situ measurements of 0.5mol 1! glycine + ribose
mixture solutions heated at 60, 65, 70, 75, and 80 °C with the fitting curves (the first order reaction).
Changes at 80 °C are for the representative series and changes for the other two experiments were not

shown.

The Arrhenius plots of k420 and T (333-350 K) (Fig. 6.1.4b) gave a linear trend and the fitted line
gives the E, (activation energy) and A (frequency factor) by the Arrhenius equation (Table 6.1.1).
Previous kinetic analyses of the batch Maillard reactions reported wide ranges of activation energies
(16-238 kI mol™!) possibly due to different experimental conditions and kinetic analyses (van Boekel,
2001). The present data by in situ IR and visible measurements with the activation energy of 90—100
kJ mol™! can give constraints on the better understanding of the Maillard reaction (Table 6.1.1).

The k420 values at 60—80 °C was extrapolated to lower temperatures by the Arrhenius equation
(Table 6.1.1). The half life (#1,2) for increase in browning product (420 nm) is about 4.9 years, slightly

longer than about 2 years for decreases in reactants (ribose and glycine).
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6.1.3. Spectroscopic similarity between humic substances and the simulated Maillard
reaction products

The spectral changes for 0.5 mdiglycine + ribose mixture solution in UV range weis traced
because of spectral saturation even using a 0.05thigkness spacer (Fig. 6.1.5). Therefore, for
tracing UV spectral changes, similar measuremenksweer initial concentrations were needed. In
Chapter 3, in situ UV-Vis spectroscopic measuremfantthe Maillard reaction of 0.1 mot blycine
+ ribose mixture solution at 60—-80 °C were conduicte

First, in order to check validity of using UV-Vipectra for monitoring progress of the Maillard
reaction, batch heating experiments of 0.1 mdajlycine + ribose solutions at 80 °C were conducted
directly in solution states. The product solutiovere analyzed by (1) UV-Vis spectroscopy, (2) 3D-
EEM fluorescence spectroscopy, (3) SELC, (4) IRcBpscopy, (5) HSQC-NMR spectroscopy and
(6) MALDI-TOF-MS. Generalized 2D-COS were also usedéxamine correlations among some of
the above spectroscopic data.

A) Representative UV-Vis spectra for 0.1 mbplycine + ribose mixture solutions heated at 80 °C
for 0, 24, 48, 72, 96, 120, 144 and 168 hours {giud00 times) (Fig. 6.1.7a) showed that a band
around 280 nm increased with time and that absaganshorter wavelength increased more for
longer heating durations. A spectrum for the sotutieated for 168 hours and that after dialysis
(> 3500 Da) (Fig. 6.1.7b) showed that absorptiothi UV region generally decreased after
dialysis, in particular around 280 nm. On the othand, SEC chromatograms by 280 nm
suggested the formation with time of small moleculeight components with 280 nm absorption.
These were considered to include furfural, oneepbrted intermediates of the Maillard reaction
having an absorption peak around 280 nm (Martinezale 2000). By 2D correlation
spectroscopic analyses, a band around 280 nm éhewaseline of 245-315 nm were suggested
to be taken as a measure of the formation of faHiike intermediates.

B) Absorption in the UV region generally decreaseeraftialysis, while broad and featureless
absorption remained in the visible region (Fig..Bb). This indicated the presence of larger
products as well as 3D-EEM spectra (Fig. 6.1.8)@rdmatograms by fluorescence intensity at
Ex. 345 nm/Em. 430 nm. The fluorescence maximambte to those of natural humic solutions
reported in a previous research (Nagao et al., 2#§. 6.1.8). By 2D correlation spectroscopic
analyses, it was suggested that 254 nm absorbatita wne-point base at 600 nid\2s4) can
be employed as a measure of the humic-like products

