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have been synthesized to bond wood panels in place of PF 
resins (Younesi-Kordkheili and Pizzi 2021; Younesi-Kord-
kheili and Pizzi 2018). Lignin has a much lower cost than 
phenol, and glyoxal has a much lower toxicity than formal-
dehyde. Hence, PLG resins are in general of lower toxicity 
and cost than PF resins. However, the mechanical proper-
ties and dimensional stability of panels bonded with PLG 
resins were not only lower than those bonded with PF resins 
but also needed a higher curing temperature. In industrial 
applications, higher curing temperature means that higher 
energy is needed, hence higher cost, which would render 
the adoption of such adhesives for industrial applications 
more difficult. Thus, the aim of the research work presented 
here is to improve the properties of PLG resins for bonding 
wood-based panels.

So far several methods have been proposed to improve 
the properties of wood-adhesives. One of the best methods 
so far proposed is the use of nanomaterials in wood adhe-
sives. Previous research has shown that when reducing the 
materials to nanosize, strength as well as dimensional and 
thermal stability were significantly increased (Lei et al. 

1 Introduction

Phenol-formaldehyde (PF) resins are one of the most impor-
tant types of wood adhesive for wood panel manufacturing. 
The advantages of PF resins as a wood adhesive have been 
reported by several researchers (e.g., Moubarik et al. 2009; 
Younesi-Kordkheili 2019; Pizzi and Mittal 2011). However, 
the health problems associated with the preparation of pan-
els bonded with PF resins have led to increased attention 
being paid to developing ecofriendly adhesives of the same 
quality. In previous works, phenol-lignin-glyoxal (PLG) 
resins as wood adhesives of much lower toxicity and cost 
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Abstract
The present study provides a new concept for improving the properties of phenol-lignin-glyoxal (PLG) resins by lignin 
nanoparticles, a bio-nanomaterial. In the research work presented, lignin nanoparticles (10, 20, 30 and 40 wt%) were used 
instead of lignin for the phenol-lignin-glyoxal resin synthesis. The physicochemical and thermal properties of the prepared 
resins were then determined as well as the water absorption and mechanical properties (flexural modulus, flexural strength 
and internal bonding) of the particleboard panels bonded with them according to related standards methods. The addition 
of lignin nanoparticles appeared to change the physicochemical properties of the resins as the gelation time of the PLG 
resin was shorter and its viscosity increased. FTIR analysis indicated no differences in the chemical structure between the 
PLG resins with lignin and nanolignin. DSC analysis shows that the addition of lignin nanoparticles allows to decrease the 
curing temperature of the PLG resin from 170 °C to 159 °C. Based on panel analysis results, higher mechanical strength 
values and lower water absorption were obtained by progressively increasing the lignin nanoparticles proportion. The work 
presented here provides a new concept for the preparation of phenolic resins.
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2010; Younesi-Kordkheili 2017). However, nanomateri-
als used in wood-based adhesives present the drawbacks 
of high cost and environmental problems. Hence, to find 
a new, high quality and inexpensive bionanomaterial for 
wood adhesives is of considerable interest.

Conversely, lignin as a main waste of the pulp and paper 
industry is just burnt to produce energy. The valorization 
of lignin nanoparticles and their nanocomposites have been 
extensively reviewed in recent years (Feldman 2016; Zhang 
et al. 2021). Lignin nanoparticles with different morpholo-
gies have been successfully synthesized by controlling the 
reaction conditions of solvent/anti-solvent, the lignin con-
centration, the temperature and pH of solution, etc. (Chen 
et al. 2019). Several researchers have inferred that lignin 
nanoparticles have potential applications in antioxidants, 
thermal/light stabilizers, reinforced materials and nano 
microcarriers owing to their advantages of no toxicity, envi-
ronmental resistance, excellent thermal stability and bio-
compatibility. Chen et al. (2019) indicated that the board 
bonded with a nanolignin phenol formaldehyde resin, at 
a 40% by weight nanolignin substitution level of phenol 
could give a dry bond strength of 1.30 ± 0.08 MPa. This is 
1.85 times higher than that of the requirements of the Chi-
nese national grade 1 plywood standard (0.7 MPa) and the 
formaldehyde emission of 0.40 mg L− 1 also meets the GB/T 
14732 − 2006 (E0, 0.5 mg L− 1) standard. Hence, in the pres-
ent research, lignin nanoparticles were used to substitute a 
part of the lignin in PLG resins, and the properties of such 
resins and panels were investigated.

