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A B S T R A C T   

Furfural and furfuryl alcohol originating from agriculture were used as crosslinkers to develop a renewable 
starch-furanic adhesive with good water resistance. Electrospray ionization mass spectroscopy and 13C nuclear 
magnetic resonance measurements indicated that furfural and furfuryl alcohol reacted with starch under acidic 
conditions and that the –CH2–O– groups were involved in the cross-linking of the starch-furfural-furfuryl alcohol 
adhesive (SFF). The gel time of SFF was longer than that of the starch-furfural adhesive (SF), while the dry shear 
strength of the SFF-bonded plywood suggested that the cured SFF adhesive acquired a performance better than 
that of starch (S) and SF adhesives. Moreover, the water resistance of the SFF adhesive cross-linked with 9% 
epoxy resin was further enhanced with respect to that of the S, SF, and commercial phenol formaldehyde 
adhesives.   

1. Introduction 

During the last decades, phenol formaldehyde (PF), as the main oil- 
derived resin, has been widely investigated in the fields of wood and 
composite materials [1–3]. However, the PF resin contains harmful 
substances, such as phenol and formaldehyde, which can seriously harm 
human health. Starch, originating from forest and agriculture, is a 
renewable bio-based material [4–8] that has been widely used in the 
manufacture of wood adhesives to replace the PF adhesive. Neverthe
less, its water resistance is insufficient for plywood due to the high 
number of hydroxyl groups within its structure. Nowadays, the graft 
co-polymerization of synthetic polymers in starch backbones, such as 
the cross-linking between starch and cellulose, is the best way to 
improve the water resistance and bonding properties of starch [9–11]. 
However, these starch-based wood adhesives are still exhibiting low 
bonding strength and weak water resistance compared to the PF adhe
sives. Moreover, when compared with PF-based plywood, starch-based 
adhesives are typically too weak for practical use in industry [12]. 

Furfural, as a processing residue of agriculture products, such as crops 
and sugarcane, is a furfuran derivative whose hydrogen atom is replaced 
by an aldehyde group and has been widely used in synthetic composite 
materials and food industry [13–16] owing to the high reactivity of the 
aldehyde group. The earlier research revealed that the cross-linking 
between starch and furfural can be easily established for the prepara
tion of a starch-furfural (SF) adhesive. However, the high reaction speed 
between starch and furfural quickly led to resin curing, which does not 
favor the storage of the adhesive [17]. In addition, furfuryl alcohol, the 
monomer of polyfurfuryl alcohol, is the major commodity chemical 
produced from furfural. Due to its stable furan ring and hydroxymethyl 
group, it has been widely used to prepare bio-based materials, such as 
tannin-furanic plastic [18], foams [19–22], and adhesives [23–25]. 
Therefore, furfuryl alcohol could replace some parts of furfural and react 
with starch for the preparation of new adhesives. Moreover, it can react 
with furfural to reduce the speed of the furfural and starch reaction, thus 
prolong the storage time. Consequently, further research on starch, 
furfural, and furfuryl alcohol was necessary to verify the feasibility of a 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: zj8101274@163.com (J. Zhang), Dushimensheng@126.com (B. Liu), zhouyunxia0816@163.com (Y. Zhou), hishamessawy@yahoo.com 
(H. Essawy), chenqian@hit.edu.cn (Q. Chen), xiaojianzhou1982@163.com (X. Zhou), swfudgb@163.com (G. Du).  

Contents lists available at ScienceDirect 

International Journal of Adhesion and Adhesives 

journal homepage: www.elsevier.com/locate/ijadhadh 

https://doi.org/10.1016/j.ijadhadh.2021.102958    

mailto:zj8101274@163.com
mailto:Dushimensheng@126.com
mailto:zhouyunxia0816@163.com
mailto:hishamessawy@yahoo.com
mailto:chenqian@hit.edu.cn
mailto:xiaojianzhou1982@163.com
mailto:swfudgb@163.com
www.sciencedirect.com/science/journal/01437496
https://www.elsevier.com/locate/ijadhadh
https://doi.org/10.1016/j.ijadhadh.2021.102958
https://doi.org/10.1016/j.ijadhadh.2021.102958
https://doi.org/10.1016/j.ijadhadh.2021.102958
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijadhadh.2021.102958&domain=pdf


