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1 | INTRODUCTION

Abstract

High-molecular-weight alkaline degradation products of hexoses (HMWHADPS) are
colored substances in sugar solutions formed during sugar manufacturing process.
These products may be occluded within sugar crystals and impart yellow or brown
color to sucrose, thereby negatively affecting the quality of white sugar. Thus, the
structural properties of HMWHADPs pose a significant scientific problem in the
sugar industry. In the present study, the structural properties of HMWHADPs were
investigated using nuclear magnetic resonance, zeta potential analyzer, energy-dis-
persive X-ray spectrometry, ultraviolet-visible spectra, and Fourier transform infrared
spectroscopy. Results showed that HMWHADPs mainly contain carboxyl, aldehyde,
alcoholic hydroxyl, conjugated double bonds, and saturated alkanes. Possible mecha-
nisms of HMWHADP formation were proposed on the basis of structural property
investigation. This study can be used as reference for future research and practice in
developing effective methods for the removal of HMWHADPs from sugar solutions

and prevention of their further formation in subsequent steps.
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Fan, Zhang, & Song, 2019; Schlumbach, Pautov, & Floter, 2017;
Song, Chai, Zhu, Li, & Liang, 2019). Together with melanoidins,

Alkaline degradation products of hexoses (HADPs) are important
colored substances in sugar beet juice, remelt syrup, and sugar
cane juice in the sugar industry; they are formed in the sugar man-
ufacturing process as a result of hexose (glucose and fructose)
degradation and subsequent polymerization under alkaline and
high-temperature conditions and can be occluded within sugar
crystals and impart yellow or brown color to sucrose, thereby neg-

atively affecting the quality of white sugar (Li et al., 2016; Liang,

HADPs account for up to 80% of color in sugar beet juices (Coca,
Garcia, Gonzalez, Pefia, & Garcia, 2004; Coca, Garcia, Mato,
Carton, & Gonzalez, 2008). Therefore, the formation of HADPs
is a significant problem in the sugar industry. However, the for-
mation process and mechanisms of HADPs are extremely com-
plicated. HADPs are generally divided into two groups, namely
low- (sC,, LMWHADPs) and high-molecular-weight HADPs
(>C4, HMWHADPs) based on the number of carbon atoms (Coca
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et al., 2004). The LMWHADPs with six or less carbon are directly
degraded from hexoses. LMWHADPs can polymerize to form
HMWHADPs which are related to color formation during alkaline
degradation reactions. The amounts of HMWHADPs containing
more than six carbon atoms may be substantial depending on the
conditions of the degradation reactions.

Several studies have been conducted on the alkaline deg-
radation process and products of hexoses (Bruijn, Kieboom, &
Bekkum, 1987; Davidek, Robert, Devaud, Vera, & Blank, 2006;
Yang & Montgomery, 1996, 2007). The results showed that signifi-
cantly low-molecular-weight organic acids (e.g., formic acid, acetic
acid, oxalic acid, lactic acid, and tartaric acid), aldehydes (e.g., form-
aldehyde, glyceraldehyde, hydroxybutyraldehyde, and glycolalde-
hyde), and ketones (e.g., methylglyoxal, 1,3-dihydroxyacetone,
and diacetyl) were generated during hexose alkaline degradation
reactions. In another study, the molecular weight distribution of
HMWHADPs was characterized by gel permeation chromatog-
raphy (Coca et al., 2004). However, the nature and structure of
HMWHADPs have not been elucidated. Coca et al. (2004) consid-
ered that HMWHADPs are most likely carboxylic acid products
containing more than six carbon atoms. Nevertheless, the empiri-
cal evidence available confirming this outcome and elucidating the
formation mechanisms of HMWHADPs are limited. To the best
of our knowledge, no systematical study reported the nature and
structure of HMWHADPs in the field of sugar engineering possibly
due to the extremely complex formation process of HMWHADPs
in sugar juices and their exceedingly complicated chemical struc-
ture. However, the nature and structure of HMWHADPs should
be determined to develop suitable technologies that allow their
removal from sugar solutions, thereby preventing their further
formation in subsequent steps.

