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Abstract: In order to solve the problem of excessive consumption of petrochemical resources and
the harm of free formaldehyde release to human health, biomass raw materials, such as sucrose (S)
and ammonium dihydrogen phosphate (ADP) can be chemically condensed in a simple route under
acidic conditions to produce a formaldehyde free wood adhesive (S-ADP), characterized by good
storage stability and water resistance, and higher wet shear strength with respect to petroleum based
phenolic resin adhesive. The dry and boiling shear strength of the plywood based on S-ADP adhesive
are as high as 1.05 MPa and 1.19 MPa, respectively. Moreover, is Modulus of Elasticity (MOE) is as
high as 4910 MPa. Interestingly, the plywood based on the developed S-ADP adhesive exhibited
good flame retardancy. After burning for 90 s, its shape remains unchanged. Meanwhile, it can be
concluded from thermomechanical analysis (TMA) and thermogravimetric analysis (TGA) that the
S-ADP acquired excellent modulus of elasticity (MOE) and good thermal stability. It is thus thought
promisingly that the use of S-ADP adhesive as a substitute for PF resin adhesive seems feasible in the
near future.

Keywords: sucrose; ammonium dihydrogen phosphate; esterification reaction; flame retardancy

1. Introduction

Adhesives play an important role in applications such as furniture, construction,
electronic equipment, and the packaging industry [1]. As an important component of ply-
wood, adhesives can directly affect the quality and performance of plywood [2]. Currently,
formaldehyde based resins including urea formaldehyde (UF), phenol-formaldehyde (PF),
and melamine-formaldehyde (MF)are widely used. Among them, PF is broadly employed
for the fabrication of plywood due to advantages such as high bonding strength, good
water resistance, high heat resistance, and chemical stability [3–5]. The consumption of
petrochemical resources and the complication of the production process of PF resin, which
produces harmful gases such as formaldehyde, imposed the necessity develop of green,
non-toxic, and bio-based adhesives. Such systems attracted great attention from researchers,
such as starch, tannins, glucose, lignin, and cellulose, which have been extensively with the
purpose of replacing formaldehyde based adhesives [6–12].

Sucrose, as the main product of photosynthesis, is one of the most abundant organic
compounds in the world, with advantages such as it being green, renewable, and having
low cost, and wide sources [13–18]. Such features are the main reasons for its wide use in
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various chemical processing and food industries [19–22]. In addition, it is considered a
highly oxygen-containing complex multifunctional molecule, containing active hydroxyl
groups and two isomeric carbon atoms, which make it malleable for producing valuable
materials [23]. The abundance of hydroxyl functional groups in the molecular structure of
sucrose, which can serve as active reaction sites, renders it as an important raw material
for preparing bio-based adhesives [24]. However, it contains more hydroxyl groups than
those in sea oil, which requires modification to improve its water resistance. Song et al. [25]
prepared a new type of water-resistant and environmentally friendly sucrose-based resin as
wood adhesive starting from sucrose, hexanediamine, and ammonium persulfate. In this
process, the sucrose was oxidized using ammonium persulfate for 45 min, and then reacted
with hexanediamine to form a cross-linked network structure. The dry and wet strength
values of the plywood prepared using this adhesive exceeded the Chinese national standard
GB/T9846-2015 [25]. However, the prepared plywood did not show any resistance to
boiling water with complete loss of strength, which is considered a critical issue considering
the preparation process of this adhesive is relatively complicated whereas hexanediamine
is a toxic material [26]. All these drawbacks are presenting serious limitations that hindered
its further development.

Therefore, it is very important to develop a new bio-based sucrose-based resin adhesive
via a simple, cost-effective, and non-toxic process. In line, ADP is a low-cost and widely
used inorganic compound, commonly used as a fire retardant for wood, fabrics, and
paper, as well as a fertilizer, etc. [27–30]. ADP can decompose into phosphoric acid at
high temperatures, phosphoric acid can undergo esterification reaction with sucrose or
glucose degraded by sucrose to further condense leading to form a three-dimensional
network system [24]. Furthermore, its hydroxyl group can interact with the hydroxymethyl
groups in wood, which is likely to improve the shear strength of resulting plywood. Hence,
the goal of this study is to employ sucrose and ADP for the preparation of a low-cost
adhesive system with reasonable fire resistance in a facile route. The study will extend
to the optimization and evaluation of the bonding performance, storage stability, water
resistance, and fire retardancy.