International Journal of Adhesion and Adhesives 110 (2021) 102958

2

starch-furfural-furfuryl alcohol (SFF) adhesive that may reveal benefi
cial bonding, water resistance, and storage prolonged duration. 
Considering the availability of starch, monosaccharide and/or oligo
saccharide derived from hydrolysis of starch, would improve its solu
bility and enhance its reactivity with furfural or furfuryl alcohol (Note: 
furfuryl alcohol can be oxidized to furfural in the presence of oxygen 
while furfural can be converted to furfuryl alcohol and furan-carboxylic 
acid by a disproportionation reaction in presence of a base), which 
would contribute to the preparation of new adhesive with integrated 
performance. In this paper, starch, furfural, and furfuryl alcohol are 
formulated for use as crosslinkable bio-based adhesive (SFF) under 
acidic conditions. In addition, the crosslinking was supported by hy
bridization between SFF resin and a commercial epoxy resin (EPR) in 
order to establish improvement of the water resistance of SFF. This study 
is important for the development of novel environmentally-friendly 
wood adhesives to replace the conventional PF adhesive. 

2. Experimental 

2.1. Materials 

Crops (Zea mays L) soluble starch extract powder (S) was purchased 
from jingshan starch company (Taian, China). Furfural (with a purity of 
98%), ammonium chloride (with a purity of 30%) and furfuryl alcohol 
(with a purity of 98%) were purchased from Acros Organics (Geel, 
Belgium). Beech veneer (Fagus sylvatica) with 1.5 mm thickness and 
9–10% moisture content was supplied by Xin Fei Lin panel Company 
(Kunming, China). Commercial EPR (E-44) was purchased from Sino
pharm Chemical Reagent Company (Beijing, China). PF, as control ad
hesive (molar ratio F/P = 2.2) was supplied by Xin Fei Lin panel 
Company (Kunming, China). 

2.2. Preparation of the S, SF, and SFF adhesives 

The S adhesive was synthesized following a reported method [26]. In 
order to avoid the formation of high viscosity starch adhesive, it was 
synthesized under weak acidic condition. In particular, 100 g of starch 
and 100 mL of distilled water were mixed together in a beaker and 
stirred with a mechanical stirrer (Model AM300L-H, ONYI, Shanghai, 
China) at 60 ◦C for 30 min under acidic conditions to form the S adhe
sive. During the process, the pH was adjusted to 5.0 using acetic acid 

solution (40%). 
For the preparation of the SF adhesive, 70 g of S, 35 g of furfural, and 

100 mL of distilled water were mixed in a beaker and stirred at 60 ◦C for 
30 min under acidic conditions. The reaction process is the same as that 
of starch adhesive, during the reaction process, the pH was adjusted to 
5.0 using acetic acid solution (40%). 

For the preparation of the SFF adhesive, 70 g of starch, 17.5 mL of 
furfural, and 100 mL of distilled water were mixed in a beaker and 
stirred at 60 ◦C for 30 min under acidic conditions. The pH was adjusted 
during the process to 6.0 by acetic acid solution (40%), which was also 
used to subsequently adjust the pH of the resin system to 4.0. Afterward, 
17.5 mL of furfuryl alcohol was added to the resin system followed by 
stirring at room temperature for 30 min. 

The gel time and viscosity of S, SF, SFF, and PF adhesives were 
determined according to the Chinese norm of GB/T14074 9. For the 
determination of the gel time, 10 g of each adhesive was placed into a 
test tube, which was then immersed in a boiling water bath (Model 
HWS-26, YIHENG, Shanghai, China) at 100 ◦C and gently, continuously, 
and rapidly stirred with a muddler using an upward-downward move
ment until gelation occurred. The gel time was measured from the 
beginning of the immersion of the adhesive in the boiling water. A tu-4 
viscosity cup (Model NDJ-5, YUEPING, Shanghai, China) was then used 
to test the viscosity of these adhesives. The solid content of the various 
adhesives was measured by determining the weight of the adhesives 
before and after oven drying at 120 ◦C ± 1 ◦C for 2 h. 