C) IR and HSQC-NMR spectra for 0.1 mdiglycine + ribose mixture solutions heated at 8G61C
168 hours showed peaks of glycine and ribose tegetfith some new peaks of the products

including aliphatic and aromatic components.
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Fig. 6.1.7 (a) Representative UV—Vis spectra for the product solutions of 0.1 mol 1"! glycine + ribose
mixture solutions heated at 80 °C for 0, 24, 48, 72, 96, 120, 144 and 168 hours (diluted 100 times) and
(b) spectra for the 168 hours heated solution and for the dialyzed solution (> 3500 Da) (diluted 100

times).
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Fig. 6.1.8. Representative 3D-EEM spectra for the 0.1 mol 1! glycine + ribose mixture solutions heated
at 80 °C for (a) 0, (b) 96 and (c) 168 hours, and (d) the dialyzed solution. All the solutions were diluted

100 times. Contour intervals are 2.5 intensity units. Fluorescence intensity maximum positions at Ex.
345 nm/Em. 430 nm are indicated.
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Second, in order to evaluate precise kinetic data for the progress of the Maillard reaction by using
280 nm and 254 nm absorbances, in situ UV—Vis spectroscopy with the original heatable liquid cell
was conducted on 0.1 mol 1! glycine + ribose mixture solutions heated at 60, 65, 70, 75 and 80 °C for
0-144 hours. Changes with time in band area around 280 nm (UV2g0) and absorbance at 254 nm
(UV2s4) were divided into an early induction stage and a later apparent first order reaction stage. The
changes in the later apparent first order stage were fitted by the following equations:

UVg0 = C1(1 — exp(—kago(t — 1))

UVyss = C1(1 — exp(—kysa(t — 7))
where kg0 and k254 were apparent first order reaction rate constants and t was considered to be a
starting time of the later apparent first order stage. The fitting curves are shown in Fig.6.1.9 on the
UVaso and UVas4 changes. The fittings gave kago, k254 and © for UVago and UVass. In addition, T was
used as a kinetic parameter determining time scales of the reaction reflecting periods of the induction
stage, and pseudo reaction rate constants in the induction stage (k"%so and k"%s4) were defined by
1/z.

Kinetic analyses of the obtained reaction rate constants by the Arrhenius equation gave the
activation energies and frequency factors. Fig. 6.1.10 shows the Arrhenius plots of kaso, k%280, k254 and
k",s4 values and their fitting lines. The obtained reaction rate constants at 60-80 °C were extrapolated
to 15 °C by the Arrhenius equation. The obtained E,, 4 and time scale values at 15 °C were listed in
Table 6.1.2, where time scale values at 15 °C for the later stage were half-lives for k230 and k»s4 at
15 °C, and those for the induction stage were determined by reciprocals of k%50 and k"%s4 at 15 °C.

The time scale values at 15 °C for the induction stage (2.6 and 0.1 years) are much shorter than

those for the later stage (20 and 174 years), and time scales of the whole reaction may be controlled

by the later stage.

20 80°C

(a) 280 nm (b) 254 nm =
" 0.6 ~75%C
—~70°C

3 10 3 b -

g
gt
01 &% 0.0{ &<
0 1 2 3 4 5 0 1 2 3 4 5
time (sec.) x 105 time (sec.) x10%

Fig. 6.1.9. Changes in (a) UV2g0 and (b) UV2s4 with time during the in situ measurements of 0.1mol
I'! glycine + ribose mixture solutions heated at 60, 65, 70, 75, and 80 °C with the fitting curves (the

first order reaction).
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Fig. 6.1.10. The Arrhenius plots of kago, k"%s0, kas4 and k"%s4 values and their fitting lines.

Table 6.1.2. The obtained E,, A and the time scale values at 15°C for the reactions in the induction
and the first reaction stages of (a) 280 nm band area and (b) 254 nm absorbance in the heating

experiments of 0.1 mol I'! glycine + ribose mixture solutions at 60, 65, 70, 75 and 80 °C.