2. Experimental Section
2.1. Materials

Sucrose (S) with purity of 99% and ammonium dihydrogen phosphate (ADP) with
purity of 99% were purchased from Shanghai McLean Biochemical Technology Co., Ltd.
(Shanghai, China). Phenol (98%), lignin (L, 95% powder), cellulose (C, 95% powder), and
formaldehyde (37% aqueous solution) were purchased from Kepler Biotechnology Co., Ltd.
(Shanghai, China). Poplar (poplar L) veneers with a thickness of 2 mm and a moisture
content of 8–10% was provided by Nanjing Panel Company (Nanjing, Jiangsu, China).

2.2. The Preparation of S-ADP Adhesives and S-ADP Based Plywood

The detailed parameters and materials dosages required for the preparation of the
adhesive are collected in Table 1. First, 20 g of S and 12 g distilled water were added to a
three-neck flask under stirring for 1 min. After that, different amounts of ADP (referred to
in Table 1) were added to sucrose (S) solution under stirring for 10 min at room temperature
to obtain S-ADP1-3 adhesives, or 4 g of ADP was added into the S solution under stirring
for 10 min at 80 ◦C to obtain the S-ADP4 adhesive. Meanwhile, 20 g of S and 12 g of distilled
water were added to a three-neck flask under stirring for 10 min to obtain a neat S adhesive
for comparison with the S-ADP adhesives. The detailed preparation process of the S-ADP4
adhesive is shown in Scheme 1a.
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Table 1. Relevant formulas and parameters for preparation of the various adhesives.

Sample S
(g)

ADP
(g) Mass Ratio of S to ADP DW

(mL)
Temperature
(◦C)

S−ADP1 20 4 10:2 12 24
S−ADP2 20 8 10:4 12 24
S−ADP3 20 12 10:6 12 24
S−ADP4 20 4 10:2 12 80
S 20 / / 12 24
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Meanwhile, PF adhesive was prepared according to reference [31]. The molar ratio
of phenol to formaldehyde was set at 1:1.5. Firstly, sodium hydroxide, phenol, and water
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were mixed under stirring at 50 ◦C for 20 min. Afterward, a first part of the formaldehyde
(accounting for 80% of the total formaldehyde) was added to the solution and left to react
at 60 ◦C for 1 h, then the temperature was raised to 80 ◦C. Once the temperature is reached,
the remaining formaldehyde was added (20% of total formaldehyde) and the reaction
continued at 80 ◦C for 2 h until the viscosity attained a level of 300–700 mPa·s.

Three-layer plywood samples were prepared according to the Chinese national stan-
dard (GB/T9846-2015), where three veneers with a size of 150 mm × 150 mm × 2 mm
were dried in an oven at 100 ◦C for 24 h, followed by cooling at 20 ◦C in air with 65%
humidity. The middle veneer layer (core board) was glued at a rate of 280 g/m2 on both
sides then was tightly adhered to the other two layers of surface board, in which the adja-
cent two layers of wood board patterns were perpendicular to each other. The three-layer
boards were assembled and performed under hot pressing at 200 ◦C for 6 min with a 5 mm
thickness gauge. Finally, the prepared plywood was cut into six samples with dimensions
of 100 mm × 25 mm × 6 mm for evaluation of mechanical performance. The process of
plywood preparation is displayed in Scheme 1b.

2.3. Characterizations

The viscosity of the adhesive was measured at room temperature using a rotary
viscometer (SNB-2, digital viscometer, Hengping Instrument Factory, Shanghai, China).
The solid content test of the adhesive was determined by weighting a portion of the
adhesive, which was placed in an oven (120 ± 1 ◦C) until it achieved complete curing.
Then, it was taken out and cooled to room temperature before weighing again. The solid
content was obtained from Equation (1):

M =
W2

W1
× 100% (1)

where M is the solid content,%; W1 is the initial weight, g; W2 is the weight after drying, g.
The chemical structure of adhesives was studied using the fourier transform infrared

spectroscopy (FTIR, Varian-1000, Palo Alto, CA, USA). The test sample was prepared
by mixing 1 g of KBr with 0.01 g of sample powder, and the measurement was con-
ducted over a wavenumber range of 400–4000 cm−1. Meanwhile, cellulose and/or lignin
were mixed with the S-ADP4 adhesive in a mass ratio of 1:5 and cured in an oven at
200 ◦C, coded as S-ADP4-C and S-ADP4-L, respectively, and their chemical structures were
also investigated.

The chemical structure of the adhesive was additionally analyzed using a triple
quadrupole mass spectrometer (Waters Xevo, Milford, MA, USA) equipped with an elec-
tric spray ionization source (ESI-MS). The adhesive was dissolved in a concentration of
10 µL/mL of chloroform and the mixture was injected into an ESI source ion trap mass
spectrometer (Brook Dalton, Buchareria, MA, USA) using a syringe at a flow rate of 5 µg/s.
The spectrum was recorded over a scanning range of 1 Da to 2000 Da in a positive mode
using ion energy of 0.3 eV.