2.3. Preparation of plywood 

The plywood was prepared using three layers of beech wood veneers. 
The dimensions of each veneer sheet was 300 mm × 220 mm × 4 mm. 
The plywood preparation was performed by initially brushing each 
veneer sheet with consistent 320 g/m2 load of various adhesives, applied 
by a manual spreader roll, according to the Chinese national standards 
GB/T9846-2015. Especially, the S adhesive was mixed with ammonium 
chloride (with a purity of 30%); the SF and SFF adhesives were mixed 
individually with EPR resin (the proportion of EPR in SF or SFF adhesive 
was 9%) under stirring for 3 min, in accordance with the method 
described by Zhang [24], before being brushed onto the surfaces of the 
veneers. 

Once the adhesive was applied to the contact side of each veneer 
sheet, the sheets were layered one on top of the other in a standard 

Scheme 1. An illustrative sketch of prepared plywood dimensions.  
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plywood configuration, where each adjacent layer had its wood grain 
rotated 90◦. The three adhered layers were then placed in a bonding 
press for 5 min at a pressure of 1.5 MPa at 170 ◦C. 

After pressing, the plywood was removed from the press and 
conditioned for 24 h in a climate-controlled laboratory at a constant 
temperature of 23 ± 0.1 ◦C and 60% relative humidity. 

2.4. Testing of dry and wet shear strength of plywood specimens 

Prior to shear strength testing, each plywood specimen was cut into 
dimensions measuring 100 mm × 25 mm × 4.5 mm by a wood cutting 

machine (Model 455 AL, LINGTAI, Suzhou, China). Sheer strength of 
each specimen was tested using Instron 4476 universal testing machine. 
To provide equal testing, each specimen was tested using a 25 mm × 25 

Table 1 
Performance characteristics of starch-based and PF adhesives.  

Adhesive 
type 

Dry shear strength 
(MPa) 

63 ◦C for 1 h at 100 ◦C for 3 h 

Wet shear strength 
(MPa) 

Wet shear strength 
(MPa) 

S 0.63 ± 0.07 0 0 
SF 1.53 ± 0.06 0.55 ± 0.07 0.53 ± 0.08 
SF + EPR 1.57 ± 0.06 0.76 ± 0.07 0.78 ± 0.08 
SFF 1.48 ± 0.05 0.83 ± 0.08 0.69 ± 0.07 
SFF + EPR 1.58 ± 0.08 0.93 ± 0.08 0.86 ± 0.08 
PF 1.63 ± 0.05 0.85 ± 0.07 0.82 ± 0.08  

Fig. 1. DSC thermograms of S, SF, SFF and PF adhesives collected under ni
trogen atmosphere in the range from 40 ◦C to 200 ◦C. 

Fig. 2. Gel time, viscosity, and solid content of the prepared S, SF, SFF, and 
PF adhesives. 

Fig. 3. Viscosity development of SF and SFF adhesives as a function of time.  

Fig. 4. TMA thermograms of S, SF, SFF and PF adhesives in the range from 0 
min to 25 min. 

Fig. 5. TGA thermograms of S, SF, SFF and PF adhesives in the range from 0 ◦C 
to 800 ◦C. 
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mm bonded area. Two grooves (25 mm × 3 mm × 3 mm) were made in 
each plywood and the thickness of resin layer was 1.5 mm. These di
mensions are illustrated in Scheme 1. Dry and wet shear strength values 
were assessed in accordance with the Chinese national standards GB/ 
T17657-1999 and CB/T9846.7-2004. For the dry shear testing, the 
two grooves of each sample were fixed into the testing machine with a 
load of 5 N at a head rate of 2 mm/min. Wet shear testing was performed 

under two scenarios: first, specimens were immersed in water at a 
temperature of 63 ± 3 ◦C for 1 h prior to testing; second, specimens were 
immersed in boiling water (100 ◦C) for 3 h then cooled and the two 
grooves of each sample were fixed into the testing machine with a load 
of 5 N at a head rate of 2 mm/min. The final wet shear strength had to 
equal 0.9 of the remaining strength. Eight replicates were tested in case 
of the dry as well as the wet strength to allow for calculation of the mean 

Fig. 6. SEM images for S, SF and SFF adhesives after curing.  