Ea(kJ motY) A(s!) Time scale values at P& (years)

(a) Later P order stage 87 8.1x10° 20
280nm Early induction stage 127 8.%10' 2.57

(b) Later £ order stage 88 1.0<10° 174
254 nm Early induction stage 66 2.%10° 0.11
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6.1.4. Effects of goethite on the simulated Maillard reaction

The original heatable liquid cell enabled in sipestroscopic measurements for the simulated
Maillard reaction by glycine + ribose mixture sadum forming humic-like substances in infrared
(Chapter2), visible (Chapter 2) and ultraviolet &pter 3) range. They were conducted in solution
state simulating reactions in the aqueous enviroin@n the other hand, solid-liquid interfaces are
crucial for dynamic behavior of Earth systems, liseamost of reactions and transport of materials
occur at mineral-water interfaces (Nakashima et2804). In Chapter 4, in order to examine effects
of goethite on spectral changes with time during Mhaillard reaction between glycine and ribose
forming humic-like substances, batch heating expents of 0.1 mol? glycine + ribose mixture
solution with/without goethite were conducted at B0 and 80 °C. Goethite is one of representative
inorganic soil constituents and is playing impottesies in the environment as an adsorbent and a
catalyst (Liu et al., 2014). In this study, goethitas prepared by aging precipitates formed in £eCl
and NaOH mixture solution. The products were aresdylzy visible, Raman and IR spectroscopy and
X-ray diffractometry and they were suggested tanaénly composed of goethite.

UV-Vis spectroscopy was conducted on the batch ksng 0.1 mol+t glycine + ribose mixture
solution with/without goethite heated at 60, 70 83’C. Spectral saturation occurred in UV region
(200-400 nm) because of strong absorption by UWegroducts. Therefore, absorption in visible
range is mainly analyzed. Changes in absorband2ttm with one-point base at 800 nvfis{,)
with time at each heating temperature were fittethle same exponential equation assuming the first
order reaction as in Chapter 3 (Fig. 6.1.11). Tii@d by the Arrhenius equation for the apparénst f
order reaction rate constdato andT (333—350 K) in the Arrhenius diagram (Fig. 6.1.@aye theEa
andA values. The values @iz for in situ experiments for 0.5 mot bt 60-80 °C and the fitting line
by the Arrhenius equation are also shown in Fig).1&. Table 6.1.3 lists tH&, andA values obtained
from the fitting by the Arrhenius equation, togetieth kizo values and half-lives of the first order
reaction stage at 15 °C estimated by extrapolatighe Arrhenius equation.

The obtained apparent first order reaction constans were larger in the presence of goethite,
thus the half-life of the first order reaction stegg 15 °C was smaller in the presence of goethiid
< 1990 years). This indicates reaction enhanceimggbethite. The reaction rateso at 0.1 mol
were about 3 orders of magnitudes smaller tharetfas0.5 mol  glycine + ribose mixture solution
heated at 60—80 °C without goethite, suggestingttiggner initial concentration of the reactants can
make the reaction faster (Fig. 6.1.12). These tffetgoethite and initial concentrations should be

considered in evaluating time scales of formatibhumic-like substances in the real environment.
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Fig. 6.1.11. Changes in Visao with time for the batch samples of 0.1 mol 1! glycine + ribose mixture
solutions with goethite heated at 60, 70 and 80 °C (red, orange and yellow filled circles) and those
without goethite heated at 70 and 80 °C (red and orange crosses). The fitting curves (the first order

reaction) are overlaid.

—o— kyy (without goethite, 0.5 mol I1)
—e— k,,, (with goethite, 0.1 mol I)
—— k,,, (without goethite, 0.1 mol I1)
X kyp (without goethite, 0.1 mol 11, in situ)
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Fig. 6.1.12. The Arrhenius plots of ka2 values in the in situ heating experiments for 0.5 mol 1! glycine
+ ribose mixture solutions without goethite (black filled circles) and the batch experiments for 0.1 mol
I'! glycine + ribose mixture solutions with/without goethite (red/blue filled circles) with their fitting
lines. Blue cross shows the Arrhenius plot of k420 values in the in situ heating experiments for 0.1 mol

I'! glycine + ribose mixture solution without goethite (Chapter 3).
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Table 6.1.3.Thé,, A values obtained from the fitting by the Arrhenaguation andkzo values and

half-lives of the first order reaction stage atCoestimated by extrapolation of the Arrhenius ¢igua

Ea(kimof) A(sY) kipat15°C (§) Half-life at 15 °C (y)

0.5 mol I

o . _ 98 2.7x16 4.5x10° 4.9
(in situ without goethite)
0.1 mol i
_ _ 110 2.0x16° 2.1x10%° 105
(batch with goethite)
0.1 mol i
137 9.1x1&° 1.1x10" 1990