The surface elements of the cured adhesive were investigated by X-ray photoelec-
tron spectroscopy (XPS) of the NEXSA spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA). Furthermore, the crystallinity of adhesives was evaluated using an X-ray
diffractometer (XRD, 7000, Hitachi, Tokyo, Japan) equipped with a CuKα radiation source
with a wavelength of 1.5406 Å, while a scanning speed of 6◦/min was employed over a
range of 1–90◦. Origin software (Northampton, MA, USA Z673Q-9089-7222222) was used
to obtain the crystallization peak area (crystalline + amorphous), and the crystallinity of
the samples was calculated according to Equation (2):

Crystallinity =
area o f crystalline peaks

area o f all peaks
× 100% (2)
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The curing behavior of the S-ADP adhesive was studied under nitrogen atmosphere
at 30–250 ◦C at a heating rate of 10 K/min using a differential scanning calorimeter (DSC,
204 F1, Netzsch, Germany). In addition, the thermal performance of the S-ADP adhesive
was studied using a thermomechanical analyzer (TMA, 242, Netzsch, Germany). For that,
0.125 g of S-ADP adhesive was applied to two poplar veneers (10 mm × 50 mm × 2 mm)
and the run was undertaken over a temperature range of 30 to 300 ◦C at a heating rate of
5 K/min.

Likewise, the thermal stability of S-ADP adhesives was conducted using a thermo-
gravimetric analyzer (TG, 209 F3, Netzsch, Germany) under nitrogen atmosphere, with a
heating rate of 10 K/min in the temperature range of 30–900 ◦C. The temperature of the
heat resistance index (THRI) of the sample was calculated according to Equation (3) [32,33]:

THRI = 0.49 × [T5 + 0.6 × (T30 − T5)] (3)

where, T5 is the temperature at which the sample exhibited 5% mass loss; T30 is the
temperature at which the sample encountered 30% mass loss.

A cutting machine (455 AL, Lingtai, Suzhou, China) was used to cut the plywood
into dimensions of 100 mm × 25 mm × 5 mm (as shown in Scheme 1), then the shear
strength was assessed using a universal testing machine (4476, Instron, Boston, MA, USA).
The dry and wet shear strength values were determined according to the Chinese national
standards GB/T17657-1999 and CB/T9846.7-2004, with a tensile rate of 2 mm/min and
a maximum load of 5 N. The plywood was treated first before the wet strength test by
immersion in water at 63 ± 3 ◦C for 3 h or in boiling water (100 ◦C) for 3 h. The final wet
shear strength is 0.9 times of the original shear strength. In order to calculate the mean and
standard deviation, 5 duplicate samples were subjected to dry shear strength and wet shear
strength tests.

The cured adhesives were used for combustion testing using a butane torch (ZT-09,
Iwatani Co., Ltd., Zhuhai, China) at the same flame temperature. Outside, the poplar
veneer was cut into 80 mm × 10 mm × 2 mm, and which was soaked in the S-ADP4
adhesive for 5 min then cured at 200 ◦C for 6 min before the flame retardancy test using a
ZT-09 butane torch. Similarly, the plywood based on the S-ADP4 adhesive was cut into
100 mm × 25 mm × 6 mm, and the flame retardancy test was conducted.

3. Results and Discussion

The viscosity and solid content of various sucrose-based adhesives are shown in Figure 1a.
The neat S adhesive acquired a viscosity of approximately 46.7 mPa·s. It is worth noting
that when ADP is added to S, the viscosity and solid content of the resulting S-ADPs
adhesive increased. Specifically, when the content of ADP increases, the solid content of the
corresponding adhesives increases. Moreover, the viscosity of S-ADP4 (92.7 mPa·s) is lower
than that of S-ADP1 (112.6 mPa·s), indicating that S dissolved well into ADP at 80 ◦C for
10 min. Meanwhile, due to the release of some ammonia gas from ADP during the reaction
at 80 ◦C for 10 min, the solid content was lower than that of S-ADP1. Figure 1b shows the
appearance and viscosity changes of S, S-ADP1, and S-ADP4 adhesives over 10 days, which
reveals that the appearance of the S-ADP4 adhesive remained unchanged during storage
and maintained its white transparent appearance with a little change in viscosity, slightly
increasing from 92 mPa·s to 99 mPa·s, indicating good storage stability. However, the
appearance of the S-ADP1 adhesive showed no significant change and remained a white
turbid solution with an increase in viscosity from 112.6 mPa·s to 120.6 mPa·s. However,
small amounts of bubbles appeared between the 9th and 10th days, revealing that the
storage stability of S-ADP1 began to be influenced from the 9th day onwards. Between the
9th and 10th days, there was increase in the viscosity of the S adhesive from 46 mPa·s to
63 mPa·s, indicating that from that time and is critical concerning storage.
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Figure 1. Characterization of different adhesives, (a) viscosity and solid content of the different
adhesives, (b) appearance and viscosity changes of S and S-ADP4 adhesives over ten days.