Fig. 7. 13C NMR spectra of the (a) SF and (b) SFF adhesives.  
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values and standard deviations. 

2.5. Differential scanning calorimetry (DSC), thermomechanical analysis 
(TMA) and thermal gravimetric analysis (TGA) 

The curing behaviors of the starch-based adhesive were investigated 
on a dry basis at a heating rate of 10 ◦C/min using a DSC analyzer 
(Model DSC 204 F1, Netzsch, Germany). The measuring temperature 

range was 30 ◦C–200 ◦C with a 50 mL/min flow of N2. 
The modulus of elasticity of the different starch-based adhesives was 

identified using thermomechanical analysis (TMA SDTA840, Mettler- 
Toledo, NY-USA) processed by STARe software version 14,0 (Mettler- 
Toledo) for data treatment, Two beech wood veneers were 0.6 mm thick 
bonded with each adhesive, for a total samples dimensions of 21 × 6 ×
1.2 mm. The runs were proceeding from r.t. to 250 ◦C at a heating rate of 
20 ◦C/min. 

Fig. 8. ESI-MS signals of the SF adhesive at m/z (a) 20–200, (b) 200–300, (c) 
300–500, and (d) 500–800. 

Fig. 9. ESI-MS peaks of the SFF adhesive at m/z (a) 30–200, (b) 200–300, (c) 
300–500, and (d) 500–700. 
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Table 2 
Oligomers identified by ESI-MS for the reaction of starch, furfural and furfuryl alcohol.  

Experimental Calculated Chemical species 

[M+H]+ [M+Na]+ [M+H]+ [M+Na]+

121  121 

179 201 179 201 

211  211  

or   

217  217 

219  219 

229  229  

237  237 

281  281 

283  283 

297  297 

359  359 

363  363 

379  379 

(continued on next page) 
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TGA was performed using a TG 209 F3 thermogravimetric analyzer 
(Netzsch) operated under a nitrogen atmosphere to identify the thermal 
resistance of the different starch-based adhesives. The heating rate was 
20 ◦C/min and the run covered a temperature range of 30 ◦C–800 ◦C. 

2.6. Scanning electron microscopy (SEM) 

The surface of starch-based cured adhesive with 5 × 5 × 4 mm3 size 
was observed using Hitachi scanning electron microscope (model 
S4800, Tokyo, Japan) at 100× magnification. 

2.7. Electrospray ionization mass spectroscopy (ESI-MS) and 13C nuclear 
magnetic resonance (13C NMR) 

Mass spectrometry detection was undertaken using a Waters Xevo 
Triple Quadrupole-MS Spectrometer (Waters, Milford, MA, USA) 
equipped with an electrospray ionization source (ESI). The N- (2)– 
L–alanyl- L-glutamine, SFF adhesive, and their mixture samples were 
dissolved in chloroform sequentially at a concentration of approxi
mately 10 μL/mL and injected into the ESI source plus ion trap mass 
spectrometer (Bruker Daltonics Inc., Billerica, MA, USA) via a syringe at 
a flow rate of 5 μg/s. The spectra were recorded in a positive mode, with 
ion energy of 0.3 eV. 

A super conducting magnetic resonance apparatus (Bruker-AVANCE 
600, Switzerland) was used to detect the presence of SF and SFF adhe
sives. The resonance frequency employed was 150 MHz. 300 μL of 
samples and 100 μL dimethyl sulfoxide (DMSO - d6) solvent were mixed 

and assessed. Test conditions included: relaxation delay time of 6s; 
scanning accumulative numbers of 800–1200 times; and a temperature 
of 25 ◦C. 

