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ABSTRACT

Based on the ESI-MS and '>C-NMR analysis of the forms of glyoxal in acidic and alkaline solutions, the soy-based
adhesive cross-linked by glyoxal was prepared in this work. The results showed that glyoxal existed in water in
different forms at different pH levels. Under alkaline conditions, glyoxal transformed to glycolate through the
intramolecular disproportionation reaction. Under acidic conditions, although some of glyoxal transformed to
glycolate as what happened under alkaline conditions, most of glyoxal molecules existed in the form of five-
or six-membered cyclic ether structure. No ethylene tetraol or free aldehyde group was actually detected under
these conditions. Although glyoxal reacted with soy protein under both acidic and alkaline conditions, alkaline
conditions were more favorable for the improvement of mechanical performance and water resistance of soy-
based adhesives than acid conditions.
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1 Introduction

The development of soy protein-based adhesives has been a hot topic in wood industry today. Some
cross-linkers are used to prepare soy-based adhesive with acceptable mechanical performance and water
resistance [1—6]. Formaldehyde and its derivatives, such as phenol-formaldehyde resin [7,8], phenol-
resorcinol-formaldehyde resin [9], urea-formaldehyde resin [10—12], melamine-formaldehyde [13—15],
etc., were proved to be one type of effective cross-linkers of soy-based adhesives. Due to an increasing
environmental concern, the addition of toxic formaldehyde has decreased greatly the advantages of soy
protein-based adhesives in wood industry. As we all know that formaldehyde was reclassified as a
Group 1 “Human Carcinogen” by IARC in 2004.

Compared with formaldehyde, glyoxal is relatively nontoxic and nonvolatile [16,17]. Thus soy protein-
based adhesives cross-linked by glyoxal is expected to show better performances on free formaldehyde
emission than those cross-linked by formaldehyde. Some work has been reported to substitute part or all
of the formaldehyde in urea-formaldehyde resin or melamine-formaldehyde resin with glyoxal [18]. It
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was also used as a cross-linker of some bio-based adhesives, such as tannin-based [19,20], lignin-based
[21,22] and protein-based adhesives [23,24].

As the simplest dialdehyde, glyoxal has no a-H structure. It exists in water in different forms and even
shows no aldehyde group [25]. The reactions of glyoxal will then be totally different from those of
formaldehyde. The pH levels of the glyoxal solution might also affect greatly its existing forms. In this
study, on the basis of the analysis of the forms of glyoxal in water under acidic and alkaline conditions,
the soy-based adhesive modified by glyoxal was prepared. Although there were some reports on the
modification of soy-based adhesive with glyoxal [18,26,27], their emphasis were mostly on the
performances of the final resin. The study on the reaction between different forms of glyoxal in water and
soy protein was rather few. Although there were some reports on the forms of glyoxal in water
[16,17,28-31], there was even actually no undoubted explanation or systematic study on the forms of
glyoxal in water at different pH levels. In fact, the pH during the preparation of soy protein-based
adhesives has great effects on the performances of the final adhesives [32,33]. In this work, the forms of
glyoxal in water at different pH were studied to be a basis for the preparation of soy-based adhesives.

2 Materials and Methods

2.1 Materials

Soy flour with protein content of 53.4% was from Yuxin Soybean Protein Co., Ltd., China. Glyoxal
solution with solid content 40%, NaOH, NaHSO; and other chemical reagents in this work were all
analytic grade and from Sinopharm Chemical Reagent Co., Ltd., P.R. China. Poplar veneers with a
thickness of 1.5 mm and moisture content 8-10% were purchased from Qunyou Wood Co., Ltd., China
for the preparation of plywood.

2.2 Preparation of Glyoxal Solution Samples at Different pH Levels

The 30% diluted glyoxal was adjusted to pH = 2-3 and pH = 9-10, respectively, with either
10% hydrochloric acid or 10% sodium hydroxide solution. Then these glyoxal solutions were charged
to different flasks with magnetic stirrer bars separately and kept at 75-80°C for 1 h under the designed
pH levels.