In order to better understand the elements content and bond strength of S, S-ADP1, and
S-ADP4, XPS analysis was undertaken, and the results are shown in Figure 2. Figure 2a shows
the type and content of elements for S, S-ADP1, and S-ADP4, which illustrates that the
contents of N and P increase with the addition of ADP. Figure 2b–i shows the binding
energies corresponding to different groups in the case of S, S-ADP1, and S-ADP4. In the
case of C1s, 284.8 ev corresponds to C-C, whereas 283.2 ev and 286.3 ev represent C=O
and C-O, respectively [34]. By comparing the C1s of S with S-ADP1 and S-ADP4, we
can see that the relevant intensity of C=O and C-O peaks decreases after the addition of
ADP. Meanwhile, In the case of O1s, the XPS spectra for S-ADP1 and S-ADP4 showed
the O-C at a binding energy of 531.3 ev, while for O-P at 533.4 ev, N-H at 401.9 ev, and
N-C at 400.3 ev [35]. These results confirm that cross-linking has been established between
G and ADP.

Figure 3a–c show the X-ray diffractograms of S, S-ADP1, and S-ADP4, respectively. The
crystallization peaks of S and S-ADP extend between 5-60◦, with a noticeable broadening
following the reaction between S and ADP, indicating that the addition of ADP to sucrose
altered the crystallinity significantly during esterification and condensation steps. To
calculate the crystallinity of sucrose in different resin systems, linear fitting of sucrose
crystallization peaks in the diffractograms of S, S-ADP1, and S-ADP4 resins was employed.
The crystallinity of S was estimated to be around 90.01%. In contrast, the crystallinity of
S-ADP1 after the addition of ADP was around 22.94%, indicating that the addition of ADP
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and the consequent chemical reactions can significantly reduce the crystallinity of S. At
the same time, the crystallinity of the S-ADP4 adhesive prepared by the-precross-linking
reaction of S and ADP at 80 ◦C is reached only 12.73%. This indicates that the chemical
reaction between ADP and S has been proven, further reducing its crystallinity.
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The TG-DTG curves of various sucrose-based adhesives are shown in Figure 4a,b,
and the pyrolysis rates of all samples are mainly divided into two stages according to
the DTG traces, with corresponding parameters shown in Table 2. The first stage, except
for S, occurred before 100 ◦C for all sucrose-based adhesives, while the second stage onset
was around 300 ◦C. The thermal degradation before 100 ◦C is mainly signifying volatile
impurities from the cured adhesive. The peak temperature of stage II in the case of S was
around 289.93 ◦C, whereas the peak temperature of stage II in the case of S-ADP4 was
attained at 298.78 ◦C. Although the temperature of stage II in the case of S-ADP4 is higher
than that of S, its weight loss in stage II is 10.27%, which is much lower than the weight loss
encountered in stage II of S, which is approximated around 41.42%. More importantly, at
800 ◦C, the remaining mass of S is 17.83%, which is much lower than the remaining mass in
the case of S-ADP4 (63.71%). The THRI of S is higher than that of S-ADP4. Meanwhile, the
remaining mass of S-ADP1 at 800 ◦C is close to that of S-ADP4, as both use the same amount
of raw materials, resulting in similar residual carbon content. Meanwhile, the TG-DTG
trends and THRI values of S-ADPs are basically consistent, indicating that the combination
of ADP and S can improve the thermal stability due to reaction. Figure 4c depicts the MOE
of the various adhesives, in which that of S reached 1400.4 MPa. However, it is worth
noting that the addition of ADP increased the MOE, which reached 1977.6 MPa in the case
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of S-ADP2. On the contrary, the MOE of S-ADP1 was only 1927.1 MPa, indicating that an
increase in ADP content can improve the toughness of the adhesive. The MOE of S-ADP4
(4910.3 MPa) is significantly higher than that of S-ADP3, indicating that pre-reaction of
S and ADP at 80 ◦C for 10 min can promote their condensation and further improve the
MOE of the resulting adhesive. In addition, the MOE of S-ADP4 (4915 MPa) is much larger
than that of the widely used PF adhesive system (3000 MPa) [31], indicating its promising
application prospects.
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Table 2. TGA parameters and corresponding THRI of the various source-based adhesives.

