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Abstract 

 

In this thesis, for evaluating time scales of formation processes of humic-like substances simulated 

by the Maillard reaction, hydrothermal changes in glycine + ribose mixture solutions and their 

interactions with an iron hydroxide (goethite) were examined. 

First, in situ hydrothermal spectroscopic measurement systems for the simulated Maillard 

reactions were developed. An original heatable liquid cell and spacers of 0.05 mm thick provided a 

stable hydrothermal system without solution escape. In situ infrared (IR) and ultraviolet–visible (UV–

Vis) spectroscopic measurements for the Maillard reaction of 0.5 mol l-1 glycine + ribose mixture 

solution at 60–80 °C were conducted using the in situ hydrothermal spectroscopic measurement 

systems. Kinetic analyses for decreases in the starting material (represented by decreases in band areas 

around 1100 and 1330 cm-1: IR1100 and IR1330) and browning process (represented by increases in 

absorbance at 420 nm: Vis420) gave activation energies of 90–100 kJ mol-1 and frequency factors of 

1.2×109–4.8×109 s-1 at 60–80 °C.  

Second, for tracing UV spectral changes in detail, in situ UV–Vis spectroscopy for 0.1 mol l-1 

glycine + ribose solutions at 60–80 °C was performed. Increases in the products during the heating of 

glycine + ribose solution (0.1 mol l-1) at 80 °C were quantitatively traced by UV–Vis, 3D excitation 

emission spectroscopy and size exclusion liquid chromatography. And 2D correlation spectroscopic 

analyses suggested that a band area around 280 nm (UV280) and 254 nm absorbance (UV254) can be 

used as measures of the formation of furfural-like intermediates and humic-like products, respectively. 

They were monitored by in situ UV–Vis spectroscopy with the original heatable liquid cell at 60–

80 °C. Kinetic analyses for changes in UV280 and UV254 at the first order reaction progress stage after 

an induction stage gave activation energies of 87 and 88 kJ mol-1 and frequency factors of 8.1×106 and 

1.0×106 s-1 at 60–80 °C, respectively.  

Third, changes in Vis420 were analyzed for batch experiments of glycine + ribose solutions at 60–

80 °C in the presence and absence of an iron hydroxide (goethite). Their kinetic analyses gave 

activation energies of 110 and 137 kJ mol-1 and frequency factors of 2.0×1010 and 9.1×1013 s-1 at 60–

80 °C for 0.1 mol l-1 reactant solution with and without goethite, respectively. Enhancement of reaction 

rates in the presence of goethite was recognized. Effects of initial concentrations (0.5 or 0.1 mol l-1) 

were also noticed.  

Fourth, adsorption on goethite of reactants and products of the Maillard reaction at room 

temperature was measured by attenuated total reflection infrared (ATR-IR) spectroscopy. This 

adsorption process was within a few hours at room temperature and was faster than the formation 

enhancement of humic-like and brown products in several days at 60–80 °C. Later processes on the 

goethite surface after the fast adsorption are considered to be rate-limiting for the reaction 
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enhancement. An in situ hydrothermal ATR-IR cell under development can be used for further detailed 

kinetic studies including surface processes on goethite layers at different temperatures (20–80 °C). 

Finally, time scales of the studied processes were compared by the half-lives of Vis420 changes, and 

were estimated to be around 5 years at a minimum and 2000 years at a maximum by extrapolation of 

experimental results to 15 °C. This was in agreement with a few decades of time scale for increase of 

fluorescence intensities in the bottom sediments of Ago bay, possibly due to the formation of humic-

like substances. The present method can be applied to the Maillard reactions under other experimental 

conditions with various initial concentrations of reactants in future studies. These further researches 

will give constraints on the better understanding of the time scales of formation processes of humic-

like substances. 
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要旨 
 

本論文は，メイラード反応により模擬した腐植様物質の生成時間スケールを推定するた
め，グリシン・リボース混合水溶液の加熱変化を追跡し，また，水酸化鉄（ゲーサイト）と
の相互作用についても検討した． 

まず，メイラード反応の水熱その場分光測定システムの開発を行い，独自に設計した水
熱その場分光セル及びスペーサーにより試料溶液の漏出のない安定した測定を実現した．
開発したセルを用いて 0.5 mol l-1 グリシン・リボース混合水溶液の 60–80 ℃におけるその場
赤外・紫外可視分光測定を行ったところ，反応物（グリシンとリボース）の減少（1100およ
び 1330 cm-1 吸収帯面積の減少）と試料溶液の褐色化（420 nm吸光度の増加）について 90–

100 kJ mol-1 の活性化エネルギーおよび 1.2×109–4.8×109 s-1 の頻度因子が得られた． 

次に，紫外領域におけるスペクトル変化を詳細に追跡するため，0.1 mol l-1 グリシン・リ
ボース混合水溶液の 60–80 ℃におけるその場紫外可視分光測定を行った．80℃で 0–168 時
間加熱したバッチ試料を紫外可視・3 次元蛍光スペクトルとサイズ排除クロマトグラフィー
により測定し 2 次元相関分光法により分析したところ，280 nm吸収帯面積（UV280）がフル
フラール様中間生成物の指標，254 nm吸光度（UV254）が腐植様生成物の指標として使える
ことが示唆された．60–80 ℃における水熱その場紫外可視分光測定を行ったところ，両指標
はある導入時間ののちに見かけの 1 次反応により増加した．また，その速度論的解析により
フルフラール様中間生成物・腐植様生成物の増加についてそれぞれ 87・88 kJ mol-1 の活性化
エネルギーおよび 1.2×109・4.8×109 s-1 の頻度因子が得られた． 

ゲーサイト添加有・無の 0.1 mol l-1 グリシン・リボース混合水溶液を 60–80 ℃で加熱し
たバッチ試料の 420 nm吸光度変化を速度論的に解析したところ，110・137 kJ mol-1 の活性
化エネルギーおよび 2.0×1010・9.1×1013 s-1 の頻度因子が得られた．また，ゲーサイト添加に
よる反応の促進が見られ，0.5 mol l-1 グリシン・リボース混合水溶液の 60–80 ℃におけるそ
の場紫外可視分光測定の解析結果と比較して，初期濃度が高いほど反応が早く進むことが
示唆された． 

さらに，メイラード反応の反応物（グリシンとリボース）と生成物（80 ℃196時間加熱）
のゲーサイトへの吸着（室温）を減衰全反射赤外分光法により測定した．この吸着過程は室
温で数時間程度であり，60–80 ℃でゲーサイト添加により促進された褐変の時間スケール
（数日程度）に比べて速い過程であった．このことは，ゲーサイトにより促進される褐変過
程が，ゲーサイト表面に反応物・生成物が迅速に吸着した後の表面での反応過程により律速
される可能性を示唆している．このような表面での反応過程は，新規開発中の水熱その場減
衰全反射赤外分光セルによる室温から 80 ℃での追跡と解析により調べることができると
期待される． 

メイラード反応による腐植様物質の生成模擬過程の時間スケールを代表する指標とし
て 420 nmの吸光度変化（褐変）の半増期を用い，実験結果をアーレニウスの式により低温
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へ外挿し，15 ℃での半増期を見積もると，最小で 5 年，最大で 2000年程度となった．これ
は英虞湾水底堆積物の蛍光強度増加（腐植様物質増加に対応）の数十年の時間スケールと調
和的であった．今後は，本研究で開発した水熱その場分光測定システムを様々な反応条件で
のメイラード反応に用いることができ，腐植様物質生成時間スケールのより良い理解につ
ながると考えられる． 
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1.1. Research background 
 

Organic matter in living organisms such as proteins, carbohydrates, lipids, etc. are known to 

change to other organic molecules through enzymatic reactions, reactions between functional groups 

and metabolism of microorganisms. Most of the changes are continuous and non-uniform, therefore it 

is difficult to specify the products. “Humic substance” is a general term of such polymerized high 

molecular weight organic matter, whose structure is not well defined, present in Earth’s surface 

environments. While humic substances are sources of nutrients for microorganism, plants and some 

insects, and sources of fossil fuels, their abundant functional groups bring following environmental 

significances: complexation with toxic heavy metal ions using t��� ����������� ������� ��� ���������

toxifying or detoxifying of heavy metal ions and organic chemicals�� �nteractions with organic 

pollutants���roducing CO2 by decomposition of humic substances (Stevenson, 1994). 

Humic substances are the major organic components in Earth’s surface environments and play key 

roles in interactions with environmental pollutants (Kördel et al., 1997). However, the processes and 

rates of formation of humic substances are complicated and poorly understood because of complexity 

of the formation processes and the products. After foundation of International Humic Substances 

Society (IHSS) in 1982, the term “humic substances” is often used based on analysis definition of 

IHSS by their extraction methods from natural samples and solubility in acid (Kuwatsuka et al., 1992). 

In this thesis, “humic-like substances” is used for samples which have similar properties to humic 

substances, but without using the analysis defined by IHSS. 

Among various formation processes of humic substances, the Maillard reaction (browning 

reaction) is considered to be one of dominant formation processes of humic substances in aquatic or 

soil environments such as at the bottom of a deep lake where there is little dissolved oxygen and few 

microorganisms (Stevenson, 1994). In these environments, biogenic residues are considered to be 

major reactants of the Maillard reaction (Yamamoto and Ishiwatari, 1989). The Maillard reaction is a 

continuous reaction between an amino group in amino acids and a carbonyl group in saccharides 

producing various intermediates and their polymerized compounds, melanoidins (Maillard, 1912). 

They are brown-colored high molecular weight organic compounds, which have non-uniform 

structures. Their chemical similarities to natural humic substances provides a basis of the hypothesis 

of the Maillard reaction as a reaction forming humic substances in the natural environment (Ikan et 

al., 1996). Therefore, the Maillard reaction has been studied in a few geochemistry researches for 

understanding time scales, amounts and properties of the reaction and products (Abelson, 1978�������

et al., 1996). 

Fig. 1.1.1 shows a schematic figure modified after Hodge (1953) for the Maillard reaction between 

glycine and ribose for forming brown products finally into melanoidins, where glycine and ribose are 

selected as representative reactants. Glycine is a simplest amino acid and ribose is a sugar compound 
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except for some limited studies on reactions between amino acids and kerogens (high molecular 

weight insoluble organic matter) and analyses on dried products ���������� ��������������� ����

Ishiwatari, 1989). 

   In this thesis, the formation process of humic-like substances was simulated by the Maillard 

reaction by glycine and ribose solution. Their thermal changes were traced by infrared (IR) and 

ultraviolet–visible (UV–Vis) spectroscopic methods and their time scales were evaluated by kinetic 

analyses for their spectroscopic changes. 
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1.2. Aims and contents of this study 
 

This study aimes at: 

- Developing in situ hydrothermal IR and UV–Vis spectroscopic measurement systems for the 

simulated Maillard reaction. 

- Finding spectroscopic indicators which can represent progresses of the simulated Maillard 

reaction. 

- Time scales evaluation for the simulated Maillard reaction by kinetic analyses for their 

spectral changes. 

   In Chapter 2, in situ hydrothermal spectroscopic measurement systems for the simulated Maillard 

reactions were first developed. In situ IR and UV–Vis spectroscopic measurements for the Maillard 

reaction of 0.5 mol l-1 glycine + ribose mixture solution at 60–80 °C were conducted.  

In Chapter 3, for tracing UV spectral changes in detail, in situ UV–Vis spectroscopy for 0.1 mol  

l-1 glycine + ribose solutions at 60–80 °C was performed. Spectroscopic similarity between humic 

substances and the simulated Maillard reaction products was also discussed and validity of UV–Vis 

spectroscopy was suggested.  

In Chapter 4, changes with time in absorbance at 420 nm (indicator of browning) were analyzed 

at 60–80 °C in the presence and absence of an iron hydroxide (goethite). Enhancement of reaction 

rates in the presence of goethite was recognized. Effects of initial concentrations (0.5 or 0.1 mol l-1) 

were also noticed.  

In order to examine surface processes on goethite 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 (Chapter 5).  

In Chapter 6, these results were summarized again and overall discussion and future perspectives 

were presented. 
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2.1. In situ infrared spectroscopy for the Maillard reaction by 0.5 mol l-1 glycine and ribose solution 
 
   This section has been modified from the following published paper in Chemistry Letters by the 

Chemical Society of Japan: 

“In situ IR transmission spectroscopic observation and kinetic analyses of initial stage of the Maillard 

reaction as a simulated formation process of humic substances” 

By Yuki Nakaya and Satoru Nakashima 

Chemistry Letters, 2016. 45(10). 1204–1206. 

 

2.1.1. Introduction 
 
   Kinetics of the Maillard reaction has been studied for long years by various researchers, especially 

in food chemistry (van Boekel, 2001). Since browning of food is one of the most important problems 

in food chemistry (Finot, 2005), progress of the Maillard reaction is often measured in terms of color 

formation by UV–Vis spectroscopy (e.g. Song et al., ���������������������������������������������

�������������������������������������ouz et al, 2008). However, most of amino acids and sugars as 

initial materials of the simulated Maillard reaction are neither colored nor UV–Vis active. 