2.3 Electrospray Ionization Mass Spectrometry (ESI-MS) Analysis

The glyoxal solution samples at different pH levels were dissolved in chloroform to get a solution with a
concentration of 10 ul/mL (10 pl sample and 1 mL chloroform). The solution was then injected into the ion
trap mass spectrometer with ESI via a syringe at a flow rate of 5 pg/s. Spectra were recorded in positive mode
with ion energy of 0.3 eV on a Waters Xevo TQ-S instrument and the scan range was 0—1000 Da.

2.4 PC-NMR Analysis

The glyoxal solution samples at different pH levels for '>C-NMR analysis were prepared by mixing
300 pl glyoxal liquid solution sample with 100 pl dimethyl sulfoxide-d6 (DMSO-dg). Liquid '*C-NMR
(zgig) spectra were generated using a Bruker Avance spectrometer with a frequency of 600 MHz. To
achieve a sufficient signal-to-noise ratio, inverse-gated proton decoupling method was applied. The
spectra were obtained at 39062.5 Hz for a number of transients of 800-1200. All the analyses were run
with a relaxation delay of 6 s and the chemical shifts were accurate to 1 ppm.

2.5 Preparation of Soy Protein-Based Adhesives Modified by Glyoxal Solution

Eighty parts of defatted soy flour, 300 parts of water and 1.6 parts of NaHSO; were sequently charged
into a flask equipped with a condenser, thermometer and a magnetic stirrer bar. The mixture was kept at 50°C
for 1h to get a soy-based adhesive sample. Then 9.6 parts of glyoxal solution were added to the flask. After
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this, the mixture was divided into four parts and the pH of each part were adjusted to 1, 3, 11 and 13,
respectively. Corresponded samples with the name of SPG1, SPG3, SPG11 and SPG13 were obtained.

2.6 Preparation of Plywood Samples with Soy Protein-Based Adhesive and the Test of Their Shear

Strengths

Four soy protein-based adhesives modified with glyoxal solution, that is, SPG1, SPG3, SPG11 and
SPG13, were used for the preparation of three-layer plywood samples with the dimensions of 400 mm X
400 mm x 4 mm. Soy protein-based adhesives were applied to both sides of core veneers with a resin
loading rate of 300 g/m”. Two surface veneers without adhesives were added to both sides of the core
veneers. The three-layer plywood assemblies were left at room temperature for 15-20 min before loaded
into a XLB type single-opening hot press. The plywood assemblies were pressed under 1.5 MPa at
160°C for 3.5 min.

Before being cut into shear strength specimens of dimensions of 100 mm X 25 mm, plywood samples
were conditioned at the chamber of 20 + 2°C with relative humidity of 65 = 5% in the laboratory for 1 day.
The bonded area of each specimen was 25 mm x 25 mm (Fig. 1). A WDS-50KN mechanical testing machine
was used to test the dry and wet shear strength of the plywood specimens respectively following the Chinese
national standard GB/T 9846.3-2004 and GB/T 17657-1999. The mean result of 8—10 specimens was used as
the final dry or wet shear strength respectively. For wet shear strength, the specimens were soaked in
(63 £ 1)°C water for 60 min and then in water under room temperature for 10 min, in accordance with
Chinese standards.

25

100

Units: mm

Figure 1: The diagram of the plywood

3 Results and Discussion

3.1 ESI-MS Analysis of Glyoxal Solution

The ESI-MS spectra of glyoxal solution prepared at pH = 9-10 and pH = 2-3 are given in Figs. 2 and 3
respectively. According to the mechanism of ESI-MS, the ion peaks observed in the ESI-MS spectra mainly
came from ions M + Na', combination of oxygen atom from glyoxal molecule with Na™ [24]. (Here,
M means molecule.) On the basis of the structure of glyoxal and previous reports [16,17,28-31], Tabs. 1
and 2 summarize the ESI-MS assignments of the main ion peaks of the glyoxal solution samples prepared
at pH = 9-10 and pH = 2-3 from Figs. 2 and 3. As is well-known that the isomers with the same
molecular weight are possible, Tabs. 1 and 2 give only the most possible structures with relatively low
molecular weight.



