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Abstract 

In this study, further research on an enzymatic hydrolysate-ammonium dihydrogen phosphate (EHADP) adhesive was 
carried out. Appropriate hot pressing conditions were clarified by measuring the bond strength of three-ply plywood 
bonded with EHADP adhesive, and the results indicated that the appropriate fabricate conditions were 170 °C and 
5 min. The value of wet shear strength fulfilled the requirements of China National Standard GB/T 9846–2015 when 
plywood was fabricated by the appropriate conditions. In the research of curing behavior, the insoluble mass pro-
portion promoted significantly as heating temperature and time were ≥ 170 °C and 5 min. Furthermore, a pyrolysis 
gas chromatography/mass spectrometry analysis indicated that adding ammonium dihydrogen phosphate (ADP) 
catalyzed the conversion of monosaccharides in the EHADP adhesive. The adhesion mechanism of the EHADP adhe-
sive was studied by Fourier transform-infrared spectroscopy analysis, and the chemical changes indicated that the 
adhesion mechanism was attributed to both mechanical and chemical bonding between the wood elements and 
the cured EHADP adhesive.
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Introduction
The development of renewable bio-based materials is a 
significant topic of concern with continuous deteriora-
tion in the global environment [1–6]. However, most of 
these advanced materials and technology are remain in 
the laboratory, and their applications require further 
research. In contrast, traditional wood-based materi-
als are familiar in furniture, architecture, and in interior 

decoration [7–12]. Wood-based materials are fabricated 
by bonding woody elements with formaldehyde-based or 
petroleum-derived resins [13, 14]. However, the formal-
dehyde emissions from these materials, particularly in 
indoor environments, pose potential health hazards, and 
the fossil fuel resources used in petroleum-derived resins 
are nonrenewable [15–17]. These issues have prompted 
the wood-based materials industry to exploit eco-friendly 
adhesives which formulated by renewable, non-toxic, and 
low-cost resources.

Recently, saccharides have been utilized for prepar-
ing eco-friendly wood adhesive, which exhibits excellent 
mechanical bonding properties and water resistance. 
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The curing mechanism of saccharide-based adhesives is 
attributed to the saccharides converting to chemically 
active furan compounds during heating, and these com-
pounds react with polyphenol compounds [18], organic 
acids [19], amino compounds [20], and ammonium salts 
[21] to form a stable cross-linked polymer. However, the 
price of purified saccharide is a disadvantage compared 
with synthetic adhesives, which limits current applica-
tions of a saccharide-based adhesive. Therefore, it is nec-
essary to identify cheaper and more efficient saccharide 
resources as raw materials.

Enzymatic hydrolysates derived from the biological 
conversion of agricultural crop straw are an important 
feedstock for bioethanol fermentation [22–25], and it 
contains abundant saccharides from the hydrolysis of cel-
lulose and hemicellulose [26, 27]. Based on the chemical 
composition of the enzymatic hydrolysate, a corn stover 
enzymatic hydrolysate was utilized and synthesized with 
ammonium dihydrogen phosphate (ADP) to prepare an 
enzymatic hydrolysate-ammonium dihydrogen phos-
phate (EHADP) adhesive for plywood in our previous 
research [28]. The optimal synthetic conditions, synthe-
sis, and curing mechanism were investigated, and the 
results confirmed that the synthesized EHADP adhesive 
provided bond strength and water resistance by forming 
a cross-linked polymer after the heat treatment. In addi-
tion, a thermal analysis suggested that the polymerization 
of the EHADP adhesive can occur at a lower tempera-
ture. Therefore, in this study, we investigated the appro-
priate manufacturing conditions for plywood bonded by 
the EHADP adhesive synthesized under optimized con-
ditions. Furthermore, the curing behavior and adhesion 
mechanism was also clarified.

Materials and methods
Materials
Corn stover was obtained from an agricultural products 
company (Huaian, Jiangsu Province, China) and milled 
to a 20–80 mesh size before utilization. Poplar veneers 
were provided by a wood products company in Hebei 
Province, China. Ammonium dihydrogen phosphate 
(analytical-grade reagent) was purchased from Sinop-
harm Chemical Reagent Co., Ltd. (Shanghai, China). The 
enzyme Cellic (CTec2 cellulase) with filter paper activ-
ity of 250.0 FPU/mL was provided by Novozymes NA 
(Franklinton, NC, USA).