3. Results and discussion 

3.1. Characteristics of the prepared S, SF, SFF, and PF adhesive-based 
plywood 

The results obtained from testing the plywood panels bonded with 
the synthesized starch-based adhesives and the PF adhesive are shown in 
Table 1. The dry shear strength values for the plywood samples, except 
the one prepared with the S adhesive, met the requirements of the 
Chinese national standard (GB/T9846.3-2004, ≥0.70 MPa). Although 
the S adhesive was synthesized under acidic conditions, the S-bonded 
panel exhibited poor bonding strength and water resistance which is in 
accordance with the results of Kennedy [26]. Thus, furfural was used as 
a coupling agent to react with starch under acidic conditions to prepare 
SF adhesive with improved bonding strength and water resistance. As 
observed from Table 1, the dry shear strength of the SF-based panel was 
higher than that of the panel bonded with the S adhesive. Indeed, 
furfural bears a furan ring, which effectively improves the water resis
tance of the adhesive, and a highly reactive aldehyde group, which can 
react with the hydroxyl groups of glucose in starch and form 
cross-linking between starch and furfural, thus increase its bonding 
strength. In addition, the SFF-based plywood exhibited even higher wet 
shear strength than the SF-based plywood. However, its dry strength was 

Table 2 (continued ) 

Experimental Calculated Chemical species 

[M+H]+ [M+Na]+ [M+H]+ [M+Na]+

421  421  

517 539 517 539 

605  605 
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a little lower than that of the SF-based plywood. This result could be 
attributed to the high rigidity of the resin. Hence, the water resistance of 
the SF adhesive joint was weaker than that of the SFF adhesive joints is 
likely due to the more integrated network structure as will be illustrated 
in the next sections. Further, compared with the SFF and PF 
adhesive-bonded panels, the SFF + EPR-bonded adhesive exhibited 
better water resistance when placed in boiling water (100 ◦C) for 1hr. 
Thus, the SFF + EPR adhesive appears to be competitive with the PF 
adhesive in the future; however, further optimization is required for a 
possible future industrial production. 

3.2. Characteristics of the synthesized starch-based and PF adhesives 

Based on the differential scanning calorimetry (DSC) thermograms of 
S, SF, SFF, and PF adhesives (Fig. 1), all the synthesized adhesives 

exhibited one or two exothermic peaks after freeze-drying treatment. 
Two exothermic peaks were observed for the SFF adhesive, one at 117 ◦C 
and another at 125 ◦C. Moreover, the peak of S was detected at 70◦C- 
80 ◦C, while the addition of furfural shifted the peak in case of SF to 
90◦C-110 ◦C, indicating that the curing temperature of the starch ad
hesive increased due to higher temperature requirement of the cross- 
linking between starch and furfural. Furthermore, it was demonstrated 
that the cross-linking among starch, furfural, and furfuryl alcohol re
quires a higher temperature than that needed for the cross-linking be
tween starch and furfural indicating more complication of the network 
structure. 

The adhesives synthesized in the current study were also character
ized for their gel time, viscosity, and solid content (Fig. 2). Meanwhile, 
the shelf-life test result of SF and SFF adhesives are shown in Fig. 3. The 
gel time of SFF adhesive was longer than that of the SF adhesive, which 

Scheme 2. Proposed reaction routes for the observed ESI-MS data.  

Scheme 3. Reaction steps between the oligomers of SFF and EPR during the curing process.  
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indicates that the addition of furfuryl alcohol led to complication of the 
cross-linking. It may be caused by the difference in the solubility be
tween furfural and furfuryl alcohol thus leading the reaction to proceed 
in several steps. From Fig. 3, the addition of furfuryl alcohol in the SF 
resin system was also beneficial for the adhesive storage during the 
preparation process. With the increasing of time, the viscosity of SF and 
SFF adhesive increased, the SF adhesive cured within 48 h, on the 
contrary, the SFF adhesive cured with a longer time due to the 
complication of its network structure (within 120 h). In addition, the 
viscosity and solid content of SFF were higher than that of S and SF, 
which were close to that of the PF adhesive, implying that the SFF ad
hesive would be more ideal for the preparation of plywood compared to 
the S and SF adhesives. 