208

JRM

, 2021, vol.9, no.2

+ESI Scan (0-2-0.5 min, 16 Scans) Frag=175.0V WX-G-11d.d Subtract

317

121

611

415 709

807

219 205

1
[ 964

vl

856

POl

003 1101
777 | L 1198 1207 4305

L

1493

800 900 1000 1100 1200 1300 1400

Figure 2: ESI-MS spectrum of glyoxal in alkaline solution
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Figure 3: ESI-MS spectrum of glyoxal in acidic solution
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Table 1: The main ion peaks of ESI-MS and their possible assignments of glyoxal in alkaline solution

Experimental (Da) Structures

[M + Na]"

121 CH,0OH-COONa
219 2 CH,OH-COONa
317 3 CH,OH-COONa
415 4 CH,OH-COONa
513 5 CH,0OH-COONa
611 6 CH,OH-COONa
709 7 CH,OH-COONa
807 8 CH,OH-COONa
98*n+23(n = 1,2,3...15) n CH,OH-COONa

Table 2: The main ion peaks of ESI-MS and their possible assignments of glyoxal in acidic solution

Experimental(Da)
[M + Na] "
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An obvious regularity was observed from the ESI-MS spectra for the glyoxal in alkaline solution, as in
Fig. 2. The molecular weight of the ion peaks at 121 Da, 219 Da, 317 Da, 415 Da, 513 Da, 611 Da, 709 Da,
807 Da, 905 Da, 1003 Da and 1101 Da showed an arithmetic progression in pattern and it had an interval of
98 Da between two adjacent ion peaks. The difference of 98 Da between two peaks could be due to CH,OH-
COONa. It means that CH,OH-COOH was the main form in glyoxal solution under alkaline conditions,
which came from the disproportionation reaction of one glyoxal molecule [34,35]. According to the test
mechanism of ESI-MS instrument [36], the ion peaks at 219 Da, 317 Da, 415 Da, 513 Da, 611 Da,
709 Da, 807 Da, 905 Da, 1003 Da and 1101 Da came from the accumulation of CH,OH-COOH.

The possible reaction mechanism for the transformation of glyoxal under alkaline conditions is shown in
Scheme 1. Both intramolecular and intermolecular disproportionation reactions in glyoxal solution are
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possible. Reaction 1 describes the transformation of one glyoxal molecule and Reaction 2 is the reaction
between two glyoxal molecules.
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Scheme 1: Transformations of glyoxal in alkaline solution

Both of the two reactions respect the unimolecular elimination of conjugate base (Snl) reaction rules.
CH,OH-COOH is the main structure following the path of Reaction 1. It was also the main types of the
main ion peaks observed from the ESI-MS spectra of glyoxal solution under alkaline conditions (Fig. 2
and Tab. 1). If two molecules of glyoxal reacted as Reaction 2, the ion peaks of the two resulted
aldehydes with molecular weight 97 Da and 83 Da were presumed to be observed in the ESI-MS spectra
of glyoxal solution. However, there were actually no obvious peaks on the two structures in Fig. 2. And
the possible structure oxalic acid and glycol, gotten from the further reaction or transformation of the two
resulted aldehydes were not observed, too. It indicated that glyoxal preferred to transform through an
intramolecular disproportionation reaction, seen as Reactionl, to an intermolecular one under alkaline
conditions. Since the process of the reduction reaction of Reactionl would be easier than that of Reaction
2 because of the lower activity energy for the former reaction than the latter one, the ESI-MS results of
glyoxal solution under alkaline conditions were theoretically reasonable.