IR spectroscopy is one of useful methods for qualitative analyses of amino acids and sugars. Unlike 

their UV–Vis spectra, IR spectra have many characteristic absorption bands due to characteristic 

vibrations of polar functional groups such as hydroxyl (OH), carbonyl (C=O), ester (COO), carboxyl 

(COOH) groups, together with those of aliphatic and aromatic C-Hs and aromatic rings bound to polar 

components. Since IR transmission spectroscopy of aqueous solutions is very difficult because of 

strong absorption band of water, batch measurement of KBr pellets of well desiccated powders is often 

used. For the similar reason, in situ IR measurement on aqueous solutions has almost never been 

performed in the study of the Maillard reaction.  

However, it is possible to measure IR transmission spectra of aqueous reactants and products of 

the Maillard reaction by adjusting appropriate concentrations and thicknesses of sample solutions. In 

this section, I aimed to establish a stable in situ IR measurement method of the Maillard reaction as a 

simulated formation process of humic-like substances and degradation process of reactants (Section 

2.1) as well as the in situ UV–Vis spectroscopy (Section 2.2). In Section 2.1, a stable in situ IR 

transmission spectroscopic measurement method of Maillard reaction is established and the time scale 

for the decreases in initial materials is evaluated. In situ UV–Vis spectroscopic measurement of glycine 

+ ribose mixture solutions for tracing intermediates and later products is described in later sections 

(Sections 2.2 and 3.2).  
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2.1.2. Methods 
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Fig. 2.1.2. A photograph of the punches, a PTFE sheet, and a hammer for punching. 

 

   As a starting solution of the Maillard reaction, a 0.5 mol l-1 glycine and ribose solution was selected 

here as representative amino acid and sugar components. 2.0 mol l-1 glycine and 2.0 mol l-1 ribose 

solutions were prepared by dissolving them in pure water (MilliQ: Resistance > 18.2 MΩ cm). These 

solutions and pure water were mixed to obtain 0.5 mol l-1 glycine + ribose mixture solutions, 0.5 mol 

l-1 glycine solutions and 0.5 mol l-1 ribose solutions. About 1 µl of the solution was injected in the 

sample chamber of the liquid cell. 

    Glycine + ribose mixture solutions (0.5 mol l-1) were heated at 80, 75 and 70 °C for 48 hours (2 

days) and at 65 and 60 °C for 96 hours (4 days) in an IR spectrometer (FTIR4100, Jasco) (Fig. 2.1.3). 

It has a single beam measurement system, in which light intensity (I) from the source through an 

interferometer passes through the sample compartment to be detected by a TGS detector. Intensity of 

reference (I0) was measured without the cell and that for the sample (I) with the cell. Absorbance (Abs.) 

is expressed as a common logarithm of the ratio of transmitted light intensities of sample (I) and 

reference (I0): 

���.= − log
�
�
��

 

It should be noted that absorption by not only the sample solution but also two CaF2 windows was 

measured in the single beam measurement system. A photograph of the sample compartment with the 

heatable liquid cell is shown in Fig. 2.1.4. IR spectra were measured every 2 minutes with a 

wavenumber resolution of 4 cm-1 and 64 scans in the 400-7800 cm-1 spectral range. As reference 

experiments, IR spectral changes for 0.5 mol l-1 glycine solution only and 0.5 mol l-1 ribose solution 

only were measured for 2 days heating at 80 °C. The other measurement conditions were the same as 

those of 0.5 mol l-1 glycine + ribose mixture solutions. Experimental procedures of the in situ IR 

spectroscopic observation are shown in Fig. 2.1.5. 

For 12 mm.  

For 8 mm.  
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2.1.3. Results 
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2.1.4. Discussion 
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of magnitudes. These quasi-linear trends suggested the similar reaction mechanisms in this 

temperature range (60–80 °C). 

In previous works, decreases in initial materials of the Maillard reaction have been fitted by either 

the first order or the second order reactions (van Boekel, 2001). The decrease with time of two starting 

materials can be usually fitted by the second order reaction. However, the second order fitting of the 

present experimental data were not good. On the other hand, their fittings by exponential equations 

were good with correlation coefficient r > 0.996 (Fig.2.1.9, Table 2.1.2). This indicates the validity of 

the first order reaction model. The collision of glycine and ribose in this study can be fast and the 

transformation of formed glycine-ribose composite might be the rate-limiting step following the first 

order reaction.  

The obtained apparent first order rate constants k1100 and k1330 at 60–80 °C can be extrapolated to 

lower temperatures by the above Arrhenius equation (eq. 2.1.2). 15 °C was selected as a representative 

temperature of Earth’s aquatic environment. The extrapolated k1 values at 15 °C are 9.4×10-9 s-1 (= 

k1100) for decrease in ribose (band area around 1100 cm-1) and 1.4×10-8 s-1 (= k1330) for decrease in 

glycine (band area around 1330 cm-1) during the Maillard reaction of 0.5 mol l-1 glycine + ribose 

solution. In order to better represent time scales of these reaction rates at Earth’s surface environments, 

their half-life t1/2 can be calculated by (ln 2)/k1100 (1330) and the t1/2 values at 15 °C are 2.3 years for 

decrease in ribose and 1.5 years for decrease in glycine. 

In this section, decreases in starting materials were followed by the present in situ IR method. 

However, no significant increasing absorption bands corresponding intermediates and later products 

were recognized. Their concentrations or extinction coefficients were possibly too small to be detected 

in the IR range. 
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2.2. In situ ultraviolet‒visible spectroscopy for the Maillard reaction by 0.5 mol l-1 glycine and ribose 
solution 
 

2.2.1. Introduction 
 

Humic substances are known to have broad and featureless UV–Vis absorption spectra (Wang et 

al, 1990), which are derived from presence of aromatic rings or conjugated C=C or C=O double bonds, 

in the ultraviolet (UV) (200–400 nm) and visible (Vis) (400–800 nm) regions (Stevenson, 1994). In 

spite of the featureless absorption spectra, UV–Vis spectroscopic measurements have been performed 

in various studies of humic substances because of ease of measurement, and some quantitative 

treatment of the spectra have been conducted. For example, slope in visible range, absorbance at 400 

and 600 nm, their ratio a��������������������������������������������������������������������������

�������������������������������� 

UV–Vis spectroscopy is also employed in the study of the Maillard reaction. For example, Stamp 

and Labuza (1983) followed the Maillard reaction between aspartame, which has an amino group, and 

glucose by measuring absorbance at 420 nm at 70–100 °C, and obtained the activation energy of 65 

kJ mol-1 assuming the zeroth order reaction. On the other hand, Song et al. (1966) followed the 

Maillard reaction between D-glucose and glycine by measuring absorbance at 490 nm. In fact, solution 

browning is typical for the Maillard reaction and is derived from a highly concentrated mixture of UV 

active species (Davies and Labuza, 1997) such as melanoidins, which are the final products of the 

Maillard reaction and have aromatic rings and conjugated C=C double bonds. Furthermore, furfural 

and hydroxymethyl furfural (HMF), which are the intermediates of the Maillard reaction (Hodge, 

1953), has a broad absorption band around 280 nm. Since these intermediate products such as HMF 

show a yellowish color in the Maillard reaction, the coloration by HMF is called “secondary browning 

reaction” (Song et al. 1966). 

Thus, UV–Vis spectroscopy has been often used in studies of humic substances and the Maillard 

reaction. However, in situ measurements have not been conducted for monitoring the reaction progress, 

except for Otsuka and Nakashima (2007) following the adsorption of a dissolved humic substances to 

goethite and subsequent oxidation to CO2 by in situ UV–Vis spectroscopy mainly at 254 nm at 70 °C. 

In order to monitor the formation of products by the Maillard reaction of 0.5 mol l-1 glycine + 

ribose mixture solution, in situ UV–Vis spectroscopic measurements for the solutions with the same 

types of heatable liquid cell were conducted. As an index of yellow-brownish compounds’ generation, 

absorbance at 420 nm with one-point base at 800 nm were employed after Stamp and Labuza (1983). 

For starting materials, glycine and ribose were selected in order to compare results with those by in 

situ IR spectroscopic measurement (Section 2.1). The heatable liquid cell and the PTFE spacers of 

0.05 mm thickness were used.  



21 
 

2.2.2. Methods 
 
   ��� ���� ����� ���� ��� ��� ��� ������������� ��������� ������ ���� ���� ���� �������� �� ���������������
������������������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������������������

�����������������������������������������������������������������������������������������������������

����������������������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������������

��������������������������� ������������������������������������������������������������������

�������������������������������������������������������������������������������������������������

�����������������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������������

����������������  

 
����������������������������������������������������������������� 

 

 
�������������������������������������������������������������������������������������������� 



22 
 

2.2.3. Results 
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2.2.4. Discussion 
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2.3. Conclusion 
 

In order to examine formation rates of humic-like substances, I focused on the Maillard reaction 

by 0.5 mol l-1 glycine + ribose mixture solution as a reaction simulating a formation of humic 

substances. 

First, for tracing degradation of the reactants by the Maillard reaction, in situ IR spectroscopic 

measurements using an original heatable liquid cell were conducted. In situ IR spectra of 0.5 mol l-1 

glycine + ribose mixture solutions heated at 60–80 °C (0–96 hours) showed peaks at 1044, 1088, 1120, 

1156, 1220, 1246, 1330, 1410, 1442 and 1510 cm-1. Their band areas showed exponential decreases 

for most of the heating temperatures. From reference experiments, transformations of glycine alone 

and ribose alone did not occur in the present heating experiments of glycine + ribose mixture solutions. 

Constancy of bands around 5200 and 7000 cm-1 suggested thickness of sample solutions was almost 

the same and there was almost no escape of the sample solutions throughout each heating experiment. 

The decreasing 1100 and 1330 cm-1 band areas (baseline: 1020–1170 and 1290–1360 cm-1, 

respectively) were analyzed as indicators of amounts of ribose and glycine, respectively. The band 

area decreases with time were fitted by the exponential equation assuming the first order reaction and 

k1100, k1330 and t1/2 values were obtained, where k1100 and k1330 are the apparent first order rate constants 

for decreases in 1100 and 1330 cm-1 band area, t1/2 is the half-life. The Arrhenius plots of k1100 and 

k1330 and T (333–350 K) gave linear trends and the fitted lines gave Ea and A to be Ea = 98 kJ mol-1 

and A = 4.8×109 s-1 for ribose decrease and Ea = 93 kJ mol-1 and A = 1.2×109 s-1 for glycine decrease, 

respectively.  

The obtained k1100 and k1330 at 60–80 °C were extrapolated to lower temperatures by the Arrhenius 

equation. The obtained k1100 and k1330 values at 15°C were 9.4×10-9 s-1 (= k1100) for decrease of ribose 

(band area around 1100 cm-1) and 1.4×10-8 s-1 (= k1330) for decrease of glycine (band area around 1330 

cm-1), respectively. The half-life t1/2 values at 15 °C were 2.3 years and 2.1 years, respectively. 

Second, for tracing brown products by the reaction, in situ UV–Vis spectroscopic measurements 

of 0.5 mol l-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-1 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 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.  

   Changes in absorbance at 420 nm with one-point base at 800 nm (Vis420) with time during the in 

situ measurements at each heating temperature were fitted by the exponential equation assuming the 

first order reaction and k420 and t1/2 values were obtained. The Arrhenius plots of k420 and T (333–350 
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K) gave linear trends and the fitted lines gave Ea and A to be Ea = 98 kJ mol-1 and A = 2.7×109 s-1. The 

obtained k420 at 60–80 °C was extrapolated to lower temperatures by the Arrhenius equation. The 

obtained k420 and half-life t1/2values at 15 °C were 4.5×10-9 s-1 and 4.9 years.  
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CHAPTER 3. Spectroscopic similarity between humic substances and the simulated 

Maillard reaction products 
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This chapter has been modified from the following published paper: 

“Non-destructive spectroscopic tracing of simulated formation processes of humic-like substances 

based on the Maillard reaction” 

By Yuki Nakaya, Satoru Nakashima and Mihoko Moriizumi 

 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 l-1 glycine and ribose solution 
 

3.1.1. Introduction 
 
   In Chapter 2, in situ IR and UV–Vis spectroscopic measurements for the Maillard reaction of 0.5 

mol l-1 glycine + ribose mixture solution at 60–80 °C simulating generation of humic substances were 

conducted, and kinetic analyses for decreases in the starting material and browning process suggested 

90–100 kJ mol-1 of activation energies for their reactions. However, spectral changes for 0.5 mol l-1 

glycine + ribose mixture solution in UV range could not be traced because of spectral saturation even 

using a 0.05 mm thickness spacer. Therefore, for tracing UV spectral changes, similar measurements 

at lower initial concentrations are needed. In this section, spectroscopic similarity between humic 

substances and the simulated Maillard reaction products by 0.1 mol l-1 glycine + ribose mixture 

solution is discussed and validity of UV–Vis spectroscopy is suggested.  

   UV–Vis spectroscopy has been commonly used not only in food chemistry concerning the Maillard 

reaction but also in humic substances researches. Although absorption spectra in UV and visible range 

of humic substances are often featureless (Wang et al, 1990), absorption intensities or their ratios at 

particular wavelengths were used as surrogate parameters of quantity and property of humic 

substances. For example, absorbance at 254 nm has been often used as a measure of dissolved organic 

matter (DOM) (Edzwald et al., 1985) and natural organic matter (NOM) (Korshin et al., 1997). 