With respect to DSC analysis of SFF, in the beginning, there is phase 
separation and barrier caused by the poor solubility of furfural with 
respect to furfuryl alcohol. This makes the reaction slow and unsup
ported first because of the low reactivity of furfural with starch espe
cially in presence of furfuryl alcohol (minor reaction with small peak). 
With the temperature goes higher, this formed part between furfural and 
starch start to melt and all the reactants, including this product, 
participate in build up of network structure (major peak), which is much 
more favored. Evidence for this interpretation is the big difference in 
peaks size and direct inauguration of the second reaction once the first is 
terminated (note the connection between them).Again, the disfavor 
ability of the first is related to the poor solubility of furfural while in the 
second case, the reaction is pushed by the higher solubility of furfuryl 
alcohol and presence of hydroxyl groups from both starch and furfuryl 
alcohol, which allows furfuryl alcohol mostly by penetrating into the 
primary formed network (of the minor peak) and adsorption on the 
surface as well, for further condensation. This can be more evidenced 
from the correlation with gel time, which acquires higher value in case 
of SFF compared with SF because SFF is much more complicated 
network than the simpler one of SF thus takes longer time to be built. 
Therefore, the dry shear strength of SFF-bonded plywood is better than 
the others because of the stronger network structure of the resin in this 
case, which allows the bonded plywood to bear higher mechanical load. 

The thermomechanical analysis (TMA) thermograms of S, SF, SFF, 
and PF adhesives were shown in Fig. 4. The cross-linking between 
starch, furfural and furfuryl alcohol can proceed smoothly at a higher 
modulus of elasticity (MOE) of 4725 MPa as compared to the reaction 
between starch and furfural (3315 MPa) or to the self-condensation of 
starch (1293 MPa) to produce an adhesive with reasonable reactivity 
and balanced strength. Moreover, the MOE value of SFF adhesive was 
higher than that of PF adhesive. It may be also expected that in case of 
SFF adhesive and wood, efficient chemical bonding to the network 
structure can develop through their surface hydroxyl groups, which 
leads to outstanding strength with respect to the PF adhesive. Detailed 
information on this point needs further extensive thermal studies. 

The thermal degradation profiles of the various adhesives are dis
played in Fig. 5. The degradation behavior was almost the same in all 
cases of starch-based adhesives and for better understanding it can be 
divided into 2 portions: from r.t. to 300 ◦C and 300–800 ◦C. Thus, the 
degradation of cured SFF adhesive proceeded slowly up to 300 ◦C as a 
result of the efficient curing and higher cross-linking density especially 
when compared with SF and S adhesives, while the counterparts of PF 
adhesive proceeded faster in the same range. Beyond 300 ◦C and up to 
the end of the run at 800 ◦C, starch-based adhesives almost coincided 
and showed less resistance to thermal degradation compared to PF ad
hesives, inferring that the presence of starch as part of the structure is 
responsible for the higher sensitivity to degradation under the effect of 
heat. Nevertheless, it can be deduced from TMA and TGA results that 
SFF adhesive is a good candidate for wood adhesive applications 
considering balanced properties of reasonable thermal resistance and 
developed mechanical strength. 

3.3. Interfacial properties of starch-based adhesives 

Fig. 6 shows the SEM images of fractured cross-sections of cured S, SF 
and SFF adhesives. It reveals that the curing of S adhesive is incomplete 
or occurs so quickly that a cracked adhesive is formed (marked with 
arrow), and the crosslinking intertextures almost do not appear in the S 
adhesive. For the SF adhesive, a dense section with a smooth surface and 
few crosslinking structures (marked with circle) are formed due to a full 
curing of the SF adhesive. In addition, for the SF adhesive, curing is 
complete and accompanied by a section with crosslinking structures 
(seen from the circle) and the crosslinking intertextures are almost 
evenly distributed in the case of SFF adhesive. 