Fig. 3 is the ESI-MS result of glyoxal under acidic conditions and the assignments on their main ion peaks
can be seen in Tab. 2. It seemed that the chemical formulations of glyoxal solution under acidic conditions were
more complicated than those under alkaline conditions. The ion peaks at 121 Da and 219 Da, which could be
assigned to CH,OH-COOH, were detected in Fig. 3, similar to that in Fig. 2. It meant that glyoxal transformed
to CH,OH-COOH under acidic conditions as what happened under alkaline conditions. There were 18 Da
difference of the molecular weight, which could be assigned as one molecule of water, between the ion
peaks at 219 Da and 201 Da. The ion peak at 201 Da was then assigned to the esterification between two
molecules of CH,OH-COOH. The possible reaction mechanism for the transformation of glyoxal to
CH,OH-COOH under acid conditions is shown in Scheme 2.

Scheme 2: Transformations of glyoxal in acidic solution

Being different from Reaction 1, for the transformation of glyoxal in acidic solution, it was H,O rather
than OH’ that attacked the carbon atom of carbonyl groups to result the disproportionation reaction, as shown
in Reaction 3. Although H,O was not a common nucleophile, the reaction between H,O and carbonyl groups
of one glyoxal molecule was possible when the eletrophilicity of the carbon atom of carbonyl groups
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increased, caused by the combination between the oxygen atom of the glyoxal molecule and H" in the acidic
solution. However, as shown from Fig. 3, chemical structure from the ion peaks at 121 Da and 219 Da was
not the main existing forms of glyoxal in the acidic solution for their relatively lower intensity or proportion
than those of other ion peaks. Since there is no a-H in one molecule of glyoxal, it is presumed that it is easy
for glyoxal to combine with H,O to form ethylene tetraol under acidic conditions. The reactions to form
ethylene tetraol between glyoxal and water molecules under acidic conditions are shown in Scheme 3.

O)/\ e oA ., Ho._ _OH
H tH ~_-H_H OH +H,0 4
H)k"/ —_— H)w‘/ _bHO +H2 ( )
o o O 7 HO OH

Scheme 3: Reactions between glyoxal and water under acidic conditions

However, no obvious ion peak at around 117 Da from ethylene tetraol was detected in Fig. 3. It indicated
that the resulted ethylene tetraol gotten from the combination of glyoxal and water was unstable in the acidic
solution. According to the previous report on glyoxal in water [28,29], the main ion peak at 175 Da had two
possible chemical structures, as seen in Tab. 2. Both of the two structures came from the etherification
reaction between two molecules of ethylene tetraol. The possible reactions are shown in Scheme 4.

Scheme 4: Reactions between glyoxal molecules under acidic conditions

An obvious regularity was also observed from Fig. 3. The ion peak at 193 Da was the dehydrated
structure of that at 175 Da. Other ion peaks at 233 Da, 251Da and 309 Da listed in Tab. 2 were derived
from the two possible structures at 175 Da.

3.2 >C-NMR Analysis of Glyoxal

BC-NMR was used to analyze the possible chemical structure of glyoxal solution in this study.
Considering many of the possible isomers, '*C-NMR will give more information on the chemical
structure than ESI-MS [37].

Fig. 4 is the ">C-NMR spectrum of glyoxal solution under alkaline conditions. Two main peaks were
detected at 180.78 ppm and 62.32 ppm. They came from the absorption of carbon atom respectively of
-COONa and -CH,OH of molecule of CH,OH-COOH. It proved that glyoxal existed in alkaline water
solution mainly in form of CH,OH-COOH. This result fitted well with that of ESI-MS. The quantity
analysis indicated that -COOH and -CH,OH had approximate content, which was in consistent with the
chemical structure of CH,OH-COOH.
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Figure 4: '*C-NMR spectrum of glyoxal in alkaline solution