Johnson et al. (2002) used specific UV absorbance per mass of carbon for examining transport 

behavior of humic substances in aquifer sediment. 

On the other hand, three dimensional excitation emission matrix (3D-EEM) fluorescence 

spectroscopy and size exclusion liquid chromatography (SELC) are also important measurements 

monitoring humic substances in natural water. Nagao et al. (2003) used high-performance size 

exclusion chromatography for characterization of humic substances in natural water showing some 

fluorescence peaks in the range of 250–500 nm of excitation wavelength (Ex.) and 300–600 nm of 

emission wavelength (Em.). Since it is recently pointed out that destructive procedures such as alkaline 

extraction or drying for humic substances’ analyses may limit precise examination of humic 

substances (Lehmann and Kleber, 2015), these non-destructive spectroscopic measurements are 
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expected to provide precise properties of humic substances. 

   In this section, spectroscopic data obtained by the following non-destructive direct measurements 

without any additional procedures including drying or extracting the solution is discussed: UV–Vis 

spectroscopy, 3D-EEM spectroscopy and SELC for batch samples including 0.1 mol l-1 glycine + 

ribose mixture solution heated at 80 °C for 0–168 hours (0–7 days). 

In order to examine correlation among spectroscopic data and check validity of using UV–Vis 

spectra for monitoring progress of the Maillard reaction, generalized two-dimensional correlation 

spectroscopy (2D-COS) is used. It is a mathematical method to visualize correlation between bands in 

two series of spectra changing in response to a perturbation, for example time, temperature and 

composition. The two series of spectra can have the same or different spectral variables (Noda and 

Ozaki, 2004). Since the first proposal in 1986 (Noda, 1986), the use of 2D-COS in spectroscopy has 

been increasing (Noda, 2008). Recently in the humic substances’ researches, 2D-COS has been 

introduced for examining the relationships among spectroscopic data concerning humic substances 

����� ��� ����� ����������� ��� ����� ������� ���� ������������� ������������ ��-COS, dynamic spectra are 

calculated by subtracting the parent spectra from the reference spectrum (time-average spectrum in 

the present case). Then, the dynamic spectra measured in time domain are transformed in those in 

frequency domain by Fourier transform. Another series of dynamic spectra from the reference 

spectrum (time-average spectrum in the present case) is calculated in the same way. These two series 

of dynamic spectra are converted to 2D spectra by using a synthesized correlation function. The 2D 

spectra consist of real and imaginary components derived from the Fourier transform, and the real and 

imaginary components respectively give synchronous and asynchronous correlation intensity. In a 

synchronous spectrum, positive (or negative) peaks imply that the pairs of the spectral variable change 

corresponding to the perturbation in the same (or opposite) direction. In an asynchronous spectrum, if 

positive (negative) peaks appear at the same position as synchronous correlation peaks, that implies 

changes at the spectral variable on the horizontal axis occurring earlier (later) than those on the vertical 

axis. 

In order to identify functional groups and chemical compositions of the reaction products, 

heteronuclear single quantum coherence nuclear magnetic resonance (HSQC-NMR) spectroscopy for 

products is conducted. HSQC-NMR spectrum is a 2D spectrum having horizontal and vertical axes 

for chemical shifts in two NMR spectra (in this study, 1H-NMR and 13C-NMR spectra) and indicating 

their correlation peaks. As another measurement for identification of functional groups, IR 

spectroscopy for dried products of the reaction is also conducted. In order to estimate molecular weight 

of the products, matrix assisted laser desorption/ionization time-of-flight mass spectroscopy (MALDI-

TOF-MS) is also conducted.   



32 
 

3.1.2. Methods 
 
Sample Preparation 

 

   Glycine and ribose solutions (0.2 mol l-1) were prepared respectively by dissolving them in pure 

water (MilliQ: Resistance > 18.2 MΩ cm). These two solutions were mixed to obtain 0.1 mol l-1 

glycine plus 0.1 mol l-1 ribose solution. This glycine + ribose mixture solution was subdivided into 16 

polypropylene micro-tubes containing 1.5 ml of 0.1 mol l-1 glycine + ribose solutions. One of them 

was kept at room temperature (heated for 0 hour) and the others were heated at 80 °C in an electric 

oven for about 6, 12, 18, 24, 30, 36, 42, 48, 54, 60, 72, 96, 120, 144 and 168 hours in order to accelerate 

the reaction. After heating at 80 °C for each period, the solution bottles were taken out from the oven 

and stored in a refrigerator (6 °C). These batch solutions (0.1 ml) were diluted 100 times by pure water 

(MilliQ) in order to prevent spectral saturation and fluorescence quenching for the following 

������������������UV–Vis spectroscopy, (2) 3D-EEM spectroscopy, and (3) SELC. In order to obtain 

data for larger molecular weight components in the 168 hour heated products, another 0.1 mol l-1 

glycine + ribose mixture solution heated at 80 °C for 168 hours was put into a dialysis tube (Molecular 

weight cutoff (MWCO): 3500 Da, in pure water buffer) for 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 for 0–168 hours and the dialyzed solution were 

measured in a quartz cell (optical pass length: 10 mm) by an UV–Vis spectrometer (V570, Jasco). Pure 

water was measured as a background spectrum, and then the diluted sample solutions were measured. 

UV–Vis spectra were measured at a scanning speed of 400 nm min-1 with a resolution of 1.0 nm in the 

190–1100 nm spectral range. 

 

3D-EEM Spectroscopy 

 

Three dimensional excitation emission matrix spectra for the sample solutions heated for 0–168 

hours and the dialyzed solution were measured in a fluorescence quartz cell (optical pass length: 2 

mm, width: 10 mm) by a three-dimensional fluorescence spectrometer (F7000, HITACH). Excitation 

wavelength (Ex.) was 250–500 nm (excitation slit: 5 nm) and emission wavelength (Em.) was 300–

600 nm (emission slit: 5 nm). Scanning speed was 2400 nm min-1 at 5 nm intervals and photomultiplier 

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

 

SELC for the sample solutions heated for 0–168 hours was conducted by using a high performance 

size exclusion liquid chromatography (HPLC-SEC) unit (EXTREMA, Jasco) and a SEC column 

(YMC-Pack Diol 120, YMC, 35 °C). 50 mM sodium acetate/acetic acid solution (pH = 7) was used as 

a common eluent. The injection volume was 100 µl, the flow rate was 1 ml min-1, and the analysis 

time was 30 min for each sample. The SEC column and experimental condition were the same as 

Moriizumi and Matsunaga (2011). Positions of void volume (V0: retention time 5.5 minutes), total 

effective column volume (Ve: retention time 12.2 minutes) and retention time of molecular weight 

���������� ������������ ��� ����� ����������� ��� ����� ��� �heir report are marked in the obtained 

chromatograms for reference. Because these protein standards and the Maillard reaction products are 

considered to have different molecular shapes and electrical properties, it should be noted that these 

values cannot be directly compared. Chromatograms were recorded with a UV detector (UV4070, 

Jasco) at 280 nm without baseline correction and a fluorescence detector (FP4025, Jasco) at Ex. 345 

nm/Em. 430 nm. Obtained data were analyzed by a commercial software (Chromato-Pro, Runtime 

Instruments). 

 

2D-COS 

 

Generalized 2D-COS was conducted on UV–Vis spectra, emission spectra at a certain excitation 

wavelength in 3D-EEM spectra and SEC chromatograms for the batch solutions. The spectra were 

generated by using a free software available at 

https://sites.google.com/view/shigemorita/home/2dshige ������ ��������� ����� February 4, 2019), 

2DShige (Shigeaki Morita, Kwansei-Gakuin University, 2004–2005). 

 

HSQC-NMR Spectroscopy 

 

HSQC-NMR spectra for the product solutions (heated for 168 hours, undiluted) and controls (0.1 

mol l-1 glycine and ribose solutions) were measured on AVANCE700 (Bruker) with 5 mm TCI 

Cryoprobe at 25 °C. The samples were diluted 10 times by D2O and analyzed. Measurement times 

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

 

IR Spectroscopy 

 

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

and controls (0.1 mol l-1 glycine + ribose mixture solution), an FTIR micro-spectrometer 
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(FTIR620+IRT30, Jasco) was used. 10 µl of the sample solution were dried for 3 hours on an Al foil 

and transmission reflection (transflection) spectra of the dried samples were obtained. IR spectra were 

measured with a wavenumber resolution of 4 cm-1 and 64 scans in the 400–4000 cm-1 spectral range. 

 

MALDI-TOF-MS 

 

The MALDI-TOF mass spectra for the product solutions heated for 168 hours and the dialyzed 

solution were recorded in a positive mode on AXIMA-CFR (Shimadzu/Kratos) in a linear mode, 

controlled by the KOMPACT 2.3.5 software package. External calibration of MALDI mass spectra 

was carried out using the monoisotopic peaks of a mixture of Bradykinin 1–7 (m/z 757.40), 

Angiotensin II (m/z 1046.54), Angiotensin I (m/z 1296.68), Substance P (m/z 1347.74), Bombesin (m/z 

1619.82), Renin Substrate (m/z 1758.93), ACTH clip 1–17 (m/z 2093.09), ACTH 18–39 (m/z 2465.20) 

and Somatostatin 28 (m/z 3147.47). In order to prepare the target sample, the product solution (heated 

for 168 hours, undiluted) and a matrix (1 mg ml-1 sinapinic 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 mol l-1 glycine + ribose mixture solutions heated at 80 °C 

for 0, 24, 48, 72, 96, 120, 144 and 168 hours (diluted 100 times) are shown in Fig. 3.1.1a. A band 

around 280 nm increased with time. Moreover, absorbance at shorter wavelength increased more for 

longer heating durations. Fig. 3.1.1b shows a spectrum for the solution heated for 168 hours and that 

after dialysis (> 3500 Da). Absorption in the UV region generally decreased after dialysis, in particular 

around 280 nm. However, in the visible region, broad and featureless absorption remained. 

 

Fig. 3.1.1. (a) Representative UV–Vis spectra for the product solutions of 0.1 mol l-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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Size Exclusion Liquid Chromatography 

 

Representative size exclusion liquid chromatograms by 280 nm absorbance on the product 

solutions show, from left to right, large (5.7 minutes), medium (10, 11 minutes) and small (18.8 

���������������������������������������������������������������������������������������������

(Fig. 3.2.2a). It should be noted that this chromatogram can include not only the peak around 280 nm 

but also a tail of broad absorption in the ultraviolet range because the detection was without baseline 

correction. On the other hand, representative chromatograms by fluorescence intensity at Ex. 345 

nm/Em. 430 nm show peaks around retention time of 10 to 17 minutes (Fig. 3.1.3b), corresponding to 

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

 

 
Fig. 3.1.3. Representative chromatograms by (a) 280 nm absorbance and (b) fluorescence intensity at 

Ex. 345 nm/Em. 430 nm on the product solutions of 0.1 mol l-1 glycine + ribose mixture solutions 

heated at 80 °C for about 0, 24, 48, 72, 96, 120, 144 and 168 hours (100 times diluted solutions further 

diluted 10 times by an eluent).  
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2D-COS 

 

Generalized 2D synchronous and asynchronous spectra were generated from UV–Vis spectra, 

emission spectra at a certain excitation wavelength in 3D-EEM spectra and SEC chromatograms for 

the batch solutions by using 2DShige. 

Generalized 2D synchronous correlation UV–Vis spectra for the product solutions of 0.1 mol l-1 

glycine + ribose mixture solutions heated at 80 °C for 0–168 hours (batch solutions) show generally 

strong positive correlations around 200 and 280 nm (red portions in Fig. 3.1.4a). Asynchronous 

correlation spectra indicate sequential order of spectral changes: absorption around 320 nm firstly 

increased and 200, 280 and >350 nm absorption followed in this order (from reddish to bluish regions 

in Fig. 3.1.4b). 

Fig. 3.1.4c and d show generalized 2D (c) synchronous and (d) asynchronous correlation spectra 

(horizontal axis: UV–Vis spectra, vertical axis: emission spectra excited at 345 nm), respectively. The 

fluorescence maxima around 430 nm has strong correlations to absorbance around 200 and 280 nm 

(Fig. 3.1.4c). This correlation extends to 500 nm in the visible region. In asynchronous correlation 

spectra, the fluorescence maxima around 430 nm increases at the same time as absorptions around 250 

nm and 400 nm (white regions in Fig. 3.1.4d). Although changes in the emission spectra excited at 

345 nm are assumed to have correlation with UV absorbance changes at 345 nm, Fig. 3.1.4c showed 

the relatively weak correlation among them. This is possibly because the fluorescent components less 

contributed to UV–Vis spectra than other UV absorbing components. In fact, the fluorescent 

components having chromatographic peaks around retention time of 10 to 17 minutes (Fig. 3.1.3b) 

show much weaker absorption at 280 nm than the components at retention time of 18.8 minutes (Fig. 

3.1.3a) contributing mainly to changes in the 280 nm absorption band.  