(batch without goethite)
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6.1.5. Adsorption of the simulated Maillard reaction reactants and products on goethite

studied by in situ attenuated total reflection infrared (ATR-IR) spectroscopy

In Chapter 4, enhancement of the Maillard reaction by goethite was suggested. In order to examine
surface processes on minerals during the simulated Maillard reaction, adsorption on goethite of
reactants and products of the Maillard reaction at room temperature was studied by attenuated total
reflection infrared (ATR-IR) spectroscopy. The thin layers of goethite were made on the ATR crystal
(ZnSe) (Fig. 6.1.13) and IR spectral changes after dropping 0.1 mol I"! glycine + ribose solutions
(reactant solution) and those heated at 80 °C for 196 hours (product solution) on the goethite layers
were traced. Laser scanning confocal microscopy (LSCM) for the deposited goethite layer on the ATR
crystal suggested that the goethite layer was mostly thinner than the penetration depth of evanescent
waves in the order of several hundred nm. Therefore, ATR-IR spectra can include both solutes
dissolved in water nearby the goethite surface and those adsorbed on goethite surfaces besides goethite

layer itself.

",_,..B(Evanescent wave

/ Sample solution
Goethite Layer
ATR crystal (ZnSe)

A
Detector Infrared light source

Fig. 6.1.13. A schematic figure of the attenuated total reflection (ATR) crystal (ZnSe) with thin layers

of goethite used in ATR-IR measurements.

IR spectral changes with time for the reactant (non-heated) and product (heated at 80 °C for 196
hours) solutions on the goethite layer were measured every 150 seconds for 10800 seconds (3 hours)
at room temperature. Fig. 6.1.14. shows representative difference IR spectra (¢ =0, 1, 2 and 3 hours)
from ¢ = 0 spectrum for (R) the reactant solution without goethite, (R+g) the reactant solution on
goethite, (P) the product solution without goethite and (P+g) the product solution on goethite.
Increases in peak heights at 1410, 1630 and 1710 cm™ suggested fast adsorption of components with
COO7, COOH and COOR groups on positively charged goethite surface (Zeltner and Anderson, 1988;
Silverstein et al., 1991; Max et al., 1998; Kitadai et al., 2010). Adsorbed amounts onto goethite were
generally larger for the product solution than for the reactant solution. This adsorption process within
a few hours at room temperature was faster than the formation enhancement of humic-like and brown

products in several days at 60—80 °C (Chapter 4) suggesting that later processes on the goethite surface
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after the fast adsorption are rate-limiting for the reaction enhancement. An in situ hydrothermal ATR-
IR cell (Fig. 6.1.15) under development can be used for further detailed kinetic studies including

surface processes on goethite layers at different temperatures (20—80 °C).

0.08
(C) 1710 (A)1410
(B)1630 (A)1390 R
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Fig. 6.1.14. Representative difference IR spectra (¢ = 0, 1, 2 and 3 hours) from 7 = 0 spectrum for (R)
the reactant solution without goethite, (R+g) the reactant solution on goethite, (P) the product solution

without goethite and (P+g) the product solution on goethite.
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Fig. 6.1.15. An overview and a cross section of the new heatable cell for ATR-IR spectroscopy.
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6.1.6 Overview of time scales for formation of humic-like substances by the Maillard

reaction

In situ hydrothermal measurement systems for IRWddVis spectroscopy were applied on the
agqueous reaction simulating the Maillard reactign dlycine and ribose forming humic-like
substances (Chapters 2 and 3) giving the kinetiameters of the reaction. The batch experiments
(Chapter 4) and in situ ATR-IR measurements (Chid)teuggested interactions between the reactants
and products of the Maillard reaction and goetfiitee time scales for the simulated Maillard reactio
at a representative Earth surface temperature %€ *&nged from a few years to a few thousand years
The reaction rate constants increased by larggalimioncentrations and presence of minerals like
goethite. In the following, overview of time scalies formation of humic-like substances by the
Maillard reaction is discussed.