In this study, the structural properties of HMWHADPs were in-
vestigated using nuclear magnetic resonance (NMR), zeta potential
analysis, ultraviolet-visible (UV-vis) spectra, energy-dispersive X-ray
(EDX) spectrometry, and Fourier transform infrared (FTIR) spectros-
copy. This work aimed to contribute fundamentally to the develop-
ment of suitable technologies for the removal of HMWHADPs from
sugar solutions and prevention of their further formation in subse-

quent steps.

2 | MATERIALS AND METHODS
2.1 | HMWHADP preparation

The hexoses mainly include glucose, fructose, mannose, and galac-
tose. Glucose and fructose account for the highest content of hex-
oses in sugar juices, whereas the contents of other kinds of hexoses
are negligible. Coca et al. (2004) summarized and observed that the
LMWHADPs degraded from the glucose and fructose are the same.
Thus, either glucose or fructose is generally employed as substrate
to investigate HADPs in the sugar industry (Coca et al., 2004, 2008;
Davidek et al., 2006; Mersad, Lewandowski, Heyd, & Decloux, 2003;

FIGURE 1 Photograph of glucose (a) and alkaline glucose
solutions before (b) and after (c) reaction

Sharma & Johary, 1987; Yang & Montgomery, 2007). In this study,
glucose was used to prepare HMWHADPs. Equal volumes of glucose
(w/w, 20%) and NaOH solutions (w/w, 5%) were mixed in a conical
flask and incubated at 60°C for 1 hr (Zhang, Lin, Cai, & Guo, 2001).
Then, the pH of the reaction solution was adjusted to 7.0 + 0.2
by adding HCI solution. Afterward, the reaction solution was dia-
lyzed by a 20 kDa dialysis bag (SP131348, Shanghai Yuanye Bio-
Technology) to remove the unreacted glucose, LMWHADPs, and
other micromolecular intermediate products (Mohsin et al., 2018). In
this operation, ultrapure water was used for dialysis; the water was
discarded afterward. This step was repeated until the conductivity
of the discarded dialysis water was approximately similar to that of
ultrapure water, and the unreacted glucose was completely removed
from the reaction mixture as determined by high-performance lig-
uid chromatography. Finally, pure HMWHADPs were obtained after
drying by a freeze dryer (Xianou-12N).

2.2 | Analysis

The proton NMR (*H-NMR) and carbon-13 NMR (**C-NMR) spectra
of HMWHADPs were obtained with a NMR spectrometer (AVANCE
111 HD 500, Bruker) by using D,O as the solvent and tetramethylsi-
lane as the internal standard. The zeta potentials of the HMWHADP
solution under different pH levels were measured by a Zetasizer
Nano ZS. The sample pH was adjusted by 0.1 N HCl and 0.1 N NaOH
solutions. FTIR spectroscopy (Nicolet iS50, Thermo Fisher Scientific)
was used to analyze the functional groups in HMWHADPs. The UV-
vis spectra of HMWHADPs were obtained with a spectrophotom-
eter (SPECORD Plus 50). A scanning electron microscope (SUPPRA
55 Sapphire, Carl Zeiss) equipped with an energy-dispersive X-ray
spectrometer (OXFORD X-Max 50) was used to analyze the compo-
sitions of HMWHADPs.
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3 | RESULTS AND DISCUSSION
3.1 | Macrocosmic appearance of HADP solution

Figure 1 shows the photograph of the glucose and alkaline glu-
cose solutions before and after reactions. As shown in Figure 1a,
the pure glucose solution was clear and colorless. The alkaline
glucose solution showed a pale yellow color before the increase
in reaction temperature compared with the pure solution, thereby
indicating that hexose degradation easily occurred under alka-
line condition. However, the color intensity shown in Figure 1b
was considerably lower than that in Figure 1c (HADP solution).
Therefore, LMWHADPs can be easily polymerized to form
HMWHADPs under alkaline condition.