UV–Vis absorbances around 280 nm on the horizontal axis were determined as spectra above the 

baseline (245–315 nm) (Fig. 3.1.1a). Generalized 2D (e) synchronous and (f) asynchronous correlation 

spectra (horizontal axis: spectra around 280 nm above the baseline (245–315 nm), vertical axis: 

chromatograms by 280 nm absorbance) are shown in Fig. 3.1.4e and f. The chromatograms around 

retention time of 5.7, 10, 11 and 18.8 minutes (A5.7, A10, A11 and A18.8) show synchronous correlations 

around 260-300 nm (Fig. 3.1.4e). A10 and A11 increase earlier than UV–Vis spectral changes and A5.7 

and A18.8 increase later (blue and red regions in Fig. 3.1.4f, respectively). The spectra around 280 nm 

above the baseline show strong and simultaneous correlations with A18.8 (red region in Fig. 3.1.4e and 

white region in Fig. 3.1.4f, respectively).  

Generalized 2D synchronous correlation spectra (horizontal axis: UV–Vis spectra, vertical axis: 

chromatograms by fluorescence intensity at Ex. 345 nm/Em. 430 nm) indicate that the components 

with 10–17 minutes retention time show strong correlation with 200-300 nm absorbance (red regions 

in Fig. 3.1.4g). Asynchronous correlation spectra indicate earlier increases than UV–Vis spectral 
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changes for the components with retention times at 10 and 11 minutes (blue regions in Fig. 3.1.4h). 

The components with longer retention time (12–17 minutes) show later changes (red regions in Fig. 

3.1.4h). 

 

 

Fig. 3.1.4. Generalized 2D (a) synchronous and (b) asynchronous correlation UV–Vis spectra for the 

product solutions of 0.1 mol l-1 glycine + ribose mixture solutions heated at 80 °C for 0–168 hours. 

Numbers of the regions in (b) corresponds to the order of spectral changes. Generalized 2D (c) 
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synchronous and (d) asynchronous correlation spectra (horizontal axis: UV–Vis spectra, vertical axis: 

emission spectra excited at 345 nm) for the product solutions of 0.1 mol l-1 glycine + ribose mixture 

solutions heated at 80 °C for 0–168 hours. Generalized 2D (e) synchronous and (f) asynchronous 

correlation spectra (horizontal axis: spectra around 280 nm above the baseline (245–315 nm), vertical 

axis: chromatograms by 280 nm absorbance). Generalized 2D (g) synchronous and (h) asynchronous 

correlation spectra (horizontal axis: UV–Vis spectra, vertical axis: chromatograms by fluorescence 

intensity at Ex. 345 nm/Em. 430 nm). Color scale bars are indicated for each figure. These scales are 

variation ranges of each correlation and cannot be compared each other. 
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HSQC-NMR Spectroscopy 

 

HSQC-NMR spectra for 0.1 mol l-1 solutions of (a) glycine, (b) ribose and (c) 0.1 mol l-1 glycine 

+ ribose mixture solution heated at 80 °C for 168 hours are shown in Fig. 3.1.5. The spectrum for 168 

hours heated solution (Fig. 3.1.5c) shows peaks of glycine (light green) and ribose (red) together with 

some new peaks. Circles indicate characteristic areas for aliphatic CH2 and CH3 and aromatic CH 

(Stevenson, 1994)�������������������������������������������������������������������������������������

for 13C are 170 and 185 ppm, respectively. Peaks forming vertical (1H: 3.5 ppm) and horizontal (13C: 

40 and 60 ppm) lines are noise peaks. 
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3.1.4. Discussion 
 

Increases in the products during the heating of glycine and ribose mixed solution (0.1 mol l-1) were 

quantitatively traced by UV–Vis and 3D-EEM spectroscopy and SELC (Figs. 3.1.1–3). These 

measurements did not require any additional procedures including drying or extracting the solution. 

In the following, implications of these spectral changes including their 2D correlation spectroscopic 

analyses are discussed. 

UV–Vis spectra (Fig. 3.1.1a) and chromatograms by 280 nm (Fig. 3.1.3a) suggested the formation 

with time of small components with 280 nm absorption. These are considered to include furfural, 

which has an absorption peak around 280 nm (Martinez et al., 2000). The disappearance of peak at 

280 nm in the spectrum of the dialyzed solution (> 3500 Da) (Fig. 3.1.1b) can be understood by the 

small size of furfural.  

By 2D correlation spectroscopic analyses, a band around 280 nm above the baseline of 245–315 

nm was suggested to be taken as a measure of the intermediates including furfural (Fig. 3.1.4e and f). 

Spectral changes in the visible region (> 350 nm: browning) followed after the 280 nm increases (Fig. 

3.1.4d). Therefore, in this study, the band area around 280 nm with a baseline of 245–315 nm (UV280) 

is used for kinetic analyses of the formation of furfural-like intermediates in Section 3.2. 

On the other hand, humic-like products were indicated by UV–Vis spectra (Fig. 3.1.1), 3D-EEM 

spectra (Fig. 3.1.2) and chromatograms by fluorescence intensity at Ex. 345 nm/Em. 430 nm (Fig. 

3.1.3b). The fluorescence maxima in Figs. 3.1.3a, b and c resembled to those of natural humic solutions 

reported in a previous research (Nagao et al., 2003). Therefore, humic-like fluorescent products are 

considered to be produced from glycine and ribose by heating them at 80 °C. HSQC-NMR spectra 

(Fig. 3.1.5c) indicated the humic-like products might include aliphatic and aromatic components. 

Although size exclusion liquid chromatograms (Fig. 3.1.3b) indicated medium and high molecular 

weight components, the dialyzed solution (> 3500 Da) did not show fluorescence (Fig. 3.1.2d) and 

mass spectra did not indicate products larger than 3500 Da. This can be due to supramolecular property 

of the humic-like products: aggregations of some smaller products via intermolecular interactions such 

as hydrogen bonding and Van der Waals forces ������������������������������ 2005). 

By 2D correlation spectroscopic analyses, it was suggested that 250 nm absorbance and visible 

absorbance can be employed as a measure of the humic-like products with fluorescence. In this study, 

254 nm absorption with a one-point base at 600 nm (UV254) is used for kinetic analyses of the formation 

of humic-like products in Section 3.2. It should be noted that UV254 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 10–17 minutes (Fig. 3.1.4e, f, g and h) could not 

be assigned to UV–Vis spectral changes. It should be noted that changes in chromatograms at retention 

time 5.7 and 12–17 minutes were later than UV–Vis spectral changes and those at 10 and 11 minutes 
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were earlier. Moreover, no shift in the chromatographic peaks (no shift in the molecular weight) may 

imply increases with time in similar molecular weight components (Fig. 3.1.3a and b).  

Since the Maillard reaction has many pathways and products possibly including non-UV-active 

and non-fluorescent products (Hodge, 1953), some components in the Maillard reaction cannot be 

traced by UV–Vis and fluorescence spectroscopy. 

In order to characterize the products, we tried additional HSQC-NMR spectroscopy, IR 

spectroscopy and MALDI-TOF-MS (Figs.3.1.6–8). The batch experiments indicated that some 

reactions occurred generating new products including aliphatic and/or aromatic compounds and 

furfural. IR, NMR and MS analyses showed that starting glycine and ribose still remained in the 168 

hours heated solution. HSQC-NMR spectra (Fig. 3.1.6) could not determine precise structures of 

products since the sample solution was mixture of the reactants, products and fragments. However, 

they indicated that the Maillard reaction of glycine and ribose produced aliphatic and/or aromatic 

compounds. Strong IR absorptions from glycine and ribose prevented detection of products in IR 

spectra. Mass spectra could not provide clear m/z values of products because of very complex multiple 

peaks. In particular, products with an m/z larger than 1000 could not be identified in the mass spectra. 

Moreover, the mass spectrum of the dialyzed solution (> 3500 Da) also did not show the larger 

products. Despite these difficulties, mass spectra (Fig. 3.1.7) indicated at least the production of 

furfural. IR, NMR and MS analyses thus indicated the presence of aliphatic, aromatic components and 

furfural together with residual glycine and ribose. To summarize, many components and residual 

reactants, glycine and ribose in the product solution prevented accurate measurements and they 

provided little information on details of products, except for the results that the products may include 

aliphatic and aromatic components. These are difficulties 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 l-1 glycine and ribose 
solution 
 

3.2.1. Introduction 
 

In the above section (Section 3.1), the formation processes of humic-like substances were 

simulated by heating glycine and ribose mixed solution (0.1 mol l-1) at 80 °C through the Maillard 

reaction. Increases in the products during the heating of glycine and ribose mixed solution (0.1 mol  

l-1) were quantitatively traced by UV–Vis and 3D-EEM spectroscopy and SELC. Two-dimensional 

correlation spectroscopic analyses suggested that a band area around 280 nm (UV280) and 254 nm 

absorbance (UV254) can be used as measures of the formation of furfural-like intermediates and humic-

like products, respectively. 

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 (Sections 

2.1 and 2.2) was conducted on 0.1 mol l-1 glycine + ribose mixture solutions heated at 60, 65, 70, 75 

and 80 °C for 0–144 hours, for accelerating the reaction. Changes with time in UV280 and UV254 were 

fitted by the first order reaction equation and their kinetic parameters were estimated. 

 
 

3.2.2. Methods 
 

In order to prevent spectral saturation in UV region, PTFE spacers of 0.1 mm thick were selected 

for in situ UV–Vis spectroscopy of 0.1 mol l-1 glycine + ribose mixture solutions heated at 60, 65, 70, 

75 and 80 °C for 0–144 hours. They were made from commercial PTFE sheets (AS ONE, 7-358-02) 

by piercing them with punches of 12 mm (outside diameter) and 8 mm (inside diameter). 0.2 mol l-1 

glycine and 0.2 mol l-1 ribose solutions were prepared by dissolving them in pure water (MilliQ). 

These solutions and pure water were mixed to obtain 0.1 mol l-1 glycine + ribose mixture solutions. 

About 3 µl of the solution was injected in the sample chamber of the liquid cell. 

The glycine + ribose mixture solutions (0.1 mol l-1) were heated at 80, 75, 70, 65 and 60 °C for 

144 hours (6 days) in an UV–Vis spectrometer (V530, Jasco). In order to examine reproducibility, 

80 °C measurement was conducted three times. The heatable liquid cell was mounted on the sample 

position of the UV–Vis spectrometer and the reference position was left blank. UV–Vis spectra were 

measured every 5 minutes at a scanning speed of 400 nm min-1 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 mol l-1 glycine + ribose mixture solutions heated at 80 °C 

for 0–144 hours are shown Fig. 3.2.1. The intensity of a band around 280 nm increased with time, in 

the same way as the batch experiments. 

 

Fig. 3.2.1. Representative in situ UV–Vis spectra for the product solutions of 0.1 mol l-1 glycine + 

ribose mixture solutions heated at 80 °C for about 0, 24, 48, 72, 96, 120 and 144 hours. 

 

It should be noted that the batch measurements in Section 3.1 were done on 10 mm cell for 100 

times diluted solutions, while the in situ measurements were on about 0.1 mm thickness with initial 

solutions. Therefore, absorbance values by the both methods can be expected to be in the same order. 

However, 280 nm absorbance on the 144 hours spectrum in the in situ measurements at 80 °C (Fig. 

3.2.1) are about 2.5 times larger than those in the batch experiments (Fig. 3.1.1). These differences are 

considered to be due to thicker solution thicknesses than the spacer of the in situ cell and the different 

references (blank for in situ vs. pure water for batch). The solution escape from the same in situ cell 

were considered to be minor by the IR spectroscopy showing the stable absorbance of water around 

5200 and 7000 cm-1 (Chapter 2). Unfortunately, absorption by water at 960 nm in the near-IR range 

was too weak to be monitored for the water loss. It should be also noted that glycine only and ribose 

only solutions showed almost no absorption increase in the UV–Vis range at 80 °C. 
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3.2.4. Discussion 
 

UV–Vis spectra of 0.1 mol l-1 glycine + ribose mixture solutions heated at 60, 65, 70, 75 and 80 °C 

for 0-144 hours were obtained. The continuous measurements at a short time interval (5 minutes) and 

the stability of temperature (±1 °C) of the present in situ spectroscopy enable detailed quantitative 

analyses of kinetic data. Changes with time (t (s)) in band area around 280 nm with baseline of 245–

315 nm (UV280) and absorbance at 254 nm with one point base at 600 nm (UV254) were calculated. To 

simplify kinetic analyses, their starting values (t = 0) were respectively subtracted from all of UV280 

and UV254 values. Changes in (a) UV280 and (b) UV254 with time during the in situ measurements at 

each heating temperature are plotted in Fig. 3.2.2a, b. These changes can be divided into the early 

induction stage and the later progress stage (van Boekel, 2001). In this study, the later stage where 

UV280 >1 or UV254 > 0.05 were fitted as steady changing states for kinetic analyses. The changes in the 

later stage were fitted by the first order fittings after the kinetic analyses for changes in 420 nm 

absorbance by the Maillard reaction of 0.5 mol l-1 glycine + ribose mixture solutions (Section 2.2) for 

possible comparison of rate constant values (unit: s-1) and easiness of using half-life values.  