From the above kinetic analyses, the simulated Idilreaction can be simplified by dividing
them to initial and later stages. The initial stageludes degradation stage of glycine and ribose
represented by loss of their structure (C-O and dhdups) as described in Chapter 2. Their estimated
reaction rates at 0.5 mot teactant solution were larger than those for thible changes represented
by increase in 420 nm absorbance (Fig. 6.1.4, T@lild). Moreover, the spectral changes at 420 nm
started just after beginning of the heating measarg (Fig. 6.1.6). Therefore, the initial proce$s o
the reactants’ degradation can be negligible imesing time scales of the visible changes.

For the experiments on 0.1 mdifdeactant solution, the spectral changes at 25%a28 420 nm
(UV2s4, UVago andVisszg) in UV-Vis range can be divided to the initial iadion stage and the later
progress stage as described in Chapters 3 ancekifétic analyses suggested shorter time scales fo
the induction stage than those for the later psgystage. Therefore, the later progress stageiloegcr
by the first order reaction can be a rate-detemgisitep for these UV-Vis changes.

On the other hand, Chapter 4 suggested enhancémgatthite of the first order spectral changes
at 420 nm during the simulated Maillard reactiomc8 Chapter 5 suggested more adsorption of the
products on goethite than that of the reactanis,ehhancement can be more effective on the later
processes by the adsorption of intermediate preducgoethite surfaces.

Considering these, the apparent first order UV-e¥iianges in the simulated Maillard reaction by
glycine and ribose forming humic-like substances loba summarized as the following. Table 6.1.4
lists the apparent first order reaction rdteand half-lives at 15 °C of the first order reant&iage in
changes iJVzs4, UVago andVisszo estimated by extrapolation of the Arrhenius ecumatirhe order of
time scales\iss20> UVazss> UVagg) at a lower initial concentration (0.1 mot teactant solution)
suggests that the furfural-like intermediates abisgr 280 nm were firstly produced and the later
humic-like products absorbing UV range including 2fn followed. Finally, more highly conjugated

1 electron compounds absorbing in the visible rangkiding 420 nm were produced. Since dark-
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brown color is one of the typical features of humidstances (Stevenson, 199k can be
employed as a surrogate indicator of the simul&iedation processes of humic-like substances.

The time scale of the reaction can therefore beesgmted by the half-lives dfs2o changes, and
is possibly around 5 years at a minimum and 20@@syat a maximum (Table 6.1.4). These time scales
depend on the initial reactant concentration aeggmce/absence of goethite. It should be noted that
effects of goethite appear to be smaller than dimeentration effects. However, few data are avkilab
on concentrations of amino acids and sugars innttaral environment. Moreover, contents of
goethite-like iron hydroxides in soils and sedinsesrte not measured frequently and considered to be
generally smaller than 1 wt% (Nakashima and Moniz2018). Reasonable evaluation of time scales

with appropriate natural concentrations are difficu

Table 6.1.4. The apparent first order reactionsidtend half-lives at 15 °C of the first order reantio

stage estimated by extrapolation of the Arrhengusaéon.

klat 15 °C (8) Half-life at 15 °C (y)

Visszoat 0.5 mol t (in situ without goethite)  4.5x10° 4.9
UVzgoat 0.1 mol T (in situ without goethite) ~ 1.1x10° 20
Visszoat 0.1 mol f (batch with goethite) 2.1x18 105
UVassat 0.1 mol T (in situ without goethite) ~ 1.3x10° 174
Visszoat 0.1 mol f (batch without goethite) 1.1x19 1990

Therefore, | tried first to compare the evaluatetktscales for formation of humic-like substances
with some natural examples without concrete dat@einitial reactant concentrations and goethite
contents. The formation of humic-like substance@bottom sediments of Ago bay, Mie Prefecture,
Japan has been studied in 2004—2006 by Otsuka akasNima (unpublished data). They extracted
pore waters from bottom sediments at three depttifms (0-3, 3—6, 6—9 cm) on 2 different locations
(Takonobori and Tategami). Total organic carbon €TQGng/g dry samples) and fluorescence
intensities at Ex. 310 nm/Em. 430 nm of the sample® measuredt should be noted that Ex. 310
nm/Em. 430 nm was a fluorescence maximum wavelefogtthe sediment samples and similar to
that used as a measure of humic-like substance3edation 6.1.3 (Chapter 3: Fig. 6.1.8). The
fluorescence intensities were normarized by TOCQng§) /TOC) and plotted against the depth
(Fig. 6.1.16a and b). By using sedimentation ratethese locations (Momoshima et al., 2008), the
fluorescence intensities normarized by TGLTOC) can be plotted against time (Fig. 6.1.16c, d).