3.4. 13C NMR and ESI-MS analysis 

To investigate the reaction of starch, furfural, and furfuryl alcohol, 
the SFF adhesive was examined by 13C NMR spectroscopy, while the 13C 
NMR spectrum of the SF adhesive was also recorded for comparison 
(Fig. 7a and b). The abscissa represents the chemical shift values (peaks 
position). Some peaks showed weak signals due to the very complicated 
structure. However, the shift of the main structure peaks to the low or 
high field and the detection of new peaks indicated the possible 
upgrading of the reaction when comparing between SF and SFF adhesive 
systems. In case of SF, the signals at 179.3, 152.9, 149.8, 124.3, and 
113.7 ppm could be attributed to the structure of furfural, while new 
weak peaks appeared at 152.7 and 149.6 ppm clearly illustrate the 
change in the chemical environment, especially the shift of the peaks at 
152.9 and 149.8 ppm, respectively. Moreover, new peaks were identi
fied in the spectrum of the SFF adhesive (Fig. 7b) at 155.4, 142.8, 111.1, 
107.9, and 56.2 ppm, which reflects more involvement of other reacting 
species (like furfuryl alcohol) and their effective inclusion into the in
tegrated network structure. This is additionally corroborated by several 
small new peaks that are detected in the spectrum of SFF adhesive such 
as the peaks at 153.1, 143.0, 142.5, 113.5, 110.8, and 110.5 ppm, which 
illustrate shifts of the peaks of the main structure of furfural. Further
more, the new weak peak at 148.5 ppm was due to a shift in the main 
structure of furfuryl alcohol, while the signals at 143.0 and 142.5 ppm 
were caused by shifts of the signal at 142.8 ppm (Fig. 7b). Therefore, all 
these shifts reveal that both furfural and furfuryl alcohol participated 
effectively in the build up of the network structure. 