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

"��#� = �
$� − ���$−��#��� − %�&& 

"��' = �
�� − ���$−��' �� − %�&� 

where fitting parameters were C1, apparent first order reaction rate constants k280 and k254 and %. Since 

80 °C in situ measurement was conducted three times for replicability, the parameters were optimized 

as for all three data to be fitted. The values of C1 were 47.0 for UV280 and 11.5 for UV254. The values 

of % were 7880 s for UV280 and 29400 s for UV254. Secondly, the changes at 80 °C were fitted by eq. 

3.2.1 and 3.2.2 using the fixed C1 and %, and k280 and k254 were obtained for each changes at 80 °C. 

For fittings on the changes at 60, 65, 70 and 75 °C, eq. 3.2.1 and 3.2.2 with the fixed C1 and fitting 

parameters of k280, k254 and % were used. The fitting curves are shown in Fig. 3.2.2 on the UV280 and 

UV254 changes. k280, k254, % and correlation coefficient r values obtained by the first order fittings are 

listed in Table 3.2.1.  

  

(eq. 3.2.1) 

(eq. 3.2.2) 
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Fig. 3.2.2. Changes in (a) UV280 and (b) UV254 with time during the in situ measurements of 0������� �
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3.3. Conclusion 
In order to evaluate the progress of the Maillard reaction, I first conducted batch heating 

experiments of 0.1 mol l-1 glycine + ribose solutions at 80 °C directly in solution states. The product 

solutions were analyzed by (1) UV–Vis spectroscopy, (2) 3D-EEM fluorescence spectroscopy, (3) 

SELC, (4) IR spectroscopy, (5) HSQC-NMR spectroscopy and (6) MALDI-TOF-MS. Generalized 

2D-COS were also used to examine correlations among some of the above spectroscopic data. 

a) UV–Vis spectra and chromatograms by 280 nm suggested the formation with time of small 

molecular weight components with 280 nm absorption. These were considered to include 

furfural, one of reported intermediates of the Maillard reaction having an absorption peak 

around 280 nm. By 2D correlation spectroscopic analyses, a band around 280 nm above the 

baseline of 245–315 nm was suggested to be taken as a measure of the formation of furfural-

like intermediates.  

b) Larger products were indicated by UV–Vis spectra, 3D-EEM spectra and chromatograms by 

fluorescence intensity at Ex. 345 nm/Em. 430 nm. The fluorescence maxima resembled to 

those of natural humic solutions reported in a previous research. By 2D correlation 

spectroscopic analyses, it was suggested that 254 nm absorbance with a one-point base at 600 

nm (UV254) can be employed as a measure of the humic-like products.  

c) IR and HSQC-NMR spectra for 0.1 mol l-1 glycine + ribose mixture solutions heated at 80 °C 

for 168 hours showed peaks of glycine and ribose together with some new peaks of the 

products including aliphatic and aromatic components.  

d) Mass spectra for the 0.1 mol l-1 glycine + ribose mixture solution heated at 80 °C for 168 

hours and the dialyzed solution (> 3500 Da) showed no significant peaks in high mass number 

region (>1000) after dialysis. Although details of mass characteristics of the products were 

not specified, furfural was identified. 

e) The absence of high mass components in the mass spectra and the absence of fluorescent 

components in the dialyzed solution (> 3500 Da) were possibly due to the supramolecular 

characters of humic-like products. 

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 an original heatable liquid cell was 

conducted on 0.1 mol l-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 and absorbance at 254 nm were divided 

into an early induction stage and a later apparent first order reaction stage. Kinetic analyses of the 

obtained data gave the activation energies of 66–127 kJ mol-1. The obtained apparent reaction rate 

constants at 60–80 °C was extrapolated to 15 °C by the Arrhenius equation and the reaction time scale 

was estimated to be more than 20 and 147 years for increases in 280 and 254 nm absorbance, 

respectively. 
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These non-destructive measurements by in situ spectroscopic method did not require any 

additional procedures including drying or extracting the solution and they can be effectively used for 

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

In Section 3.2, UV changes were divided into the early induction stage and the later progress stage. 

Their kinetic analyses suggested the activation energies of 66–127 kJ mol-1. On the other hand, in a 

published paper (Nakaya et al., 2018), kinetic analyses were conducted only for the later stage in order 

to avoid complicated explanation. Here, these analyses are presented as an appendix. 

From UV–Vis spectra of 0.1 mol l-1 glycine + ribose mixture solutions heated at 60, 65, 70, 75 and 

80 °C for 0–144 hours, changes in (a) UV280 and (b) UV254 with time during the in situ measurements 

at each heating temperature were traced (Fig. Ⅰ.1.a, b). It should be noted that substraction of their 

starting values (t = 0) from all of UV280 and UV254 values were not conducted in the published paper. 

The later stage where UV280 >1 or UV254 > 0.095 were fitted as steady changing states for kinetic 

analyses. The fittings of the data by 

"��#� = �
$� − ���$−��#��� − %�&& � 0.095   (eq. Ⅰ.1) 

"��' = �
�� − ���$−��' �� − %�&� � �   (eq. Ⅰ.2) 

give apparent first order reaction rate constants k280 and k254, where % is a starting time of each later 

stage when UV280 = 1 and UV254 = 0.095, and C1 is a fixed parameter determined by preliminary 

fittings. The preliminary fittings were conducted on the changes at 80 °C by eq. 3.2.1 and 2 (fitting 

parameters: k, C1). Since 80 °C in situ measurement was conducted three times for replicability, 

average value of C1 was employed. The values of C1 were 49.2 for UV280 and 3.23 for UV254. The 

fitting curves are shown in Fig. Ⅰ.1 on the UV280 and UV254 changes. The values of k280, k254 and 

correlation coefficient r values obtained by the first order fittings are listed in Table Ⅰ.1. 

 

 

Fig. Ⅰ.2. Changes in UV280 and UV254 with time during the in situ measurements of 0.1 mol l-1 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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Table Ⅰ.1. The values of k280, k254 and correlation coefficient r values of the first order reaction fittings 

in the heating experiments of 0.1 mol l-1 glycine + ribose mixture solutions at 60, 65, 70, 75 and 80 °C. 

  80 °C1 80 °C2 80 °C3 75 °C 70 °C 65 °C 60 °C 

(a) 

280 nm 

k1 (10-7 s-1) 8.73 9.59 6.90 5.72 2.88 2.21 1.29 

r 0.997 0.998 0.997 0.990 0.979 0.976 0.927 

(b) 

254 nm 

k1 (10-7 s-1) 4.45 4.57 3.64 2.35 1.14 0.978 0.547 

r 0.997 0.999 0.993 0.993 0.993 0.987 0.967 

 

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

described by the Arrhenius equation (eq. 2.1.2). 

l� � = l�� −
��

�

 

The Arrhenius plots of k280 and k254 and T (333–350 K) (Fig. Ⅰ.3) show relatively good linear trends, 

where average values of ln k at 80 °C are employed and their standard deviations (0.14 for k280 and 

0.10 for k254 at 80 °C) are indicated by error bars. The fitting lines of these experimental data gave Ea 

and A 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 l-1 glycine + ribose mixture solutions (Table Ⅰ.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 (k280) were larger than those for the 254 nm absorbance (k254) with a slight difference in the 

activation energy values (Ea) (Tables Ⅰ.1 and 2, and Figs. Ⅰ.2 and 3). The obtained Ea and A values 

enabled extrapolation of k280 and k254 values to lower and higher temperatures by the Arrhenius 

equation (Eq.2.1.2). For example, half-lives for k280 and k254 values at 15 °C were 30 and 98 years. 

   These values obtained from the kinetic analyses in the published paper are generally similar to 

those in Section 3.2. In Section 3.2, kinetics in the induction stage were additionally considered by 

using % value as a fitting parameter of the fitting for the later first order reaction stage. This enables 

estimation of whole time scales of the reaction, and is possibly a more improved kinetic analyses of 

the whole processes. 

(eq. 2.1.2) 
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  Ea (kJ mol-1) A (108 s-1) 

(a) 280 nm 91.4 2.79 

(b) 254 nm 96.6 7.68 
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CHAPTER 4. Effects of goethite on the simulated Maillard reaction 
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This chapter has been modified from the following published paper: 

“Spectroscopic study of effects of goethite surfaces on the simulated Maillard reaction forming humic-

like substances” 

By Yuki Nakaya, Katsuya Okada, Yudai Ikuno and Satoru Nakashima 

 e-Journal of Surface Science and Nanotechnology, 2018. 16. 411-418. 

 

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

Solid-liquid interfaces determine chemical and physical properties of organic and inorganic 

materials’ surfaces in contact with liquids in various fields. In Earth sciences, solid-liquid interfaces 

are crucial for dynamic behavior of Earth systems, because most of reactions and transport of materials 

occur at mineral-water interfaces (Nakashima et al., 2004). Moreover, mineral surfaces have been 

reported to ���������������������������������������������������������������������������������������������

���������������������������������������������� 

Otsuka and Nakashima (2007) reported that humic substances decomposed faster in the presence 

of goethite. They suggested adsorption and oxidation of humic substances on goethite surfaces. Some 

experimental works studied changes in bulk solution chemistry during the Maillard reaction in the 

��������������������������������������������������������������������������������� They reported that 

reaction products and their formation rates were modified by clay minerals.  

Adsorption of humic substances onto clay minerals is also important because it is responsible for 

stability and mobility of humic substances (Weng et al., 2006), thus concerning to those of the 

pollutants. However, various types of complex clay minerals are present in natural environments and 

characterization of their surfaces are not easy (Hillier, 2000). Some studies have simulated adsorption 

of humic substances to clay minerals by using iron hydroxide, goethite (α-FeOOH) (e.g. Weng et al., 

���������������������������������� 

In order to examine effects of minerals on kinetic parameters of the Maillard reaction between 

glycine and ribose forming humic-like substances (Chapters 2 and 3), batch experiments of 0.1 mol  

l-1 glycine + ribose mixture solution heated at 60–80 °C in the presence and absence of an iron 

hydroxide, goethite, was conducted in this study. Goethite is one of representative inorganic soil 

constituents giving yellow-brownish colors of soils, and is the most stable phase in humid 

environments (Cornell and Schwertmann, 1996). Its surface is positively charged at acidic to neutral 

pH conditions (Zeltner and Anderson, 1988). Goethite is playing 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 oxidation and reduction of iron compounds. For 

example, Schwertsmann and Cornell (2000) and Otsuka and Nakashima (2007) used Fe(NO3)3 

solution and KOH solution to make ferrihydrite precipitate, and heated the suspension to obtain 

goethite precipitate. Ferrihydrite is red-brownish metastable iron hydroxides, which ages to goethite. 

While they used Fe(NO3)3 and KOH in the methods, in this study, goethite was prepared by using 

FeCl3 and NaOH for avoiding remaining nitrate adsorbed on goethite surfaces and for possible future 

comparison with different ionic strength conditions. In this section, the preparation and identification 

of goethite by visible, Raman and IR spectroscopy and X-ray diffractometry are also presented. 

 
4.2.3. Methods 

 
A mixture solution of 100 mL of 0.1 mol l-1 FeCl3 solution and 180 mL of 5 mol l-1 NaOH solution 

were diluted to 2 l with pure water (MilliQ: Resistance > 18.2 MΩ cm). This solution with rapid 

precipitation of brownish suspension was subdivided into two polypropylene vessels (1 l each) and 

incubated at 70 °C for 60 hours. Then yellowish-brown precipitates were filtered using 0.2 μm 

Millipore filter. They were washed by pure water three times and dried in an electric oven at 50 °C for 

4.5 hours. 

In order to identify the obtained precipitates, small amounts of them were hand pressed on Al foil 

and measured by visible, Raman and IR micro-spectroscopy. For visible and Raman micro-

spectroscopy, a home-built micro-spectrometer was used (Onga and Nakashima, 2014). Visible spectra 

were obtained in the wavelength region of 380–850 nm by using a 150 lines mm-1 grating with the 

���������������������������������������������������������������������������������������������������

type objective lens (5×). Raman spectra were obtained in the 50–1950 cm-1 range by using a 1200 

lines mm-1 grating with the fol�����������������������������������������������������������������������

����������������× objective lens. IR micro-spectroscopic measurements were conducted by using an 

FT-IR micro-���������������������������������������������������������������������������� ������

Kudo et al., 2017). IR spectral measurements were accumulated for 64 scans with a wavenumber 

resolution of 4 cm-1 in the 700–4000 cm-1 spectral range. The precipitates were also measured by X-

ray diffractometry using MiniFlex (Rigaku). X-ray patterns were measured at a scanning speed of 2.0° 

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

A representative visible reflectance spectrum of the obtained iron hydroxide sample is shown in 

Fig. 4.2.1a. Three absorption bands around 420, 500 and 680 nm (indicated in Fig. 4.2.1a) were 

recognized in all the obtained visible spectra. These bands were similar to reported absorption bands 

of goethite by Onga and Nakashima (2014). 

Raman spectra of the same sample showed peaks at 392 and 687 cm-1 (Fig. 4.2.1b) (Onga and 

Nakashima, 2014). They correspond to reported peaks of goethite at 392 and 682 cm-1. The other peaks 

at 239, 298, 477, 988, 1128, 1214 and 1330 cm-1 were not assigned but did not correspond to reported 

peaks of ferrihydrite, lepidocrocite and hematite (Onga and Nakashima, 2014). Therefore, the obtained 

iron hydroxides were mainly composed of goethite. 