Fig. 5 is the ">*C-NMR spectrum of glyoxal solution under acidic conditions. More absorptions could be
observed in Fig. 5 than Fig. 4. The peak at 63.24 and 64.15 ppm were assigned as CH,OHCOOH. The peak
at 66.30 ppm was from HOOC-CH,-OOC-CH,0H, gotten from the esterification between CH,OHCOOH
molecules. The peak at 167.21 ppm was from the absorption of CH,OHCOOH. It indicated also that
some of glyoxal molecules would transform to CH,OHCOOH under acidic conditions as what had seen
in ESI-MS. However, the quantity analysis of '>*C-NMR indicated that CH,OHCOOH was not the main
form of glyoxal under acidic conditions. The main absorption appeared actually at 90-106 ppm,
specifically at 90.54 ppm, 92.19 ppm, 93.59 ppm, 99.97 ppm, 100.65 ppm and 105.92 ppm. The
absorption at 90-93 ppm, 95 ppm, 99-100 ppm and 105 ppm could theoretically be assigned respectively
to 4 types of chemical structures with different chemical environment. According to the results of ESI-
MS, all of these peaks could be assigned to the derivatives of etherate gotten from condensation reaction
between two molecules of ethylene tetraol. Ethylene tetraol molecules were unstable and the etherification
reaction would take place easily between these molecules [23,38] to form a ring structure. When we
consider the ring tension and collision probability, five or six-membered rings showed the biggest
possibility to be formed [39]. Fig. 6 summarizes the possible main etherate products units. Some of these
units would unite to form other products with higher molecular weight, as shown in Fig. 3 and Tab. 2.

The possible chemical shifts of carbon atoms from different structures calculated by the software of
ACD/Labs are given in Fig. 6, too [40,41]. Structure A with a five-membered ring and Structure E with a
six-membered ring were the isomeric compounds. They were the main existing forms of glyoxal under
acidic conditions. Structure B and Structure C were the isomeric compounds. Both of the two structures
came from etherfication reaction with Structure A and ethylene tetraol. Structure D was from the reaction
between Structure B and ethylene tetraol. Structure F, G and H were the derivatives of Structure E.
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Figure 5: *C-NMR spectrum of glyoxal in acidic solution

In Fig. 5, all of the absorptions of carbon atoms of Structure A were detected at 90-100 ppm, 105—
106 ppm and 91-92 ppm. Seen from Fig. 6, only five-membered ring structure would show some
absorption at 105-106 ppm. The appearance of the absorption at 105.70 ppm and 105.92 ppm proved the
existence of the five-membered ring structure in the acidic solution with glyoxal.

Besides the structure of five-membered rings, the six-membered rings existed in the solution, too. If
there were only structures of five-membered rings in the solution system, the molecular weight of resulted
combination products would not exceed 210 Da. It was not what had been observed from its ESI-MS
results. Therefore, the absorption at 91.46 ppm, 92.15 ppm, 92.19 ppm, 93.59 ppm in Fig. 5 could be
assigned to both five-membered ring structure and six-membered ring structure. The absorptions at 94—
95 ppm in Fig. 5 further proved the existence of six-membered ring structure in the solution with glyoxal.
It might come from Structure G or Structure H. The relatively lower quantity of these absorptions
indicated that the formation of Structure G or Structure H would be more difficult than Structure E and
Structure F with two to three ethylene tetraol molecules. In all, glyoxal existed in forms of both five-
membered ring structure and six-membered ring structure (mainly in forms of Structures A and E in
Fig. 6) under acidic conditions, which were different from those forms from glyoxal under alkaline
conditions. The *C-NMR results on glyoxal in water at different pH levels were in consistent with the
assigned structures in Tab. 2. That is to say, there is a peak in ">C-NMR results of Fig. 5 for every
characteristic group with carbon atom of the assigned structures in ESI-MS results of Tab. 2.
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Figure 6: Main forms of glyoxal in acidic solution and the chemical shift calculated by software ACD/Labs

3.3 Performances of Soy-Based Adhesives Modified by Glyoxal Solution

The performances of soy-based adhesives modified by glyoxal solution at different pH levels are given

in Tab. 3. The soy-based adhesive without modification showed some dry strength but no water resistance
(Tab. 3). The addition of glyoxal solution was helpful for the improvement of the water resistance of soy-
based adhesives and alkaline conditions were preferable to acidic conditions for the preparation of the
soy-based adhesives modified by glyoxal solution.