Foams
Tpeak/◦C Weight Loss/% Residual

Mass at
800 ◦C/%

THRI/◦C
Step I Step II Step I Step II

S 220.99 289.93 5.43 41.42 17.83 124.36
S−ADP1 73.27 305.37 1.29 11.45 62.81 206.52
S−ADP2 73.98 287.98 1.46 11.15 62.75 213.43
S−ADP3 63.88 297.88 1.29 12.85 62.51 206.82
S−ADP4 75.77 298.78 1.29 10.27 63.71 218.16

Figure 4d shows the DSC curves of different sucrose-based adhesives. An exothermic
peak can be observed for all adhesives. As the proportion of ADP in S increases, the curing
temperature also increases. This indicates that the buildup of a network structure as a result
of reaction between S and ADP becomes more complicated, requiring higher cross-linking
temperatures. The curing temperature of S-ADP4 is lower than that of S-ADP1, indicating
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that pre-reaction of S and ADP at 80 ◦C for 10 min can improve the cross-linking degree
of the resin system, reducing the curing temperature from around 172 ◦C in the case of
S-ADP1 to around 162 ◦C in the case of S-ADP4.

Compared to Figure 5, it was found in Figure 5b that sucrose reacts with ADP to
produce polymers with different molecular weights, as revealed by peaks corresponding
to molecular weights of 438 Da, 540 Da, and 1129 Da. These molecular weights reflect
various degrees of condensation reactions between S and ADP, as corroborated by the
peak at 1129 Da, which is relevant to an oligomer incorporating 2 of sucrose monomer,
1 of glucose monomer, and 4 of phosphoric acids. Firstly, ADP decomposed to yield
phosphoric acid and ammonia. Meanwhile, S also pyrolysised into glucose. Due to its high
reactivity, phosphoric acid undergoes a condensation reaction with the hydroxyl groups
of S and glucose (Figure 5c), gradually increasing the degree of cross-linking between
the molecules of sucrose, generating polymers with good structural stability and strong
bonding interactions [24].
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Figure 5d shows the FTIR spectra of cured S, S-ADPs adhesives, and S-ADP 4-C in
comparison with L. The introduction of cellulose and lignin is accomplished to simulate
the chemical bonding between the S-ADP4 adhesive and wood. The absorption peak at
3030–3600 cm−1 belongs to the stretching vibration of hydroxyl groups in sucrose. How-
ever, this peak appears more broader in the case of the S-ADP adhesive. In the range of
3030–3600 cm−1, there is an obvious shift between their peaks and the comparable peaks
of the S adhesive, indicating that the addition of ADP alters its chemical environment via
reaction of the hydroxyl groups of sucrose with ADP. Meanwhile, the absorption peaks of
S-ADP4-C and S-ADP4-L at 3030–3600 cm−1 showed different states and shifts compared
to the absorption peaks of S-ADP4, indicating that the cellulose and lignin focused their
interaction on the hydroxyl groups in the S-ADP4 system, leading to changes in the chemi-
cal environment. In addition, the peak at 1600 cm−1 is a characteristic stretching vibration
peak of -CHO in glucose. The C=O absorption peak of S is wider than that of S-ADP, which
can be attributed to the changes in chemical environment caused by the reaction between
sucrose and ADP. It can be observed that the absorption peaks referring to C=O became
attenuated in the case of S-ADP4-C and S-ADP4-L after the insertion of cellulose and lignin,
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which can be correlated with its chemical interaction with these substrates via different
interaction modes.

From Figure 6, it can be implied that the plywood based on the S adhesive does
not present any strength because the veneer did not form a three-layer artificial board
after pressing. This is totally expected due to the lack of a network structure, which is
responsible for bearing the load. On the contrary, the dry strength, 63 ◦C hot water strength,
and boiling water strength of S-ADPs-based plywood all met the Chinese national standard
GB/T9846.3-2004 (≥0.70 MPa). The hot and boiling water strength values of S-ADP2 related
plywood (1.05 MPa 1.04 MPa) are higher than the corresponding values of S-ADP1 related
plywood. More importantly, the hot water strength (1.19 MPa) and boiling water strength
(1.19 MPa) of S-ADP4 based plywood are higher than those formulated from S-ADP1-3,
indicating that pre-reaction of S and ADP at 80 ◦C for 10 min can improve the cross-linking
degree, further enhancing the adhesive performance. Figure 6b presents the shear strength
of plywood prepared with some commercially available adhesives. The shear strength
of S-ADP4 plywood (1.19 MPa) is higher than that of ammonium persulfate modified
sucrose oxide plywood (OSUH, 1.14 MPa) [25], PF (0.91 MPa) [31], sucrose dihydrogen
phosphate dephenol cottonseed protein (SADP-DCP, wet water strength 0.98 MPa) [36],
and tannin-furanic (TF, 0.55 MPa) [37] adhesives, This indicates that the condensation of
ADP and S could significantly enhance the water resistance of S-ADP. The appearance
of plywood based on the GS-ADP adhesive after testing of wet shear strength (boiling
water) is shown in Figure 6c, in which a significant wood damage was observed in S-ADPs
plywood, indicating that the adhesive has very strong adhesive properties.
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sucrose based plywood prepared in the laboratory (c).