   An IR transflection (transmission-reflection) spectrum of the obtained iron hydroxide sample is 

shown in Fig. 4.2.1c. Absorption bands at 652, 780, 895 and 3125 cm-1 can be recognized in all of the 

IR spectra obtained in the present study and correspond to those for goethite reported by Nagano et al. 

(1992). Weaker bands at 1200–1900 cm-1 (e.g. 1307, 1560 and 1780 cm-1) are considered to be due to 

overtones and combinations of the goethite fundamental bands such as 652, 780 and 895 cm-1. 

X-ray diffraction pattern of the iron hydroxide showed six dominant peaks at 2θ = 21.3°, 26.4°, 

33.2°, 34.7°, 36.7°, 39.2°, 40.1° and 41.3° (Fig. 4.2.1d). They correspond to reported peaks of goethite 

by Nagano et al. (1992). The other weaker peaks at 2θ = 11.1°, 15.8°, 18.0° and 43.4° could not be 

assigned. 

Based on these results by visible, Raman and IR micro-spectroscopy and X-ray diffraction, the 

obtained precipitates are mainly composed of goethite but contain some unidentified impurities. 
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Fig. 4.2.1. (a) A representative visible reflectance spectrum, (b) a representative Raman spectrum, (c) 

a representative IR transflection (transmission-reflection) spectrum and (d) X-ray diffraction pattern, 

for the obtained iron hydroxide sample indicating mainly goethite. 
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4.3. Kinetic analyses for effects of goethite on the simulated Maillard reaction by 0.1 mol l-1 glycine 
and ribose solution 
 

4.3.1. Introduction 
 
   In order to examine effects of goethite on the kinetic parameters of the Maillard reaction between 

glycine and ribose forming humic-like substances, batch experiments of 0.1 mol l-1 glycine + ribose 

mixture solution heated at 60, 70 and 80 °C with/without goethite were conducted. As indicators for 

the reaction progress, absorptions at 254 and 420 nm can be used. They have been often used as 

quantitative indicators for amounts of dissolved organic matter in water (254 nm) (Edzwald et al., 

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

 

4.3.2. Methods 
 

For batch heating experiments of 0.1 mol l-1 glycine + ribose mixture solution, polypropylene 

micro-tubes containing 1.0 ml of the solution were prepared. For an experimental group including 

goethite (7 ×  3 polypropylene micro-tubes), 5 mg of goethite samples were added to 0.1 mol l-1 

glycine + ribose solutions. The three sets (7 × 3) were heated at 60, 70 and 80 °C in an electric oven 

for 24, 48, 72, 96, 120, 144 and 168 hours (1–7 days) in order to accelerate the reaction. Other three 

sets (7 × 3) without goethite were also prepared for control group, and heated at 60, 70 and 80 °C in 

an electric oven for 24, 48, 72, 96, 120, 144 and 168 hours (1–7 days) After heating for each period, 

they were taken out from the oven and stored in a refrigerator (6 °C). Another set of 0.1 mol l-1 glycine 

+ ribose solutions with and without goethite was kept at room temperature (heated for 0 hour). The 

supernatants of the product solutions were diluted 10 times by pure water (MilliQ) in order to prevent 

spectral saturation.  

   The diluted solutions (3 ml) were measured in a quartz cell (optical pass length: 10 mm) by an 

UV–Vis spectrometer (V570, Jasco). UV–Vis spectra were measured at a scanning speed of 400 nm 

min-1 with a wavelength resolution of 1.0 nm in the 200–1100 nm spectral range. 
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4.3.3. Results 
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4.3.4. Discussion 
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Table 4.2.1. The values of k420, % and correlation coefficient r values of the first order reaction fittings 

in the heating experiments of 0.1 mol l-1 glycine + ribose mixture solutions. 

 In situ spectroscopy Batch experiments 

 Without goethite With goethite Without goethite 

 80 °C 1 80 °C 2 80 °C 3 80 °C 70 °C 60 °C 80 °C 70 °C 

k420 (× �0./ s-1) 5.30 4.89 4.52 8.99 4.06 0.950 4.28 1.09 

% (s) 85300 82200 113900 66200 101200 128800 49600 141300 

r 1.00 1.00 1.00 1.00 0.999 0.991 1.00 0.996 

 

Third, k420 for the samples with/without goethite are plotted in an Arrhenius diagram (Fig. 4.3.6). 

The values of k420 for the batch and in situ experiments for 0.1 mol l-1 and 80 °C are almost similar. 

Therefore, the above fitting procedure is considered to be reasonable. The values of k420 for in situ 

experiments for 0.5 mol l-1 at 60–80 °C and the fitting lines by the Arrhenius equation (eq. 2.1.2) 

(Section 2.2) 

l� � = l�� −
��

�

�  

are also shown in Fig. 4.3.6. Table 4.2.2 lists Ea and A values obtained from the fitting by the Arrhenius 

equation, together with k420 values and half-lives of the first order reaction stage at 15 °C estimated by 

extrapolation of the Arrhenius equation. 

   Fig. 4.3.6 shows larger reaction rate constants (apparent first order reaction) for 0.5 mol l-1 samples 

than 0.1 mol l-1 samples for 60–80 °C heating temperature range. The first order reaction rate is in 

principle independent of initial concentration of the reactants. However, in this case, the reaction rate 

constants can include some factors related to initial concentrations of the reactants. Therefore, Vis420 

changes can be considered to be described by the higher order reaction than the first one. Fig. 4.3.6 

also suggests that Vis420 changes for 0.1 mol l-1 glycine + ribose mixture solutions can be accelerated 

by the presence of goethite. These initial concentration effects and reaction enhancement by goethite 

are considered to determine reaction time scales in the real environment. 

Since the number of data points on the fittings by the Arrhenius equation were small (3 points for 

k420 values for 0.1 mol l-1 samples with goethite and 2 points for those without goethite, Fig. 4.3.6), 

large errors for the obtained Ea and A values can be included. However, they show the similar 

activation energy values. For better understanding of effects of goethite and initial concentrations on 

the reaction, longer experimental duration and more data points are needed. 

(eq. 2.1.2) 
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4.4. Conclusion 
 

In order to examine effects of goethite on spectral changes with time during the Maillard reaction 

between glycine and ribose forming humic-like substances, batch heating experiments of 0.1 mol l-1 

glycine + ribose mixture solution with/without goethite was conducted at 60, 70 and 80 °C. 

First, iron hydroxide was prepared by using FeCl3 and NaOH for avoiding remaining nitrate 

adsorbed on goethite surfaces and for possible future comparison with different ionic strength 

conditions. The product was analyzed by visible, Raman and IR spectroscopy and X-ray diffractometry. 

The results indicated that the obtained precipitates were mainly composed of goethite but contained 

some unidentified impurities. 

Second, UV–Vis spectroscopy was conducted on the batch samples heated at 60, 70 and 80 °C. 

Spectral saturation occurred in UV region (200–400 nm) (not shown) because of strong absorption by 

UV active products. Therefore, absorption in visible range was mainly analyzed. Changes in 

absorbance at 420 nm with one-point base at 800 nm (Vis420) with time at each heating temperature 

were fitted by the exponential equation assuming the first order reaction. Obtained apparent first order 

reaction constants k420 were larger in the presence of goethite, indicating reaction enhancement by 

goethite. The reaction rates at 0.1 mol l-1 were smaller than those for 0.5 mol l-1 glycine + ribose 

mixture solution heated at 60–80 °C without goethite, suggesting that higher initial concentration of 

the reactants can make the reaction faster. The fitting by the Arrhenius equation for k420 and T (333–

350 K) gave the Ea and A values. These values can include errors due to few data points. Although 

further studies are needed, reaction enhancement by goethite and initial concentration effects should 

be considered in evaluating reaction time scales in the real environment. 
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CHAPTER 5. 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 following published paper: 

“Spectroscopic study of effects of goethite surfaces on the simulated Maillard reaction forming humic-

like substances” 

By Yuki Nakaya, Katsuya Okada, Yudai Ikuno and Satoru Nakashima 

 e-Journal of Surface Science and Nanotechnology, 2018. 16. 411–418. 

 
5.1.1. Introduction 

 

In Chapter 4, enhancement of the Maillard reaction by goethite was suggested. Some works also 

reported that the Maillard reaction products and their formation rates were modified by clay minerals 

(Taguchi and Sampei, ���������������������, 1999). These modifications of the Maillard reaction are 

generally supposed to take place at mineral surfaces. However, surface processes on minerals during 

the Maillard reaction have not been experimentally examined. In this section, adsorption on goethite 

of reactants and products of the Maillard reaction at room temperature is studied by attenuated total 

reflection infrared (ATR-IR) spectroscopy. 

ATR-IR spectrum is an absorption-like IR spectrum obtained from absorption by a sample of 

evanescent waves penetrating at the interface between the ATR crystal and the sample on it. Kitadai 

et al. (2009a, b) used ATR-IR spectroscopy for examining adsorption of L-lysine on montmorillonite 

and amorphous silica in their colloidal suspensions. On the other hand, Hug and Sulzberger (1994) 

and Hug (1997) directly observed adsorption of some oxalates and sulfate on minerals by making thin 

mineral layers on the ATR crystal. In this study, thin goethite layers were made on an ATR crystal in 

reference to Hug (1996) and Luengo et al. (2006), and in situ ATR-IR spectral changes for the reactants 

and products of the Maillard reaction were monitored at room temperature.   
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5.1.2. Methods 
 

��������� ������������������������������������� ���� ������������� ���� ������������������� ����������

������������������������� ���������� ��� ��� ������ ������������� ���������� ������������ �������

�������������������������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������������

����������� ���� �������� ����� ������� ��� ���������� ��� ��� ������������ ������� �������� ��� ����������

����������������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������������������������

�����������������������������������������������������������������������������������������������������������

����������������������������������������������������������������������������������������������������

��������������������������������� 

���������������������������������������������������������������������������������������������

����������������������������������������������������������������������������������������������������

�����������������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������� 

 

��������������������������������������������������������������������������������������������������

��������������������������������������������������������������������� 



78 
 

 
��������������������������������������������������������������������������������������������������������

���������������������������������������� 

 

���� ���������� ��������� ������ ��� ���� ���� �������� ���� ��������� ��� ������ ��������� ���������

�����������������������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������������������

����������������μ����������������������������������������������������������μ�����������������������

�����������μ�������������� ����������� ��������������������������� ����������������� �������� ����� ����

����������������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������������������

��������������������������������������� 

 
�����������������������������������������������������������������������������������������������������

������������ ������� ����������� ������ ×��������� ������������������������ ����� ����������������������

����������������������μ��������������������������������������������������������������� 



79 
 

As reactants for the simulated Maillard reaction forming humic-like substances, glycine and ribose 

were selected here based on my previous researches in Chapters 2, 3 and 4. The reactant solution (0.1 

mol l-1 glycine plus 0.1 mol l-1 ribose solution) were heated at 80 °C in the electric oven for 196 hours 

to obtain a product solution. In the ATR-IR measurements, these product (experimental) and reactant 

(control) solutions were used. 

The reactant solution and the product solution (1.0 ml) were pipetted onto the ATR crystal with 

the goethite layer and their IR spectral changes with time were measured every 150 seconds for 10800 

seconds (3 hours) at room temperature (25 ± 3 °C). As control experiments, IR spectral changes with 

time for the reactant and product solutions on the ATR crystal without goethite layer were also 

measured every 150 seconds for 10800 seconds (3 hours). All the IR spectral measurements were 

accumulated for 64 scans with a wavenumber resolution of 4 cm-1 in the 650–4000 cm-1 spectral range. 

It should be noted that amount of water vapor on the optical path in the spectrometer can change 

depending on ambient humidity giving small fine peaks on measured spectra in the 1300–1800 cm-1 

region. In this study, these peaks were removed from sample spectra by subtracting an spectrum for 

water vapor so as for a representative vapor peak height at 1845 cm-1 (baseline: 1839–1853 cm-1) to 

become zero. 