3.2 | 3C-NMR analysis

The structural properties of HMWHADPs should be elucidated to
provide fundamental information for the development of effective
methods for their removal from sugar solutions. Thus, the chemi-
cal structure of HMWHADPs was preliminarily characterized by
BC-NMR (D,0), and the results are presented in Figure 2. The wide
peak regions from 170 to 200 ppm were mainly caused by R-COOH
and/or R-COO~ (Akhmetov, Gumarov, Petukhov, & Volkov, 2019;
Mohsin et al., 2018). A small amount of aldehydes may be included
in HMWHADPs. The peaks from 90 to 130 ppm were mainly at-
tributed to unsaturated C=C bonds. The chemical shifts from 60 to
80 ppm were the characteristic peaks of alcohol hydroxyl. The spec-
tra showed peaks from O to 50 ppm, which indicated the presence of
saturated alkanes in HMWHADPs.

C—OH (Alcohols)
R—COH
R—COOH

R—COO CH,=CR,

\ RCH=CR'

3.3 | UV-visanalysis

To further clarify the structure of unsaturated C=C bonds in
HMWHADPs, we characterized HMWHADPs by UV-vis spectra, and
the results are shown in Figure 3. The spectra presented a strong ab-
sorption peak at 272 nm, which was attributed to the substantial con-
jugated double bonds in HMWHADPs. The absorbances at 272 nm
for the different concentrations of HMWHADP solution were deter-
mined, and the results are shown in Figure 4. As shown in Figure 4,
a linear relationship existed between the HMWHADP concentration
and absorbance (272 nm), and a high adjusted correlation coefficient
(Adj.R?) exceeding .995 was obtained. These results indicate that the
HMWHADP concentration could be determined by UV-vis under its
maximum absorption peak (272 nm) in future research and practice.

3.4 | Zeta potential and *H-NMR analysis

We used a zeta potential analyzer and *H-NMR (the solvent peaks
have been removed automatically by the system) to analyze the
HMWHADPs, and the results are presented in Figures 5andé, re-
spectively. As shown in Figure 5, the zeta potential of HMWHADPs
decreased with the increase in pH value as a whole. The negative
charge of HMWHADPs increased evidently in the pH range of
2-3, indicating that R-COOH and/or R-COO™ may be included in
HMWHADPs (Huo, 2008). However, no characteristic peaks of R-
COOH appeared in the *H-NMR spectra (Figure 5). This phenom-
enon can be explained as follows: the dissociation constant for most
organic compounds containing a carboxyl group ranges from ap-
proximately 102 to 107¢ (pH = 4 + 2) (Song et al., 2019; Xing, Hu,
Chen, & Bai, 2014). During HMWHADP preparation, NaOH was

Saturated alkanes

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

Chemical shift (ppm)

FIGURE 2 *C-NMR spectra of
HMWHADPs
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FIGURE 4 Relationship between HMWHADP concentration
and absorbance

added to the glucose solution to form an alkaline environment. After
the reaction, HCl was added to the solution to adjust the pH to ap-
proximately 7.0. Finally, HMWHADPs were obtained by dialysis to
remove non-HMWHADP substances. Thus, the carboxyl group in
HMWHADPs formed mainly in the form of carboxylate. To further
verify this outcome, we used EDX to analyze the compositions of the
HMWHADPs, and the results are presented in Table 1. Cand O were
the major elements of HMWHADPs, whereas low quantities of Na
were observed, which verified that carboxyl group in HMWHADPs
existed mainly in the form of sodium carboxylate. Several aldehyde
groups were also detected in HMWHADPs (Figure 6). The aldehyde
content of HMWHADPs was elucidated in subsequent analysis.

3.5 | FTIR analysis

The HMWHADPs were further investigated by FTIR (Figure 7), and

functional groups were conducted to unravel the polymer structure.