As demonstrated in Figure 7, the plywood based on the S-ADP4 adhesive is flame
retardant. The shape of the S-ADP4 plywood remained unchanged and undamaged after
90 s combustion, while the shape of the S-ADP1 plywood underwent slight changes during
90 s combustion but did not show significant damage. This proves that cross-linking from
the reaction of S with ADP can improve the flame retardancy of the resulting adhesive.
In addition, pre-reaction at 80 ◦C for 10 min also has an improving effect on the flame
retardancy. Meanwhile, it can be seen that the wood chip, which was soaked in prior
in S-ADP1 and S-ADP4 adhesives, still maintained their original shape and exhibited
not-intensive fractures after 90 s of combustion. Importantly, the wood chip that did not
exposed to prior soaking in the S-ADP adhesive have turned into ash after only 20 s of
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combustion. Such results confirm that the S-ADP adhesive has effectively assisted in
providing the wood with good flame retardancy, which opens the way in the future for
good application prospects of flame retardant wood.
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Figure 7. Combustion tests of plywood based on S-ADP1 and SADP2 adhesives, as well as wood
chip and wood chip immersed in SADP4 and SADP1 adhesives.

4. Conclusions

A Simple, facile, bio-based sucrose-based adhesive, named S-ADP adhesive, can be
prepared under broad conditions via a condensation reaction between sucrose and ADP.
This allows for good control of the viscosity and solid content of the resulting adhesives.
Interestingly, the developed adhesives exhibited good storage stability and excellent MOE.
Moreover, the addition of ADP improves the thermal stability of sucrose. More importantly,
the distinct chemical activity of the formed network structures of the adhesives provided
good dry as well as wet (hot and boiling water) strength values, all of which succeeded
to meeting the Chinese national standard (GB/T9846.3-2004 ≥ 0.70 MPa). The wet shear
strength of the S-ADP adhesive is even higher than that of the PF adhesive. Additionally,
one of the most attractive features is the gained high flame retardancy. The plywood
prepared based on the S-ADP adhesive maintains its original shape after combustion,
which opens up new avenues for the application of S-ADP adhesive.

Author Contributions: L.L., Y.J., L.Z. and R.L. investigation; H.E., H.H. and Y.W. Writing—review
& editing; S.D. and J.Z. Supervision. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Yunnan Provincial Natural Science Foundation (Grant No.
202101AT070038), the Yunnan Agricultural joint project (202101BD070001-105), and, as well as the
Yunnan Provincial Youth top talent project (Grant No. YNWR-QNBJ-2020-166), the Yunnan Provincial
Department of Education Science Research Foundation (Grant No. 2021J1379), the Foreign Expert



Polymers 2024, 16, 640 12 of 13

Workstation (202305AF150006), the 111 project (D21027), and the Yunnan Province Natural Science
Key Foundation (No. 202201AS070152).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors would like to thank Bo-Chen and Shudi-Ren from Shiyanjia Lab
(https://www.shiyanjia.com (accessed on 13 February 2024) for the partly measurements.

Conflicts of Interest: Author Heming Huang was employed by the company Kunming Xinfeilin
Wood-Based Panel Group Co., Ltd. The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed as a potential
conflict of interest.

References
1. Bakare, F.O.; Skrifvars, M.; Åkesson, D.; Wang, Y.; Afshar, S.J.; Esmaeili, N. Synthesis and characterization of bio-based

thermosetting resins from lactic acid and glycerol. J. Appl. Polym. Sci. 2014, 131. [CrossRef]
2. Chrobak, J.; Iłowska, J.; Chrobok, A. Formaldehyde-free resins for the wood-based panel industry: Alternatives to formaldehyde

and novel hardeners. Molecules 2022, 27, 4862. [CrossRef] [PubMed]
3. Liu, J.; Lv, J.; Yang, H.; Liu, X.; Wang, K.; Gan, W. Curing properties study on sucrose-melamine-formaldehyde resin. Int. J. Adhes.