Preparation of the enzymatic hydrolysate from corn stover 
and synthesis of the enzymatic hydrolysate‑ammonium 
dihydrogen phosphate adhesive
The detailed preparation process for the enzymatic 
hydrolysate (EH) followed our previous research [28]. In 
brief, the corn stover particles were pretreated in dilute 

sulfuric acid, and the pretreated solid corn stover resi-
dues were enzymatically hydrolyzed by CTec2 cellulase 
(20 FPU/g glucan). Then, the EH was concentrated to 90 
wt% solid content and used for synthesizing the adhesive.

The synthetic conditions for the EHADP adhesive fol-
lowed our previous study [28], in which the mass pro-
portion between the enzyme hydrolysate and ADP was 
90/10, and the synthesis time and temperature were 
100 °C and 1 h, respectively. The viscosity and pH values 
of the synthesized EHADP adhesive were 361.7  mPa·s 
and 2.8, as measured by a HAAKE rotational rheometer 
MA S60 (HAAKE CO., Karlsruhe, Germany) and Leici 
pH meter PHBJ-206 (Leici, Shanghai, China).

Manufacture of plywood and shear strength measurement
Three-ply plywood (300  mm × 300  mm) was fabricated 
from 1.5  mm thickness wood veneers and the EHADP 
adhesive was synthesized. To investigate the optimal 
manufacturing conditions, the hot pressing temperature 
and time were changed, and the detailed manufactur-
ing conditions are shown in Table 1. The shear strength 
evaluation method was referred from the China National 
Standards GB/T 9846.7–2004 [29], in which the ply-
wood was cut into 12 specimens (100  mm × 25  mm) 
( Fig.  1[28]), and 6 were immersed in a 63 ± 2  °C water 
bath for 3 h to measure wet shear strength and the other 
six samples were measured in a dry condition. The load-
ing rate of tensile force was 1.0 mm/min, and the dry and 
wet shear strengths were calculated by the formula:

The average values of shear strength, standard devia-
tions, and wood failure in each test were calculated, and 
multiple comparisons of one-way ANOVA analysis on 
the average values of shear strength derived from each 

(1)Shear strength =
Tension force (N)

Glued area (mm2
)
.

Table 1 Detailed information of  manufacture conditions 
of the plywood bonded by EHADP adhesive

Groups Hot pressing 
temperature (°C)

Hot pressing 
time (min)

Spread 
rate (g/m2)

Pressure 
(MPa)

Group 1 130 7 140 1

150

170

190

Group 2 170 3 140 1

5

7

9
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hot pressing conditions was carried out. A p value < 0.05 
was considered significant.

Curing behavior of the EHADP adhesive
The curing behavior of the EHADP adhesive was inves-
tigated using the insoluble mass proportion test and a 
pyrolysis gas chromatography–mass spectrometry (Py-
GC/MS) analysis. First, the synthesized adhesive solution 
(EHAPD) and concentrated EH were lyophilized to pre-
pare the uncured samples. The uncured EHADP adhesive 
was divided into two groups to investigate the effects of 
heating temperature and time on the insoluble mass pro-
portion. The samples were heated at 130, 150, 170, and 
190 °C for 7 min in group 1, and heated at 170 °C for 3, 
5 7, and 9  min in the other group. The cured adhesives 
were dried in a vacuum oven at 60 °C for 15 h. Approxi-
mately, 2 g of the cured adhesive was boiled in ultrapure 
water for 4  h, and the wet insoluble mass was obtained 
after filtration. This experimental process was carried 
out five times, and the wet insoluble mass was vacuum 
dried at 60 °C for 15 h to obtain the final insoluble mass. 
The insoluble mass proportion was further calculated by 
Eq.  (2), and the average values and standard deviations 
were calculated for further analysis.

The slope (k) between the adjacent temperature and 
time condition was calculated by fitting a linear function 
to exhibit the growth rate of the insoluble mass propor-
tion. The abscissas values were set to 1 and 2 in each cal-
culation for convenient comparison.

The chemical changes in the volatile compounds pro-
duced during the curing process were investigated 
by Py-GC/MS (GCMS-QP2010, Shimadzu Co., Ltd., 
Kyoto, Japan). A ~ 1  mg aliquot of lyophilized uncured 
EH and EHADP samples were pyrolyzed at 170  °C for 
60 s in a Multi-Shot pyrolyzer (EGA/PY-3030d, Frontier 

(2)Insoluble mass proportion (%) =
Weight of dried insoluble mass (g)

Weight of heated sample (g)
× 100%.

Laboratories, Ltd., Fukushima, Japan), and the detailed 
information on setting the instrument parameters and 
temperature programming are referred from our pre-
vious study [30]. The results were analyzed using the 
NIST 08 mass spectra library, and the maximum simi-
larity index (SI) values of the identified chemical com-
pounds ≥ 85 were recorded.