CWILEY- -2
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FIGURE 5 Effects of pH on HMWHADP zeta potential

The typical peak at 3,340 cm™ was caused by the stretching vibra-
tion from hydroxyl (Song et al., 2019). The peak at 2,990 cm™ was
assigned to the C-H group from methylene or methyl (Qu, Li, Hang,
Li, & Xie, 2018; Song et al., 2019). The peak at 1,636 cm? could be
assigned to the C=C and/or C=0 bond in HMWHADPs (Dolphen
& Thiravetyan, 2011; Mohsin et al., 2018; Simaratanamongkol &
Thiravetyan, 2010). The peak at 1,396 cm™ was attributed to car-
boxyl and carboxylate (Song et al., 2019). The peak at 1,117 cm’
1 was related to the C-O bond in HMWHADPs (Dolphen &
Thiravetyan, 2011; Simaratanamongkol & Thiravetyan, 2010). The
bands at 788, 1,007, and 1,455 cm™ were ascribed to C-H and/
or -CH, deformation (Dolphen & Thiravetyan, 2011; Mohsin
et al., 2018; Simaratanamongkol & Thiravetyan, 2010). The modes
at 1,343 and 1,488 cm™ most probably resulted from O-H in
HMWHADPs (Dolphen & Thiravetyan, 2011; Mohsin et al., 2018;
Simaratanamongkol & Thiravetyan, 2010). The results obtained

from the FTIR spectra corresponded with those of NMR and UV-vis
analysis.

4 | POSSIBLE MECHANISMS FOR
HMWHADP FORMATION

Given the investigation and discussion above, the possible formation
process of HMWHADPs from hexose (glucose) degradation under
alkaline conditions can be described as follows.

Substantial low-molecular-weight organic acids, aldehydes, and
ketones are generated during hexose alkaline degradation reactions.
The aldehydes and a part of ketones readily participate in the aldol-

ization reaction, thereby producing compounds including hydroxyl

and aldehyde (Coca et al., 2004). Aldolization products can be con-
verted into olefin aldehyde by dehydration under high tempera-
ture. Aldolization is an important organic reaction that leads to the
formation of new C-C or C=C bonds and increase in carbon chain.
Olefin aldehyde includes two unsaturated double bonds, which

feature active chemical properties and can be polymerized to form
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FIGURE 6 'H-NMR spectra of
HMWHADPs
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FIGURE 7 FTIR spectra of HMWHADPs

high-molecular-weight compounds. The existence of oxygen in the
air in contact with the reaction mixture will accelerate the polym-
erization reaction and oxidize aldehydes, converting them into car-
boxyl at the end of the chain in polymerized high-molecular-weight
compounds (Coca et al., 2004; Huo, 2008; Zhang et al., 2017). Not all
aldehydes will be oxidized to form carboxyl. Thus, several aldehydes
still exist in HMWHADPs (Figure 6). Nevertheless, further studies
are warranted to confirm the possible mechanisms for HMWHADP

formation proposed by us.

5 | CONCLUSIONS

The structural properties of HMWHADPs were investigated using
NMR, zeta potential analysis, UV-vis spectra, EDX, and FTIR. Results
showed that HMWHADPs mainly contain carboxyl, aldehyde, alco-
holic hydroxyl, conjugated double bonds, and saturated alkanes.

ACKNOWLEDGMENTS

This study was supported by the National Key Research and
Development Program of China (2016YFD0600804), Specific
Research Project of Guangxi for Research Bases and Talents
(AD18126005 and AD18126002), Guangxi Innovation-driven
Development Special Fund Project (AA17204087), and Initiation
Project of Introducing Talents for Scientific Research of Guangxi
University for Nationalities (2018KJQDO04).

CONFLICT OF INTEREST
The authors declare that they have no conflict of interest.

ETHICAL APPROVAL

This study did not involve any human or animal testing.