F/TOC increased from 2.8 to 5.5 mgOrd@or Tategami (Fig. 6.1.16d) in about 30 years. An
exponential fitting for Tategami assuming the fosdler reaction by the following equation

F/TOC = C;(1 — exp(—k't)) + C,
gave an apparent rate constidndf 1.3x10° s, C; of 6.0 andC; of 1.2. Thek! had a similar order of
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magnitudes to the k' for changes in Visao and UVasgo (4.5x107 and 1.1x10” s!) extrapolated to 15 °C
from the experimental data (in situ without goethite) (Table 6.1.4). Although Takonobori samples did
not give appropriate exponential fitting because of small changes in F/TOC among the samples, they
showed F/TOC increase from 3.4 to 4.4 mgOrgC™' (Fig. 6.1.16¢) in about 30 years.

The time scales estimated by extrapolations from experimental results were about 5 to 20 years,
close to 30 years of changes in F/TOC observed at Ago bay sediments. Therefore, the simulated
Maillard reaction by glycine and ribose can give constraints on the better understanding of the time

scales of formation processes of humic-like substances.

(a) Takonobori (b) Tategami
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Fig. 6.1.17. The fluorescence intensities normalized by TOC (F/TOC) plotted against depth for (a)
Takonobori and (b) Tategami samples. Those plotted against time evaluated from sedimentation rates
for pore waters from 3 depth fractions of the bottom sediments at (c) Takonobori and (d) Tategami,

with a fitting curve for Tategami samples.
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6.2. Problems and future perspectives

This thesis aimed at evaluating time scalesfdomation processes of humic-like substances
simulated by the Maillard reaction. Hydrothermaperiments and IR and UV-Vis spectroscopy on
the Maillard reaction by glycine and ribose suggéghe time scales around 5 years at a minimum
and 2000 years at a maximum at a representativin Barface temperature of 15 °C. This is in
agreement with a few decades of time scale fonearease in fluorescence intensities in the bottom
sediments of Ago bay, possibly due to the formatbhumic-like substances. The present method
can be applied to the Maillard reaction under otgperimental conditions with various initial
concentrations of reactants in future studies. & fiwsher researches will give constraints on tigeln
understanding of the time scales of formation pgeee of humic-like substances.

On the other hand, the batch experiments argitunATR-IR measurements in the presence of
goethite suggested interactions between the rdactard products of the Maillard reaction and
goethite. However, few data points in the batcheexpents prevented precise kinetic analyses.
Moreover, hydrothermal changes in the reactantspanducts of the Maillard reaction adsorbed on
goethite could not be detected by the ATR-IR methiduerefore, development of a new in situ
hydrothermal measurement systems is needed (edyothgrmal in situ IR and visible micro-
spectroscopy, hydrothermal in situ ATR-IR spectopsg.

Further analyses of natural samples should bés@erformed for time scale evaluation for
formation processes of humic-like substances. Tiyson Ago bay sediments (Section 6.1.6) is one
of good practical examples. However, natural sas@ee complex mixtures of organics and
inorganics masking direct measurements for chaimgesmic substances in the natural environment.
Moreover, destructive procedures such as alkakiraeion or drying for humic substances’ analyses
may limit precise examination of natural organictterain its original form without modification
(Lehmann and Kleber, 2015). | have been developi{EEM spectroscopy for soils and sediments
in solid phases as one of the direct characteoizatiethods for humic-like materials in complex
mixtures of organic and inorganic compounds.

By these further improvements of measurementaoust of humic-like substances, time scales and
fates of humic-like substances in the formatiorgodeposition, transportation and interaction with

inorganic materials such as minerals can be qadingty described in the future.
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