Adhesion mechanism of the EHADP adhesive
The adhesion mechanism of EHADP was investigated by 
measuring the chemical changes on the bonded interface 
of the plywood by FT-IR (Vertex 80, Bruker, Bremen, 
Germany). The sampling method is shown in Fig. 2. The 
samples obtained from the bonding interface of the ply-
wood (bonded by EHADP adhesive at various tempera-
tures) were milled to a powder. The powder was boiled 
in ultrapure water for 4 h to remove soluble substances. 
After filtration, the wet insoluble substances were vac-
uum dried at 60 °C for 15 h, and the dried insoluble sub-
stances were used for the measurement. As a control, 
poplar and insoluble mass (derived from cured EHADP 
adhesive at various temperatures) were also prepared by 
the same procedure. The infrared spectra were obtained 
using the KBr disk method and recorded with 32 scans at 

a resolution of 4 cm−1.

Results and discussion
Effects of hot pressing conditions on bond performance
Plywood was manufactured under various hot pressing 
temperatures and times to investigate the relationship 
between manufacture conditions and bond ability. Fig-
ure  3 shows the shear strength of the plywood bonded 
with the EHADP adhesive at different hot pressing tem-
peratures. A clear increasing trend in dry/wet shear 
strength and wood failure was observed with the addition 

Glued area 25 mm

25 mm3 mm 3 mm

Tension force (N)Tension force (N)

100 mm

Fig. 1 Schematic illustration of the dimension of specimens and scheme for plywood bond performance test
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of hot pressing temperature, and the maximum values 
were obtained from boards hot pressed at 190 °C. How-
ever, the plywood exhibited zero bond strength at a fab-
ricated temperature of 130 °C and weak water resistance 
at 150  °C. This result seems to inconformity to our pre-
vious research, in which the results of thermogravimet-
ric analysis (TGA) and differential scanning calorimetry 
(DSC) indicated that the curing reaction of the EHAPD 
adhesive occurs at approximately 135  °C [28]. There is 
a possible reason for this phenomenon, which is due to 
the moisture movement from the veneer and EHADP 
adhesive during the hot pressing process, and this move-
ment affected the actual temperature in the core layer of 
the board [31]. In addition, although the maximum value 

was obtained from the board hot pressed at 190  °C, as 
the hot pressing temperature was ≥ 170 °C, the wet shear 
strength of the plywood fulfilled the requirements of 
China National Standard GB/T 9846–2015 (≥ 0.7  MPa) 
[32]; therefore, the appropriate hot pressing tempera-
ture of the plywood bonded with EHADP adhesive was 
170 °C.

The effects of hot pressing time was confirmed by fab-
ricating the board at 170 °C for 3–9 min, and the results 
are shown in Fig.  4. A growth trend of shear strength 
and wood failure were obtained in the region of 3–9 min 
under dry conditions, implying that the bond ability of 
the EHADP adhesive was promoted by adding heating 
time. Plywood board hot pressed for 3 min was destroyed 

Plywood interface Sampling Sample

Fig. 2 Schematic illustration of sampling for analyzing the adhesion mechanism

Fig. 3 Effects of the hot pressing temperature on the a dry and b wet shear strength of the plywood bonded by EHADP adhesive
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during the immersion treatment, suggesting that 3  min 
is insufficient to cure the EHADP adhesive. As the press-
ing time was prolonged from 5 to 9  min, the average 
wet shear strength and wood failure values were posi-
tively correlated with pressing time; however, analysis 
of variance indicated no significant difference between 
the board hot pressed for 7 or 9 min, suggesting that the 
bonding performance of the EHADP adhesive was maxi-
mum at 7 min. As the wet shear strength of the plywood 
bonded for ≥ 5  min achieved the requirement of China 
National Standard GB/T 9846–2015 (≥ 0.7  MPa) [32], 
the appropriate hot pressing time was decided as 5 min.

Judging from the results of plywood bonded at different 
conditions, the appropriate manufacturing conditions 
were set to 170  °C and 5  min. When the plywood was 
fabricated under optimum conditions, wet shear strength 
was 0.75  MPa, which reached the requirement of the 
GB/T 9846–2015 standard [32].