ORCID
Wen Li https://orcid.org/0000-0002-2579-7963
REFERENCES

Akhmetov, M. M., Gumarov, G. G., Petukhov, V. Y., & Volkov, M. Y.
(2019). NMR study of sodium gluconate solutions. Journal of
Molecular Structure, 1193, 373-377. https://doi.org/10.1016/j.molst
ruc.2019.05.061

Bruijn, J. M. D., Kieboom, A. P. G., & Bekkum, H. V. (1987). Alkaline deg-
radation of monosaccharides: Part VII. A mechanistic picture. Starch-
Stdrke, 39, 23-28. https://doi.org/10.1002/star.19870390107


https://orcid.org/0000-0002-2579-7963
https://orcid.org/0000-0002-2579-7963
https://doi.org/10.1016/j.molstruc.2019.05.061
https://doi.org/10.1016/j.molstruc.2019.05.061
https://doi.org/10.1002/star.19870390107

LUO ET AL.

Coca, M., Garcia, M. T., Gonzélez, G., Pefia, M., & Garcia, J. A. (2004).
Study of coloured components formed in sugar beet process-
ing. Food Chemistry, 86, 421-433. https://doi.org/10.1016/j.foodc
hem.2003.09.017

Coca, M., Garcia, M. T., Mato, S., Cartén, A., & Gonzalez, G. (2008).
Evolution of colorants in sugar beet juices during decolorization
using styrenic resins. Journal of Food Engineering, 89(4), 429-434.
https://doi.org/10.1016/j.jffoodeng.2008.05.025

Davidek, T., Robert, F., Devaud, S., Vera, F. A, & Blank, I. (2006). Sugar
fragmentation in the Maillard reaction cascade: Formation of short-
chain carboxylic acids by a new oxidative a-dicarbonyl cleavage
pathway. Journal of Agricultural and Food Chemistry, 54, 6677-6684.

Dolphen, R., & Thiravetyan, P. (2011). Adsorption of melanoidins by chi-
tin nanofibers. Chemical Engineering Journal, 166, 890-895. https://
doi.org/10.1016/j.cej.2010.11.063

Huo, H.-Z. (2008). Chemistry and technology of modern sugar manufac-
turing (pp. 3-5, 70-73). Beijing, China: Chemical Industry Press. (in
Chinese).

Li, W, Ling, G.-Q., Huang, P,, Li, K., Lu, H.-Q., Hang, F.-X,, ... Xiang, J.-H.
(2016). Performance of ceramic microfiltration membranes for treat-
ing carbonated and filtered remelt syrup in sugar refinery. Journal
of Food Engineering, 170, 41-49. https://doi.org/10.1016/j.jfood
eng.2015.09.012

Liang, X.-Q., Fan, S.-L., Zhang, J.-X., & Song, X.-R. (2019). Polyphenol re-
moval from sugarcane juice by using magnetic chitosan composite
microparticles. Sugar Tech, 21(1), 104-112. https://doi.org/10.1007/
s12355-018-0625-z

Mersad, A., Lewandowski, R., Heyd, B., & Decloux, M. (2003). Colorants
in the sugar industry: Laboratory preparation and spectrometric
analysis. International Sugar Journal, 105(1254), 269-281.

Mohsin, G. F., Schmitt, F.-J., Kanzler, C., Epping, J. D., Flemig, S., &
Hornemann, A. (2018). Structural characterization of melanoidin
formed from D-glucose and L-alanine at different temperatures ap-
plying FTIR, NMR, EPR, and MALDI-ToF-MS. Food Chemistry, 245,
761-767. https://doi.org/10.1016/j.foodchem.2017.11.115

Qu, R.-J,, Li, K., Hang, F.-X., Li, W., & Xie, C.-F. (2018). Analysis of sedimen-
tary components in post-haze concentrated sugarcane juice. Sugar
Tech, 20, 617-620. https://doi.org/10.1007/s12355-017-0581-z

Schlumbach, K., Pautov, A., & Fléter, E. (2017). Crystallization and anal-
ysis of beet and cane sugar blends. Journal of Food Engineering, 196,
159-169. https://doi.org/10.1016/j.jfoodeng.2016.10.026

CWILEY- 2%

Sharma, S. C., & Johary, P. C. (1987). Studies on the adsorption of sugar
colorants. India Sugar, 4, 19-31.