3.4 Mechanism of Soy-Based Adhesive Modified by Glyoxal Solution
The molecular structure of soy protein is very complex. It was too difficult to see anything whatsoever of
the reaction product of soy protein and glyoxal by NMR or ESI-MS. The former results of ESI-MS and
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3C-NMR indicated that glyoxal molecules transformed to some different derivatives in water at different pH
levels. The reaction mechanism of the soy-based adhesive with glyoxal solution under alkaline or acidic
conditions would then be different, too, which might be responsible to the different performances of soy-
based adhesive modified by glyoxal solution. It was presumed that soy protein owned some reactive
groups, such as -NH,, -CONH, -COOH and -OH groups. CH,OHCOOH was the main form of glyoxal in
alkaline solution. In theory, its -COOH and -OH groups could react with soy protein. The possible
reaction mechanism is shown in Scheme 5.

Table 3: Performances of soy-based adhesives modified by glyoxal solution at different pH levels

Soy-based adhesive  Dry strength/MPa ~ Wet strength (60°C)/MPa

SP 0.46 + 0.06 -

SPG1 0.70 + 0.08 0.57 £0.01
SPG3 0.94 + 0.09 0.57 £ 0.01
SPG11 1.10 £0.16 0.63 £ 0.03
SPG13 1.17 £ 0.16 0.85 +0.01

o}

/”\/ + HZN‘—‘COOH —_— JK/HN_._COOH
NH,
OH -+ HOOC NHy —— HO
HO

Ho/\H/OH HN—@—COOH
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Scheme 5: Reactions between soy protein and glyoxal solution under alkaline conditions
Ethylene tetraol and their products from the etherification reaction were the main forms of glyoxal in

acidic solution. The etherification reaction was reversible. The possible reaction mechanism between soy
protein and glyoxal solution under acidic conditions is shown in Scheme 6.

0
HO o OH HO OH "
HO o OH HO OH ©
0
0
H/u\er + HZN“"“'COOH —— HN——-COOH
H
o)
OH

Scheme 6: Reactions between soy protein and glyoxal solution under acidic conditions

However, under acidic conditions, the glyoxal would react mainly with the amino groups of protein and
the reaction between glyoxal and carboxyl groups of protein would be very difficult. At the same time, under
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acidic conditions, the amino groups of soy protein had the intendancy to combine with proton. It led the
reactivity of soy protein to decrease further [42,43]. All of these led that alkaline conditions would be
preferable to acidic conditions for the cross-linking of soy protein by glyoxal. This explained that why
the soy protein adhesives with alkaline glyoxal solution showed better mechanical performance and water
resistance than those with acidic glyoxal solution, as seen in Tab. 3.

4 Conclusions

Based on the ESI-MS and '>*C-NMR analysis on the forms of glyoxal in acidic and alkaline solutions, the
soy-based adhesives cross-linked by glyoxal were prepared in this work. Some conclusions could be drawn.

1. Glyoxal existed in water in different forms at different pH levels. Under alkaline conditions, glyoxal
transformed to glycolate through the intramolecular disproportionation reaction, which reduced the
activity of aldehyde group of glyoxal.

2. Under acidic conditions, although some of glyoxal transformed to glycolate as what happened under
alkaline conditions, most of glyoxal molecules existed in the solution in the form of five- or six-
membered cyclic ether structure. The six-membered cyclic ether consisted of C,C'-p-dihydroxyl
intercyclization and triethylenetetraol intercyclization. No ethylene tetraol or free aldehyde group
was actually detected.

3. Although glyoxal reacted with soy protein under both acidic and alkaline conditions, alkaline
conditions were more favorable for the improvement of mechanical performance and water
resistance of soy-based adhesives than acid conditions, which was due to the adhesives had gotten
high crosslinking density and cohesive strength.
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