Curing behavior of the EHADP adhesive
Insoluble mass proportion
The uncured adhesive was heated at various temperatures 
and times to confirm the effects of the curing conditions 
on the EHADP adhesive. The results of the insoluble 
mass proportion and the slope (k value) between adja-
cent conditions are shown in Fig. 5. The effect of heating 
temperature is shown in Fig. 5a. As heating temperature 
was increased, the insoluble mass proportion was pro-
moted. When the uncured EHADP adhesive was heated 
at 130 and 150  °C, the insoluble mass proportion was 
maintained at a low level (0.3 and 6.9%, respectively) and 
the growth trend was gradual (k = 6.6), indicating that 
the EHADP adhesive curing process was insufficient at 

130–150 °C. However, as the temperature reached 170 °C, 
the amount of insoluble mass proportion increased 
substantially (58.8%, k = 51.9), suggesting that most of 
the adhesive cured at this temperature. Furthermore, 
the insoluble mass proportion of the EHADP adhesive 
heated at 190  °C reached the maximum value (77.9%). 
The effect of heating temperature on the insoluble mass 
proportion illustrates that the weak water resistance of 
plywood fabricated at 130 and 150  °C was attributed to 
insufficient curing of the EHADP adhesive.

Regarding to effects of heating time (Fig. 5b), only 2.7% 
of the insoluble mass was obtained when the adhesive 
heated for 3  min. This result also explains why the ply-
wood bonded at 170  °C for 3  min exhibited low water 
resistance (Fig. 4). As the heating time was increased to 
5 min, a noticeable rise in the insoluble mass proportion 
was observed (53.2%, k = 50.6), and the growth trend lev-
eled off gradually by increasing the heating time to 7 and 
9 min (k = 5.6 and 7.9, respectively).

Based on these results, the insoluble mass propor-
tion showed similar trend with the bond performance of 
the plywood, indicating that the curing efficiency of the 
EHADP adhesive was promoted as the heating tempera-
ture was increased to 170  °C and heating time was pro-
longed to 5 min.

Py‑GC/MS analysis
A Py-GC/MS analysis was carried out on the uncured 
EH and EHADP adhesive to inquiry the chemical 
changes in the curing treatment, and the chromato-
gram of evolved gas is shown in Fig.  6. The results of 
identified chemical compounds are shown in Table  2 
and Fig.  7. Under the EH-only condition, the peaks 

Fig. 4 Effects of the hot pressing time on the a dry and b wet shear strength of the plywood bonded by EHADP adhesive
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located at 4.55, 7.53, and 8.27  min were identified as 
furfural, 4H-pyran-4-one,2,3-dihydro-3,5-dihydroxy-
6-methyl- (DDMP), and 5-hydrxoymethylfurfural, 
respectively, which are typical pyrolysis products 
of saccharides [33–36]. Significant differences were 
observed on the chromatogram from the EHADP sam-
ple, and some new chemical compounds were identi-
fied during the pyrolysis process. Chemicals I, II, and 
III were furan compounds, indicating that adding ADP 
catalyzed conversion of the monosaccharides in the 
EHADP adhesive. In addition, the existence of het-
erocyclic compound IV was attributed to a reaction 

between reducing sugars and ammonium salts [37, 38], 
which was evidence that ADP participates in the curing 
reaction.

Adhesive mechanism of the EHADP adhesive
The adhesive mechanism of the EHADP adhesive was 
confirmed by measuring the FT-IR spectra of the bond 
interface of the plywood fabricated at different pressing 
temperatures. To distinguish the effects of the chemi-
cal transformation from the curing of EHADP adhesive 
itself, the spectra of insoluble mass derived from heating 

Fig. 5 Effects of a heating temperature and b heating time on the insoluble mass proportion of EHADP adhesive

Fig. 6 GC/MS chromatogram of evolved gas  taken from the uncured a EH and b EHADP adhesive heated at 170 °C for 60 s
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the EHADP adhesive at different temperatures were also 
detected.

The chemical changes in the bonded interface 
are shown in Fig.  8. Two peaks located at 3345 and 
1595 cm−1 disappeared and one peak at 1655 cm−1 was 
enhanced with the increase in hot pressing temperature 
compared with the wood sample. However, referring 
to the spectra of insoluble mass in Fig.  9, three peaks 

located at 3125, 1710 and 1204  cm−1 increased in sig-
nal intensity with increasing heating temperature, and 
these absorption bands were attributed to C–H stretch-
ing vibrations of the furan ring, a carbonyl group, and 
C–O–C stretching, respectively. The results of chemical 
changes in the insoluble mass suggest that the increase 
in heating temperature promoted the degree of cross 
linkage in the cured EHADP adhesive; therefore, the 

Table 2 Identified chemical compounds in evolved gas derived from uncured EH and EHADP adhesive heated at 170 °C 
for 60 s