Simaratanamongkol, A., & Thiravetyan, P. (2010). Decolorization of
melanoidin by activated carbon obtained from bagasse bottom ash.
Journal of Food Engineering, 96, 14-17. https://doi.org/10.1016/j.
jfoodeng.2009.06.033

Song, X., Chai, Z., Zhu, Y., Li, C., & Liang, X. (2019). Preparation and
characterization of magnetic chitosan-modified diatomite for
the removal of gallic acid and caffeic acid from sugar solution.
Carbohydrate Polymers, 219, 316-327. https://doi.org/10.1016/j.
carbpol.2019.04.043

Xing, R., Hu, S., Chen, X., & Bai, X. (2014). Graphene-sensitized micropo-
rous membrane/solvent microextraction for the preconcentration of
cinnamic acid derivatives in Rhizoma Typhonii. Journal of Separation
Science, 37(17), 2307-2313.

Yang, B. Y., & Montgomery, R. (1996). Alkaline degradation of glucose:
Effect of initial concentration of reactants. Carbohydrate Research,
280, 27-45. https://doi.org/10.1016/0008-6215(95)00294-4

Yang, B. Y., & Montgomery, R. (2007). Alkaline degradation of invert
sugar from molasses. Bioresource Technology, 98(16), 3084-3089.
https://doi.org/10.1016/j.biortech.2006.10.033

Zhang, Y., Cheng, Y., Cai, H., He, S, Shan, Q., Zhao, H., ... Wang, B. O.
(2017). Catalyst-free aerobic oxidation of aldehydes into acids in
water under mild conditions. Green Chemistry, 19(23), 5708-5717.
https://doi.org/10.1039/C7GC02983G

Zhang, Y., Lin, L., Cai, M.-Y,, & Guo, S.-Y. (2001). Study on absorption
properties for calcium phosphate precipitates in sucrose solution.
Journal of Zhengzhou Institute of Technology, 22(1), 73-77. (in Chinese
with English abstract).

How to cite this article: Luo W-J, Lu H-Q, Lei F-H, Cheng L-Y,
Li K, Li W. Structural elucidation of high-molecular-weight
alkaline degradation products of hexoses. Food Sci Nutr.
2020;8:2848-2853. https://doi.org/10.1002/fsn3.1584



https://doi.org/10.1016/j.foodchem.2003.09.017
https://doi.org/10.1016/j.foodchem.2003.09.017
https://doi.org/10.1016/j.jfoodeng.2008.05.025
https://doi.org/10.1016/j.cej.2010.11.063
https://doi.org/10.1016/j.cej.2010.11.063
https://doi.org/10.1016/j.jfoodeng.2015.09.012
https://doi.org/10.1016/j.jfoodeng.2015.09.012
https://doi.org/10.1007/s12355-018-0625-z
https://doi.org/10.1007/s12355-018-0625-z
https://doi.org/10.1016/j.foodchem.2017.11.115
https://doi.org/10.1007/s12355-017-0581-z
https://doi.org/10.1016/j.jfoodeng.2016.10.026
https://doi.org/10.1016/j.jfoodeng.2009.06.033
https://doi.org/10.1016/j.jfoodeng.2009.06.033
https://doi.org/10.1016/j.carbpol.2019.04.043
https://doi.org/10.1016/j.carbpol.2019.04.043
https://doi.org/10.1016/0008-6215(95)00294-4
https://doi.org/10.1016/j.biortech.2006.10.033
https://doi.org/10.1039/C7GC02983G
https://doi.org/10.1002/fsn3.1584