Adhes. 2023, 128, 103557. [CrossRef]
4. Arefmanesh, M.; Nikafshar, S.; Master, E.; Nehad, M. From acetone fractionation to lignin-based phenolic and polyurethane

resins. Ind. Crops Prod. 2022, 178, 114604. [CrossRef]
5. Cademartori, P.H.G.; Artner, M.A.; Freitas, R.A.; Magalhaes, W.L.E.M. Alumina nanoparticles as formaldehyde scavenger for

urea-formaldehyde resin: Rheological and in-situ cure performance. Compos. Part B Eng. 2019, 176, 107281. [CrossRef]
6. Hasan, M.M.F.H.; Rossi, L.M.; Debecker, D.P.; Leonard, K.C.; Li, Z.; Makhubela, B.C.E.; Zhao, C.; Kleij, A. Can CO2 and renewable

carbon be primary resources for sustainable fuels and chemicals? ACS Sustain. Chem. Eng. 2021, 9, 12427–12430. [CrossRef]
7. Peng, W.; Yue, X.; Chen, H.; Ma, N.L.; Quan, Z.; Yu, Q.; Wei, Z.; Guan, R.; Lam, S.S.; Rinklebe, J.; et al. A review of plants

formaldehyde metabolism: Implications for hazardous emissions and phytoremediation. J. Hazard. Mater. 2022, 436, 129304.
[CrossRef]

8. Sun, J.; Zhang, Z.; Ye, J.; Liu, H.; Wei, Y.; Zhang, D.; Li, X. Preparation and properties of polyurethane/epoxy-resin modified
asphalt binders and mixtures using a bio-based curing agent. J. Clean. Prod. 2022, 380, 135030. [CrossRef]

9. Olofsson, J.; Börjesson, P. Residual biomass as resource–Life-cycle environmental impact of wastes in circular resource systems.
J. Clean. Prod. 2018, 196, 997–1006. [CrossRef]

10. Yang, G.; Gong, Z.; Luo, X.; Chen, L.; Shuai, L. Bonding wood with uncondensed lignins as adhesives. Nature 2023, 621, 511–515.
[CrossRef]

11. Farhat, W.; Venditti, R.; Quick, A.; Taha, M.; Mignard, N.; Becquart, F.; Ayoub, A. Hemicellulose extraction and characterization
for applications in paper coatings and adhesives. Ind. Crops Prod. 2017, 107, 370–377. [CrossRef]

12. Guo, J.; Sun, W.; Kim, J.P.; Lu, X.; Li, Q.; Lin, M.; Mrowczynski, O.; Rizk, E.B.; Cheng, J.; Qian, G.; et al. Development of
tannin-inspired antimicrobial bioadhesives. Acta Biomater. 2018, 72, 35–44. [CrossRef]

13. Wang, Z.; Xing, Z.; Zhang, Q.; Hu, D.; Lv, J.; Wu, C.; Zhou, W.; Din, Z. Effects of various durations of enzyme hydrolysis on
properties of starch-based wood adhesive. Int. J. Biol. Macromol. 2022, 205, 664–671. [CrossRef] [PubMed]

14. Li, C.; Lei, H.; Wu, Z.; Xi, X.; Du, G.; Pizzi, A. Fully biobased adhesive from glucose and citric acid for plywood with high
performance. ACS Appl. Mater. Interfaces 2022, 14, 23859–23867. [CrossRef]

15. Zhang, J.; Liu, B.; Zhou, Y.; Essawy, H.; Chen, Q.; Zhou, X.; Du, G. Preparation of a starch-based adhesive cross-linked with
furfural, furfuryl alcohol and epoxy resin. Int. J. Adhes. Adhes. 2021, 110, 102958. [CrossRef]

16. Sheldon, R.A. Green and sustainable manufacture of chemicals from biomass: State of the art. Green Chem. 2014, 16, 950–963.
[CrossRef]

17. Kobayashi, H.; Fukuoka, A. Synthesis and utilisation of sugar compounds derived from lignocellulosic biomass. Green Chem.
2013, 15, 1740–1763. [CrossRef]

18. Plat, T.; Linhardt, R.J. Syntheses and applications of sucrose-based esters. J. Surfactants Deterg. 2001, 4, 415. [CrossRef]
19. Friberg, E.; Wallin, A.; Wolk, A. Sucrose, high-sugar foods, and risk of endometrial cancer—A population-based cohort study.