Samples Peak number RT (min) SI Compound CAS MW Formula Chemical 
structure 
number

EH only (100/0) 1 4.55 85 Furfural 98–01-1 96 C5H4O2 A

2 7.53 94 4H-Pyran-4-one,2,3-dihydro-3,5-dihydroxy-6-methyl- 28,564–83-2 144 C6H8O4 B

3 8.27 94 5-Hydrxoymethylfurfural 67–47-0 126 C6H6O3 C

EHADP (90/10) 1′ 4.59 98 Furfural 98–01-1 96 C5H4O2 A

2′ 4.66 96 3-Furaldehyde 498–60-2 96 C5H4O2 I

3′ 5.78 97 2-Furancarboxaldehyde, 5-methyl- 620–02-0 110 C6H6O2 II

4′ 6.73 89
89

2,5-Furandicarboxaldehyde
2-methoxy-6-methylpyrazine

823–82-5
2882–21-5

124
124

C6H4O3
C6H8N2O

III
IV

5′ 7.39 95 4H-Pyran-4-one,2,3-dihydro-3,5-dihydroxy-6-methyl- 28,564–83-2 144 C6H8O4 B

6′ 8.23 96 5-Hydrxoymethylfurfural 67–47-0 126 C6H6O3 C

Fig. 7 Chemical structure of the identified compounds in the evolved gas derived from the uncured EH and EHADP adhesive heated at 170 °C for 
60 s
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insoluble mass proportion was positively correlated with 
heating temperature. In addition, the absorption bands of 
the insoluble mass were not detected in the bond inter-
face spectra, indicating that the decrease and increase in 
signal intensity in Fig. 8 were likely attributed to chemical 
changes in the wood element. Therefore, the peak located 
at 3345 cm−1 is due to the intramolecular forces in cel-
lulose [39], and 1595 cm−1 is the COO– stretching bond 
of hemicellulose [39, 40]. The disappearance of these 
bands may be due to pyrolysis of cellulose and hemicel-
lulose catalyzed by the acidity derived from the EHADP 
adhesive. The peak at 1655 cm−1 is attributed to the con-
jugated carbonyl groups (C=O) [39, 40], and the increase 
in this signal may be due to a reaction between the wood 
and the EHADP adhesive and aryl ketones or furanone 
compounds formed on the bonding interface.

The results of chemical changes at the bond interface 
and the chemical analysis of the cured EHADP adhe-
sive from our previous study implied that the adhesion 
mechanism of plywood bonded by the EHADP adhesive 
was as follows: polymerization of the EHADP adhesive 

formed a cross linkage that provided physical adhesion 
strength, and the EHADP adhesive also reacted with the 
wood element during the curing process, which formed 
carbonyl groups. Judging from the results of bond per-
formance, the wood failure of the plywood bonded with 
EHADP adhesive was low, implying that the physical 
adhesion strength which obtained by the polymerization 
of EHADP adhesive is the primary contribution on the 
cohesion of adhesive.

Conclusion
In this study, the appropriate manufacturing conditions, 
curing behavior, and adhesion mechanism were investi-
gated. The appropriate hot pressing temperature and time 
of the plywood needed to bond with the EHADP adhesive 
were determined by comparing the shear strength and 
wood failure of board fabricated under various conditions, 
and the results showed that hot pressing temperature and 
time were positively correlated with the bond performance. 
Considering that the plywood bonded at 170 °C for 5 min 

Fig. 8 FT-IR spectra of the plywood bond interface obtained from 
different hot pressing temperature

Fig. 9 FT-IR spectra of the insoluble mass obtained from EHADP 
adhesive which heated at different temperature
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achieved 0.75 MPa wet shear strength, which fulfilled the 
GB/T 9846–2015 standard, the appropriate manufacture 
conditions of the three-ply plywood bonded by EHADP 
adhesive were determined to be 170  °C for 5  min. The 
results of insoluble mass proportion implied that cur-
ing efficiency was promoted as the heating temperature 
and time ≥ 170  °C and 5  min, and this phenomenon also 
explains the bond performance. In addition, the Py-GC/
MS analysis clarified the adding of ADP provided two roles 
during the curing process; it catalyzed the chemical conver-
sion of monosaccharides in the EHADP adhesive and par-
ticipated in the curing reaction. Furthermore, the adhesion 
mechanism of the EHADP adhesive was clarified by FT-IR 
analysis of the bond interface of plywood and the insoluble 
mass of the cured EHADP adhesive. The chemical changes 
suggested that both polymerization of the EHADP itself 
and the reaction between the wood elements and adhesive 
provided the plywood bond strength.
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