It should be noted that pHs of the sample solutions were 5.8 for the reactant solution and 4.0 for 

the product solution. This acidification in the reaction for 196 hours is possibly due to generation of -

COOH groups ���������������������������������������. In order to examine IR absorption bands of the 

reactants and products including such pH dependent groups, ATR-IR spectra for the reactant (pH = 

5.8, 4.1 and 3.5) and product (pH = 4.0 and 3.5) solutions were observed, where pHs were adjusted by 

adding several μl of 1 mol l-1 HCl solution. 
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5.1.3. Results 
 

ATR-IR spectra were measured for the reactant and product solutions (0.1 mol l-1 glycine + ribose 

solutions and those heated at 80 °C for 196 hours) with/without the goethite layer. Raw pATR spectra 

(pATR = - log I/I0��I: reflection intensity, Io: incident intensity) for (a) the reactant solution without the 

goethite layer, (b) pure water without the goethite layer and (c) goethite thin layer (dried) are shown 

in Fig. 5.1.4. The spectra for aqueous solution (Fig. 5.1.4a and b) showed water absorptions around 

772, 1635, 2110 and 3340 cm-1 ��������������������������������������������. The goethite absorptions 

at 652 and 3125 cm-1 (Fig. 4.2.1c) were possibly masked by the strong absorptions by water. Smaller 

peaks around 1000-1600 cm-1 on the spectrum (a) were by the reactants. A raw pATR spectrum for 

goethite thin layer (dried) is shown in Fig. 5.1.4c. Peaks at 795, 890 and 3155 cm-1 were mostly similar 

to those in IR transflection (transmission-reflection) spectrum of goethite (Fig. 4.2.1c). However, the 

peak position for goethite by ATR-IR was slightly different from that by transflection method (895 

cm-1 for Fig. 4.2.1c vs 890 cm-1 in Fig. 5.1.4a). These differences are originated from distortion of 

absorption bands by ATR-IR due to differences with wavenumber in penetration depths of evanescent 

waves (Masuda et al., 2003). An absorption around 2350 cm-1 is due to CO2 on the optical path in the 

spectrometer. Small fine peaks in the 1300–1800 cm-1 region are due to water vapor, whose amount 

on the optical path in the spectrometer can be changed by ambient humidity. In the following, these 

peaks were removed from sample spectra by subtracting an spectrum for water vapor so as for a 

representative vapor peak height at 1845 cm-1 (baseline: 1839–1853 cm-1) to become zero. 

 

Fig. 5.1.4. Raw pATR-IR spectra for (a) the reactant solution (0.1 mol l-1 glycine + ribose solution), 

(b) pure water and (c) dried goethite thin layer. 
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Subtracting the water spectrum from an aqueous solution spectrum can provide an ATR-IR 

spectrum of solutes. In the following, solution spectra subtracted by pure water are presented.  

The spectra for the reactants solution (pH = 5.8) shows absorption peaks at 1010, 1044, 1088, 1120, 

1156, 1226, 1246, 1330, 1410, 1442, 1510, 1630 and 1780 cm-1 (Fig. 5.1.5R5.8). Those for the reactant 

solutions at pH= 4.1 and 3.5 also show the same peaks (Fig. 5.1.5R4.1 and R3.5). Those for the reactant 

solution on the goethite layer showed peaks at 1010, 1044, 1088, 1120, 1156, 1226, 1246, 1330, 1410, 

1442, 1510, 1630 and 1780 cm-1 (Fig. 5.1.5R+g). 

Fig 5.1.5 R5.8, R4.1, R3.5 and R+g show the glycine peak at 1510 cm-1 originated from amino group 

(-NH3
+) and the peaks at 1330 and 1442 cm-1 originated from methyl group (>CH2) (Kumar et al., 

���������������������������. The peaks at 1410 and 1630 cm-1 (Fig 5.1.5R5.8, R4.1, R3.5 and R+g) can be 

due to symmetric and asymmetric stretching of COO– of glycine, and the later possibly includes a 

reported peak by amino groups of glycine at 1600 cm-1 (Kitadai et al., 2010). The peak at 1740 cm-1 

(Fig 5.1.5R5.8, R4.1 and R3.5) can be due to C=O stretching of COOH group ���������������������������

Max et al., 1998). The larger intensities at 1740 cm-1 in the lower pH spectra (Fig 5.1.5R5.8, R4.1 and 

R3.5) indicate protonation of COO– of glycine by acidification of the reactant solution (Silverstein et 

����������������������������. The peaks at 1044, 1088, 1120 and 1156 cm-1 (Fig 5.1.5R5.8, R4.1, R3.5 and 

R+g) can be possibly originated from C-O bonds of ribose (Carmona and Molina, 1990). Some 

reported peaks by ribose can be recognized at 1010, 1226 1246 and 1442 cm-1 (Fig 5.1.5R5.8, R4.1, R3.5 

and R+g) (Huang et al., 2016).  

The spectra for the product solutions (0.1 mol l-1 glycine + ribose solution heated at 80 °C for 196 

hours without goethite, pH = 4.0 and 3.5) show similar peaks to the reactant solutions at 1010, 1044, 

1088, 1120, 1156, 1226, 1246, 1330, 1410, 1442, 1510, and 1630 cm-1 (Fig. 5.1.5P4.0 and P3.5), 

originating from the residual reactants (Section 3.1). The bands around 1710 cm-1 in P4.0 and P3.5 

spectra are broader and larger than those at 1740 cm-1 in R5.8, R4.1 and R3.5 spectra. These broad bands 

around 1710 cm-1 can include a lower wavenumber component such as COOR group together with a 

contribution from COOH species around 1740 cm-1. These COOH and COOR groups can be formed 

in intermediates and products of the Maillard reaction (Ikan et al., 1996).  

The goethite spectrum in Fig. 5.1.4c is also shown in Fig. 5.1.5gt after removal of a water vapor 

spectrum. Several bands at 1200–1900 cm-1 (e.g. 1780 and 1685 cm-1) are considered to be due to 

overtones and combinations of goethite fundamental bands such as 890 and 795 cm-1 (Fig. 5.1.4c). It 

should be noted that the other overtones and combinations of the goethite fundamental bands such as 

652, 780 and 895 cm-1 can overlap the reactants’ bands around 1200–1700 cm-1. 

Smaller fine peaks in the 1400–1800 cm-1 region are due to water vapor which remained after 

subtraction of pure water spectrum. 
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5.1.4. Discussion 
 

In order to examine changes with time in the ATR-IR spectra for the reactant and product solutions 

with/without goethite layer, they are shown as difference spectra from the starting spectra (t = 0 

second) for showing only time dependent changes removing contribution from the goethite layer (Fig. 

5.1.5gt).  

Representative difference spectra from t = 0 spectrum for (R) the reactant solution without goethite 

(Fig. 5.1.6R) at t = 0, 1, 2 and 3 hours show only a few changes due to water vapor. On the other hand, 

representative difference spectra from t = 0 spectrum for (R+g) the reactant solution with goethite (Fig. 

5.1.6R+g)) show larger increases in bands at 1410 cm-1 (a) and 1630 cm-1 (b) than that without goethite. 

The peak at 1410 cm-1 (a) is due to asymmetric stretching of COO- of glycine (Fig. 5.1.5R), and the 

peak at 1630 cm-1 (b) is due to symmetric stretching of COO- of glycine (Fig. 5.1.5R). 

Representative difference spectra from t = 0 spectrum for the product solution without goethite 

(Fig. 5.1.6P) show also increases in bands at 1410 cm-1 (A) and 1630 cm-1 (B). Those for the product 

solution with goethite (Fig. 5.1.5P+g) show larger increases in bands at 1390 cm-1 (A’) and 1630 cm-

1 (B) than that without goethite (Fig. 5.1.5P). Moreover, a band at 1710 cm-1 (C) appeared and 

increased with time. It should be noted that the peak at 1410 cm-1 shifted with time toward 1390 cm-1. 

 

Fig. 5.1.6. Representative difference IR spectra (t = 0, 1, 2 and 3 hours) from t = 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. 

 

In order to show quantitatively these increases, changes with time in peak heights at (A) 1410, (B) 

1630 and (C) 1710 cm-1 (baselines: 1325–1443, 1500–1800 and 1500–1800 cm-1 for each) in the R, P, 

R+g and P+g spectra are plotted in Fig. 5.1.7. The peaks and baselines were selected so that 

fluctuations of water vapor peaks affect as less as possible. 
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or COOR groups by their higher concentrations on the goethite surface.  

The goethite surface is reported to be charged positively with mainly surface Fe-OH2+ groups 

under pH conditions of this study (pH = 4.0–5.8) (Zeltner and Anderson, 1988). Therefore, negatively 

charged COO– groups can be easily attracted on the goethite surface and adsorption of glycine and the 

Maillard reaction products on goethite is suggested to be driven by electrostatic interaction of these 

charged groups. Electrostatic interaction has also been suggested in some previous studies using silica 

������������������������������������������������������������������������� �������������������������

whose surfaces are negatively charged and can interact with positively charged amino acids such as 

lysine. On the other hand, COOH or COOR groups can also be adsorbed by hydrogen bonding between 

oxygen molecules of these groups and hydrogenated goethite surface. Olsson et al. (2011) suggested 

adsorption of glucose on goethite via hydrogen bonding interaction. Since the pH of the product 

solution became more acidic (pH = 4.0) than the reactant solution (pH = 5.8), the surface positive 

charge of goethite possibly increased (Zeltner and Anderson, 1988) resulting in larger adsorption of 

these components (Fig. 5.1.7A and B). 

For the better understanding of mechanism of these adsorption processes, kinetic analyses for 

increase in adsorbed components are needed. Strauss et al. (1997) and Luengo et al. (2006) conducted 

adsorption experiments of phosphate on goethite for more than a week and suggested that the 

adsorption could be described by combination of faster initial and slower secondly processes. 

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

Direct monitoring of adsorption onto goethite of reactants and products of the simulated Maillard 

reaction by 0.1 mol l-1 glycine + ribose solutions was conducted on thin layers of goethite on an ATR 

crystal (ZnSe). 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 at room temperature. Increases in peak heights at 1410, 1630 and 1710 cm-1 suggested fast 

adsorption of components with COO–, COOH and COOR groups on positively charged goethite 

surface.  

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 (Chapter 4), suggesting that the 

adsorption process is not rate-limiting for the reaction enhancemnt. An in situ hydrothermal ATR-IR 

cell under development can be used for further detailed kinetic studies of surface processes on goethite 

layers at different temperatures (20–80 °C). 
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CHAPTER 6. Summary and future perspectives 
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6.1. Summary 
 

6.1.1. General introduction 
 

   “Humic substance” is a general term of polymerized high molecular weight organic matter, whose 

structure is not well defined, present in Earth’s surface environments. The reactive functional groups 

of humic substances may influence environmental pollution by adsorbing and transporting pollutants, 

and promoting the chemical reactions (Stevenson, 1994). However, the processes and rates of 

formation of humic substances are complicated and poorly understood. On the other hand, the Maillard 

reaction is a continuous reaction between an amino group in amino acids and a carbonyl group in 

sugars producing polymerized brown-colored high molecular weight organic compounds, melanoidins 

(Maillard, 1912) leading to a formation of humic-like substances. The Maillard reaction is considered 

to be a dominant process in the aquatic environment such as at the bottom of a deep lake where there 

is few microorganisms (Stevenson, 1994). 

   In this thesis, for evaluating time scales of formation processes of humic-like substances simulated 

by the Maillard reaction, hydrothermal changes in glycine + ribose mixture solutions and their 

interactions with an iron hydroxide (goethite) were examined. In Chapter 2, in situ hydrothermal 

spectroscopic measurement systems for the simulated Maillard reactions were first developed. In situ 

IR and UV–Vis spectroscopic measurements for the Maillard reaction of 0.5 mol l-1 glycine + ribose 

mixture solution at 60–80 °C were conducted. In Chapter 3, for tracing UV spectral changes in detail, 

in situ UV–Vis spectroscopy for 0.1 mol l-1 glycine + ribose solutions at 60–80 °C was performed. 

Spectroscopic similarity between humic substances and the simulated Maillard reaction products was 

also discussed and validity of UV–Vis spectroscopy was suggested. In Chapter 4, changes with time 

in absorbance at 420 nm (indicator of humic substances) were analyzed at 60–80 °C in the presence 

and absence of an iron hydroxide (goethite). Enhancement of reaction rates in the presence of goethite 

was recognized. Effects of initial concentrations (0.5 or 0.1 mol l-1) were also noticed. In order to 

examine surface processes on goethite 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 (Chapter 5). In this chapter, these results are summarized 

again and overall discussion and future perspectives are presented. 
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6.1.2. Development of in situ hydrothermal spectroscopic measurement systems for the 
simulated Maillard reaction 
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6.1.3. Spectroscopic similarity between humic substances and the simulated Maillard 
reaction products 

 
The spectral changes for 0.5 mol l-1 glycine + ribose mixture solution in UV range were not traced 

because of spectral saturation even using a 0.05 mm thickness spacer (Fig. 6.1.5). Therefore, for 

tracing UV spectral changes, similar measurements at lower initial concentrations were needed. In 

Chapter 3, in situ UV–Vis spectroscopic measurements for the Maillard reaction of 0.1 mol l-1 glycine 

+ ribose mixture solution at 60–80 °C were conducted. 

First, in order to check validity of using UV–Vis spectra for monitoring progress of the Maillard 

reaction, batch heating experiments of 0.1 mol l-1 glycine + ribose solutions at 80 °C were conducted 

directly in solution states. The product solutions were analyzed by (1) UV–Vis spectroscopy, (2) 3D-

EEM fluorescence spectroscopy, (3) SELC, (4) IR spectroscopy, (5) HSQC-NMR spectroscopy and 

(6) MALDI-TOF-MS. Generalized 2D-COS were also used to examine correlations among some of 

the above spectroscopic data. 

A) Representative UV–Vis spectra for 0.1 mol l-1 glycine + ribose mixture solutions heated at 80 °C 

for 0, 24, 48, 72, 96, 120, 144 and 168 hours (diluted 100 times) (Fig. 6.1.7a) showed that a band 

around 280 nm increased with time and that absorbance at shorter wavelength increased more for 

longer heating durations. A spectrum for the solution heated for 168 hours and that after dialysis 

(> 3500 Da) (Fig. 6.1.7b) showed that absorption in the UV region generally decreased after 

dialysis, in particular around 280 nm. On the other hand, SEC chromatograms by 280 nm 

suggested the formation with time of small molecular weight components with 280 nm absorption. 