The results of the ESI-MS analysis of the different oligomers that 
were formed during the preparation of the SF and SFF adhesives, 
generated by the co-polymerization reaction of starch, furfural, and 
furfuryl alcohol are presented in Figs. 8 and 9. In the mass spectrogram, 
the abscissa represents the mass to charge ratio (m/z) value of the ion, 
and the ion value increases from left to right. For the ion with single 
charge, the abscissa represents the mass of the ion and the ordinate 
represents the intensity of the ion flow. The main chemical structures of 
the SF and SFF adhesives are shown in Table 2. All the peak values were 
based on the molecular weight of the species +23 Da due to the Na + ion 
of the NaCl matrix enhancer used or +1 Da due to the H+ protonation, 
while the obtained results suggested the formation of several possible 
products or intermediates. More specifically, the formation of 2,2′- 
oxybis (methylene) difuran was proposed by the positive ions at m/z 179 
([M+H]+) and 201 ([M+Na]+) (Fig. 9a), which could be produced by 
the dehydration of two furfuryl alcohol monomers, as can be seen in 
Fig. 8. Furthermore, under the present reaction conditions, the detection 
of two positive ions at m/z 219 ([M+Na]+) and 237 ([M+Na]+) (Fig. 9b) 
suggested the formation of the dimer or the cross dimer of 2,2′-oxybis 
(methylene) difuran and its hydration products (Scheme 2a). Indeed, 
these results were also consistent with literature data [27,28], which 
indicated that the self-condensation of furfuryl alcohol occurred under 
acidic conditions. It was also assumed that the relative stability of the 
ether bearing three or four oxygen atoms as crown ether generates the 
peaks at m/z 379 ([M+Na]+), 397 ([M+Na]+), and 415 ([M+Na]+) 
(Fig. 9c) under the acidic conditions. Moreover, the peaks at m/z 211 
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([M+H]+) and 229 ([M+H]+) (Figs. 8b and 9b) were attributed to the 
Diels-Alder reaction [29,30] of two furan-2-carbaldehydes and the 
corresponding hydration products, which also proved the 
self-condensation of furfural under acidic conditions (Scheme 2b). Based 
on the ESI-MS analysis, it was also suggested that acetal products can be 
easily formed under these conditions. For example, the positive ion at 
297 ([M+Na]+) (Fig. 8b) suggested the generation of an acetal product 
by the reaction between furan-2-carbaldehyde and furan-2-ylmethanol, 
implying the effective reaction between furfural and furfuryl alcohol 
under acidic conditions. In addition, the formation of 5-acetylfuran-2-
carbaldehyde by the acetylation of a furfural monomer was revealed 
by the positive ion at m/z 217 ([M+H]+, while the subsequent aldol/
dehydration reaction with furan-2-carbaldehyde afforded 5-(3-(fur
an-2-yl)acryloyl) furan-2-carbaldehyde (Scheme 2c) that was assigned 
to the positive ions at m/z 217 ([M+H]+) and 239 ([M+Na]+) (Figs. 8b 
and 9b). Furthermore, the formation of a glucose from the hydrolysis of 
starch protected by a furfural monomer was assumed by the positive ion 
at m/z 281 ([M+Na]+) (Figs. 8b and 9b), while the positive ion at m/z 
283 [M+Na]+ suggested the generation of a glucose glycoside with a 
furfuryl alcohol monomer by the Cannizzaro reaction of 
furan-2-carbaldehyde (Fig. 9b). Moreover, the reaction of glucose with 
two equivalents of furan-2-carbaldehyde was proven by the peak at m/z 
359 ([M+Na]+), which can further react with water to give the positive 
ions at m/z 377 ([M+Na]+) and 395 ([M+Na]+) (Figs. 8c and 9c). In 
addition, the etherification reaction of glucose with two equivalents of 
furan-2-ylmethanol afforded a positive ion at m/z 363 ([M+Na]+). 
Likewise, the reaction of sucrose with furan-2-carbaldehyde generated a 
positive ion at m/z 421 ([M+H]) (Fig. 8c), which does not present in 
Fig. 9. The etherification and esterification reactions among sucrose, 
furfural, and furfuryl alcohol was suggested by the positive ions at m/z 
517 ([M+H]+) and 539 ([M+Na]+), while the obtained products could 
further react with water to generate the positive ions at m/z 557 
([M+Na]+) and 575 ([M+Na]+) (Fig. 9d). The formation of a trisac
charide protected by furan-2-carbaldehyde was also assumed by the 
positive ion at m/z 605 ([M+Na]+). Its subsequent reaction with water 
could afford a positive ion at m/z 623 ([M+Na]+) (Fig. 9d). All the 13C 
NMR and ESI-MS results confirm that successful reactions between 
starch, furfural, and furfuryl alcohol took place. 

In terms of plywood performance, the water resistance of panel 
prepared with the adhesive SFF+9% EPR was better than that of SFF and 
PF adhesive-bonded panels. Thus, the possible establishment of a cross- 
linking among starch, furfural, and furfuryl alcohol contributed to the 
formation of oligomers (Table 2; 517 and 539). These oligomers could 
easily crosslink with EPR under acidic conditions during the curing 
process (Scheme 3). In particular, the EPR could react with the hydroxyl 
groups of starch, while the formed three-dimensional network structure 
of the SFF + EPR adhesive was responsible for improving the water 
resistance. 

4. Conclusions 

Starch-furfural-furfuryl alcohol (SFF) can condense together under 
acidic conditions to yield good wood adhesive in a multi-step reaction. 
The ESI-MS and 13C -NMR analysis results revealed that furfural and 
furfuryl alcohol could react with starch to generate ether groups 
[–CH2–O–]. The gel time of the SFF adhesive with respect to SF adhesive 
signifies a more complicated network structure with sufficient flexi
bility, which could also contribute to a better wet shear strength of the 
SFF based plywood in comparison to that of SF based plywood. A tiny 
portion around 9% EPR can be added as co-condenser to the starch- 
based adhesive in order to further enhance the water resistance of the 
SFF-based plywood as compared to that of the PF-based plywood, 
highlighting the potential of the enhanced SFF adhesive for industrial 
applications as wood adhesive. 
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