Cancer Epidemiol. Biomark. Prev. 2011, 20, 1831–1837. [CrossRef]
20. Zani, F.; Blagih, J.; Gruber, T.; Buck, M.D.; Jones, N.; Hennequart, M.; Newell, C.L.; Pilley, S.E.; Barrio, P.S.; Kelly, G.; et al. The

dietary sweetener sucralose is a negative modulator of T cell-mediated responses. Nature 2023, 615, 705–711. [CrossRef]
21. Sulistya, E.; Hui-Hui, L.; Attenborough, N.K.; Pourshahrestani, S.; Kadri, N.A.; Zeimaran, E.; Razak, N.A.B.A.; Horri, B.A.;

Salamatinia, B. Hydrothermal synthesis of carbon microspheres from sucrose with citric acid as a catalyst: Physicochemical and
structural properties. J. Taibah Univ. Sci. 2020, 14, 1042–1050. [CrossRef]

22. Li, X.; Wang, X.; Meng, X.; Dijkhuizen, L.; Liu, W. Structures, physico-chemical properties, production and (potential) applications
of sucrose-derived α-d-glucans synthesized by glucansucrases. Carbohydr. Polym. 2020, 249, 116818. [CrossRef]

https://www.shiyanjia.com
https://doi.org/10.1002/app.40488
https://doi.org/10.3390/molecules27154862
https://www.ncbi.nlm.nih.gov/pubmed/35956815
https://doi.org/10.1016/j.ijadhadh.2023.103557
https://doi.org/10.1016/j.indcrop.2022.114604
https://doi.org/10.1016/j.compositesb.2019.107281
https://doi.org/10.1021/acssuschemeng.1c06008
https://doi.org/10.1016/j.jhazmat.2022.129304
https://doi.org/10.1016/j.jclepro.2022.135030
https://doi.org/10.1016/j.jclepro.2018.06.115
https://doi.org/10.1038/s41586-023-06507-5
https://doi.org/10.1016/j.indcrop.2017.05.055
https://doi.org/10.1016/j.actbio.2018.03.008
https://doi.org/10.1016/j.ijbiomac.2022.02.036
https://www.ncbi.nlm.nih.gov/pubmed/35181331
https://doi.org/10.1021/acsami.2c02859
https://doi.org/10.1016/j.ijadhadh.2021.102958
https://doi.org/10.1039/C3GC41935E
https://doi.org/10.1039/C3GC00060E
https://doi.org/10.1007/s11743-001-0196-y
https://doi.org/10.1158/1055-9965.EPI-11-0402
https://doi.org/10.1038/s41586-023-05801-6
https://doi.org/10.1080/16583655.2020.1794566
https://doi.org/10.1016/j.carbpol.2020.116818


Polymers 2024, 16, 640 13 of 13

23. Morrow, E.A.; Terban, M.W.; Thomas, L.C.; Gray, D.L.; Bowman, M.J.; Billinge, S.J.L.; Schmidt, S.J. Effect of amorphization
method on the physicochemical properties of amorphous sucrose. J. Food Eng. 2019, 243, 125–141. [CrossRef]

24. Zhao, Z.; Sun, S.; Wu, D.; Zhang, M.; Huang, C.; Umemura, K.; Yong, Q. Synthesis and characterization of sucrose and ammonium
dihydrogen phosphate (SADP) adhesive for plywood. Polymers 2019, 11, 1909. [CrossRef] [PubMed]

25. Song, J.; Chen, S.; Zhang, Q.; Lei, H.; Xi, X.; Du, G.; Pizzi, A. Developing on the well performance and eco-friendly sucrose-based
wood adhesive. Ind. Crops Prod. 2023, 194, 116298. [CrossRef]

26. Liu, B.; Essawy, H.; Li, Z.; Du, G.; Liang, J.; Hou, D.; Zhou, X.; Zhang, J. Facile preparation of epoxidized soybean oil-
hexanediamine resin for fabrication of pressure-sensitive adhesives. Prog. Org. Coat. 2023, 182, 107633. [CrossRef]

27. Qutab, H.G.; Mohsin, M.; Ramzan, N.; Ahmad, S.W.; Sardar, S. Synthesis and application of a formaldehyde-free flame-retardant
for cotton fabrics by polymerization between diammonium hydrogen phosphate and citric acid. J. Nat. Fibers 2021, 18, 1913–1923.
[CrossRef]

28. Joshi, J.H.; Kalainathan, S.; Kanchan, D.K.; Joshi, M.J.; Parikh, K.D. Effect of l-threonine on growth and properties of ammonium
dihydrogen phosphate crystal. Arab. J. Chem. 2020, 13, 1532–1550. [CrossRef]

29. Pasco, H.; Naidu, S.; Lothenbach, B.; Sassoni, E. Enhancement of surface properties of cementitious materials by phosphate
treatments. Cem. Concr. Compos. 2023, 141, 105124. [CrossRef]
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