These were considered to include furfural, one of reported intermediates of the Maillard reaction 

having an absorption peak around 280 nm (Martinez et al., 2000). By 2D correlation 

spectroscopic analyses, a band around 280 nm above the baseline of 245–315 nm were suggested 

to be taken as a measure of the formation of furfural-like intermediates.  

B) Absorption in the UV region generally decreased after dialysis, while broad and featureless 

absorption remained in the visible region (Fig. 6.1.7b). This indicated the presence of larger 

products as well as 3D-EEM spectra (Fig. 6.1.8) and chromatograms by fluorescence intensity at 

Ex. 345 nm/Em. 430 nm. The fluorescence maxima resembled to those of natural humic solutions 

reported in a previous research (Nagao et al., 2003) (Fig. 6.1.8). By 2D correlation spectroscopic 

analyses, it was suggested that 254 nm absorbance with a one-point base at 600 nm (UV254) can 

be employed as a measure of the humic-like products.  

C) IR and HSQC-NMR spectra for 0.1 mol l-1 glycine + ribose mixture solutions heated at 80 °C for 

168 hours showed peaks of glycine and ribose together with some new peaks of the products 

including aliphatic and aromatic components.  
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  Ea (kJ mol-1) A (s-1) Time scale values at 15 ���������� 

��� 

������ 

Later 1st order stage 87 8.1���� 20 

Early induction stage 127 8.9����� 2.57 

��� 

������ 

Later 1st order stage 88 1.0���� 174 

Early induction stage 66 2.2���� 0.11 
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6.1.4. Effects of goethite on the simulated Maillard reaction 
 

The original heatable liquid cell enabled in situ spectroscopic measurements for the simulated 

Maillard reaction by glycine + ribose mixture solution forming humic-like substances in infrared 

(Chapter2), visible (Chapter 2) and ultraviolet (Chapter 3) range. They were conducted in solution 

state simulating reactions in the aqueous environment. On the other hand, solid-liquid interfaces are 

crucial for dynamic behavior of Earth systems, because most of reactions and transport of materials 

occur at mineral-water interfaces (Nakashima et al., 2004). In Chapter 4, in order to examine effects 

of goethite on spectral changes with time during the Maillard reaction between glycine and ribose 

forming humic-like substances, batch heating experiments of 0.1 mol l-1 glycine + ribose mixture 

solution with/without goethite were conducted at 60, 70 and 80 °C. Goethite is one of representative 

inorganic soil constituents and is playing important roles in the environment as an adsorbent and a 

catalyst (Liu et al., 2014). In this study, goethite was prepared by aging precipitates formed in FeCl3 

and NaOH mixture solution. The products were analyzed by visible, Raman and IR spectroscopy and 

X-ray diffractometry and they were suggested to be mainly composed of goethite. 

UV–Vis spectroscopy was conducted on the batch samples of 0.1 mol l-1 glycine + ribose mixture 

solution with/without goethite heated at 60, 70 and 80 °C. Spectral saturation occurred in UV region 

(200–400 nm) because of strong absorption by UV active products. Therefore, absorption in visible 

range is mainly analyzed. Changes in absorbance at 420 nm with one-point base at 800 nm (Vis420) 

with time at each heating temperature were fitted by the same exponential equation assuming the first 

order reaction as in Chapter 3 (Fig. 6.1.11). The fitting by the Arrhenius equation for the apparent first 

order reaction rate constant k420 and T (333–350 K) in the Arrhenius diagram (Fig. 6.1.12) gave the Ea 

and A values. The values of k420 for in situ experiments for 0.5 mol l-1 at 60–80 °C and the fitting line 

by the Arrhenius equation are also shown in Fig. 6.1.12. Table 6.1.3 lists the Ea and A values obtained 

from the fitting by the Arrhenius equation, together with k420 values and half-lives of the first order 

reaction stage at 15 °C estimated by extrapolation of the Arrhenius equation.  

The obtained apparent first order reaction constants k420 were larger in the presence of goethite, 

thus the half-life of the first order reaction stage at 15 °C was smaller in the presence of goethite (105 

< 1990 years). This indicates reaction enhancement by goethite. The reaction rates k420 at 0.1 mol l-1 

were about 3 orders of magnitudes smaller than those for 0.5 mol l-1 glycine + ribose mixture solution 

heated at 60–80 °C without goethite, suggesting that higher initial concentration of the reactants can 

make the reaction faster (Fig. 6.1.12). These effects of goethite and initial concentrations should be 

considered in evaluating time scales of formation of humic-like substances in the real environment. 
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Table 6.1.3.The Ea, 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. 

 Ea (kJ mol-1) A (s-1) k420 at 15 °C (s-1) Half-life at 15 °C (y) 

0.5 mol l-1 

(in situ without goethite) 
98 2.7×109 4.5×10-9 4.9 

0.1 mol l-1 

(batch with goethite) 
110 2.0×1010 2.1×10-10 105 

0.1 mol l-1 

(batch without goethite) 
137 9.1×1013 1.1×10-11 1990 
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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 
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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 IR and UV–Vis spectroscopy were applied on the 

aqueous reaction simulating the Maillard reaction by glycine and ribose forming humic-like 

substances (Chapters 2 and 3) giving the kinetic parameters of the reaction. The batch experiments 

(Chapter 4) and in situ ATR-IR measurements (Chapter 5) suggested interactions between the reactants 

and products of the Maillard reaction and goethite. The time scales for the simulated Maillard reaction 

at a representative Earth surface temperature of 15 °C ranged from a few years to a few thousand years. 

The reaction rate constants increased by larger initial concentrations and presence of minerals like 

goethite. In the following, overview of time scales for formation of humic-like substances by the 

Maillard reaction is discussed. 

From the above kinetic analyses, the simulated Maillard reaction can be simplified by dividing 

them to initial and later stages. The initial stage includes degradation stage of glycine and ribose 

represented by loss of their structure (C-O and NH2 groups) as described in Chapter 2. Their estimated 

reaction rates at 0.5 mol l-1 reactant solution were larger than those for the visible changes represented 

by increase in 420 nm absorbance (Fig. 6.1.4, Table 6.1.1). Moreover, the spectral changes at 420 nm 

started just after beginning of the heating measurement (Fig. 6.1.6). Therefore, the initial process of 

the reactants’ degradation can be negligible in estimating time scales of the visible changes. 

For the experiments on 0.1 mol l-1 reactant solution, the spectral changes at 254, 280 and 420 nm 

(UV254, UV280 and Vis420) in UV–Vis range can be divided to the initial induction stage and the later 

progress stage as described in Chapters 3 and 4. The kinetic analyses suggested shorter time scales for 

the induction stage than those for the later progress stage. Therefore, the later progress stage described 

by the first order reaction can be a rate-determining step for these UV–Vis changes.  
On the other hand, Chapter 4 suggested enhancement by goethite of the first order spectral changes 

at 420 nm during the simulated Maillard reaction. Since Chapter 5 suggested more adsorption of the 

products on goethite than that of the reactants, this enhancement can be more effective on the later 

processes by the adsorption of intermediate products on goethite surfaces. 

Considering these, the apparent first order UV–Vis changes in the simulated Maillard reaction by 

glycine and ribose forming humic-like substances can be summarized as the following. Table 6.1.4 

lists the apparent first order reaction rates k1 and half-lives at 15 °C of the first order reaction stage in 

changes in UV254, UV280 and Vis420 estimated by extrapolation of the Arrhenius equation. The order of 

time scales (Vis420 > UV254 > UV280) at a lower initial concentration (0.1 mol l-1 reactant solution) 

suggests that the furfural-like intermediates absorbing 280 nm were firstly produced and the later 

humic-like products absorbing UV range including 254 nm followed. Finally, more highly conjugated 

π electron compounds absorbing in the visible range including 420 nm were produced. Since dark-
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brown color is one of the typical features of humic substances (Stevenson, 1994), Vis420 can be 

employed as a surrogate indicator of the simulated formation processes of humic-like substances.  

The time scale of the reaction can therefore be represented by the half-lives of Vis420 changes, and 

is possibly around 5 years at a minimum and 2000 years at a maximum (Table 6.1.4). These time scales 

depend on the initial reactant concentration and presence/absence of goethite. It should be noted that 

effects of goethite appear to be smaller than the concentration effects. However, few data are available 

on concentrations of amino acids and sugars in the natural environment. Moreover, contents of 

goethite-like iron hydroxides in soils and sediments are not measured frequently and considered to be 

generally smaller than 1 wt% (Nakashima and Moriizumi, 2018). Reasonable evaluation of time scales 

with appropriate natural concentrations are difficult.  

 

Table 6.1.4. The apparent first order reaction rates k1 and half-lives at 15 °C of the first order reaction 

stage estimated by extrapolation of the Arrhenius equation. 

 k1 at 15 °C (s-1) Half-life at 15 °C (y) 

Vis420 at 0.5 mol l-1 (in situ without goethite) 4.5×10-9 4.9 

UV280 at 0.1 mol l-1 (in situ without goethite) 1.1×10-9 20 

Vis420 at 0.1 mol l-1 (batch with goethite) 2.1×10-10 105 

UV254 at 0.1 mol l-1 (in situ without goethite) 1.3×10-10 174 

Vis420 at 0.1 mol l-1 (batch without goethite) 1.1×10-11 1990 

 

Therefore, I tried first to compare the evaluated time scales for formation of humic-like substances 

with some natural examples without concrete data sets on initial reactant concentrations and goethite 

contents. The formation of humic-like substances in the bottom sediments of Ago bay, Mie Prefecture, 

Japan has been studied in 2004–2006 by Otsuka and Nakashima (unpublished data). They extracted 

pore waters from bottom sediments at three depth fractions (0–3, 3–6, 6–9 cm) on 2 different locations 

(Takonobori and Tategami). Total organic carbon (TOC: mg/g dry samples) and fluorescence 

intensities at Ex. 310 nm/Em. 430 nm of the samples were measured. It should be noted that Ex. 310 

nm/Em. 430 nm was a fluorescence maximum wavelength for the sediment samples and similar to 

that used as a measure of humic-like substances in Section 6.1.3 (Chapter 3: Fig. 6.1.8). The 

fluorescence intensities were normarized by TOC (mgOrgC) (F/TOC) and plotted against the depth 

(Fig. 6.1.16a and b). By using sedimentation rates at these locations (Momoshima et al., 2008), the 

fluorescence intensities normarized by TOC (F/TOC) can be plotted against time (Fig. 6.1.16c, d).  

F/TOC increased from 2.8 to 5.5 mgOrgC-1 for Tategami (Fig. 6.1.16d) in about 30 years. An 

exponential fitting for Tategami assuming the first order reaction by the following equation 

1 �2�� = �
�� − ����−�
��� � �� 

gave an apparent rate constant k1 of 1.3×10-9 s-1, C1 of 6.0 and C2 of 1.2. The k1 had a similar order of 
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6.2. Problems and future perspectives 
 
   This thesis aimed at evaluating time scales for formation processes of humic-like substances 

simulated by the Maillard reaction. Hydrothermal experiments and IR and UV–Vis spectroscopy on 

the Maillard reaction by glycine and ribose suggested the time scales around 5 years at a minimum 

and 2000 years at a maximum at a representative Earth surface temperature of 15 °C. This is in 

agreement with a few decades of time scale for an increase in fluorescence intensities in the bottom 

sediments of Ago bay, possibly due to the formation of humic-like substances. The present method 

can be applied to the Maillard reaction under other experimental conditions with various initial 

concentrations of reactants in future studies. These further researches will give constraints on the better 

understanding of the time scales of formation processes of humic-like substances. 

   On the other hand, the batch experiments and in situ ATR-IR measurements in the presence of 

goethite suggested interactions between the reactants and products of the Maillard reaction and 

goethite. However, few data points in the batch experiments prevented precise kinetic analyses. 

Moreover, hydrothermal changes in the reactants and products of the Maillard reaction adsorbed on 

goethite could not be detected by the ATR-IR method. Therefore, development of a new in situ 

hydrothermal measurement systems is needed (e.g. hydrothermal in situ IR and visible micro-

spectroscopy, hydrothermal in situ ATR-IR spectroscopy). 

   Further analyses of natural samples should also be performed for time scale evaluation for 

formation processes of humic-like substances. The study on Ago bay sediments (Section 6.1.6) is one 

of good practical examples. However, natural samples are complex mixtures of organics and 

inorganics masking direct measurements for changes in humic substances in the natural environment. 

Moreover, destructive procedures such as alkaline extraction or drying for humic substances’ analyses 

may limit precise examination of natural organic matter in its original form without modification 

(Lehmann and Kleber, 2015). I have been developing 3D-EEM spectroscopy for soils and sediments 

in solid phases as one of the direct characterization methods for humic-like materials in complex 

mixtures of organic and inorganic compounds. 

   By these further improvements of measurement methods of humic-like substances, time scales and 

fates of humic-like substances in the formation, decomposition, transportation and interaction with 

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