So far, extensive work has been conducted on the substi-
tution of phenol by lignin to prepare LPF resins. However, 
there is no information in the literature on the effect of lignin 
nanoparticles on different properties of PLG resins. Thus, 
the aim of this research work was to investigate the influ-
ence of lignin nanoparticles on the properties of PLG resins 
and on the moisture resistance and mechanical strength of 
the panels bonded with them.

2 Materials and methods

2.1 Materials

Ethylene glycol, formaldehyde, phenol, and other chemi-
cal materials used in this experiment were all obtained from 
Merck & Co.

2.2 Methods

2.2.1 PF resin

The phenol-formaldehyde (PF) resin was prepared in a four 
neck round bottom flask equipped with stirrer, thermom-
eter, condenser and dropping funnel according to a method 
already reported (Khan et al. 2004). Sufficient molten phe-
nol, formaldehyde solution (formalin 37%) and each of dis-
tilled water and methanol were added to the reactor. The 
mixture was heated to 80 °C, then sodium hydroxide was 
added and the reaction was continued for 4 h at 80 °C. The 
molar ratio of formaldehyde to phenol was 2.2:1.

2.2.2 Lignin

Bagasse soda black liquor with pH = 13 and 40 wt% solid 
content as source of lignin was prepared by Pars Company, 
Haft Tepe, Iran.

2.2.3 Preparation and characterization of nanolignin

1.4 g lignin was dissolved in 50 mL ethylene glycol, the 
insoluble impurities were removed by filtration after 4 h 
stirring, and then hydrochloric acid (4.00 cm3, 0.025 mol 
L− 1) was added to the lignin filtrate solution at a rate of 4 
drops per min. The solution was dialyzed in a 3 L beaker 
for three days with water changed three times a day. The 
lignin nanoparticles were recovered after precipitating in 
dilute HCl at pH 2, followed by centrifugation and ultra-
sonic cleaning to achieve neutral pH. The specific surface 
area and average pore diameter were measured at 200 °C by 
BET method.

2.2.4 Preparation of PLG and NPLG adhesives

A 500 ml flat bottom flask equipped with a condenser, ther-
mometer and a magnetic stirrer bar was used for resin syn-
thesis. Sufficient virgin lignin and lignin nanoparticles to 
substitute 0, 10, 20, 30 and 40 wt% of the phenol (according 
to pre-test results), phenol, NaOH, ethanol and water were 
mixed in a flask. Under stirring the flask was heated in a 
water bath preheated at 80 °C, when glyoxal (40% aque-
ous solution) was added dropwise. After 4 h of resinification 
reaction, the flask was cooled to room temperature to stop 
the reaction. The ethanol in the flask was removed by rotary 
evaporation at 60 °C under reduced pressure to produce an 
aqueous resin solution. Molar ratio of glyoxal/phenol (G/P) 
was 2.2: 1 in this research. The molar fraction of NaOH was 
0.375. It should be noted that the only experimental param-
eter that was changed is the lignin content in the resin syn-
thesis and all others parameters were not changed.
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2.2.5 Physicochemical properties of synthesized resins

The solid content of the synthesized PF and PLG resins were 
determined according to ASTM standard D4426–01(2006). 
The viscosity of the resins was measured at 25 °C using a 
Ford Cup according to ASTM standard D1200–10 (2014). 
A hydrometer was used for measuring the densities of the 
resins prepared. The density of the resins was measured 
according to ASTM D1875–03 standard methods. Each 
physicochemical test was repeated three times. For gel time 
measuring, 5 g of adhesives was weighed in a 16 mm × 
180 mm test tube and then a thin wire spring was placed in 
the tube. The test tube was placed in a constant tempera-
ture oil bath and the thin wire spring was moved gently up 
and down by hand until gelation. A stopwatch was used to 
record the gel time and the gelation test was done at 140 °C.

2.2.6 Differential scanning calorimetry analysis

The changes in curing temperature of the PLG resin con-
taining nanoparticles compared to PF resin were determined 
by DSC using a NETZSCH DSC 200 F3Modelthermal 
analyzer. The DSC scans were recorded at a heating rate 
of 10 °C/min under nitrogen atmosphere with a flow rate 
of 60 ml/min. To determine the curing temperature of the 
resins, about 5 mg of freeze-dried sample was added to the 
aluminum pan. The samples were then heated from ambient 
temperature (25 °C) to 200 °C under a nitrogen atmosphere. 
The DSC cups were closed during the whole temperature 
range investigated.

2.2.7 Panel manufacturing

Particleboard panels were manufactured according to a 
method of Younesi-Kordkheili et al. (2016). A forming 
frame (35 × 35 × 1 cm) was placed on a stainless steel caul 
plate to control the thickness. The moisture of the wood 
chips used for the particleboard preparation was of 4 wt%. 
10 wt% resin solids of the resins prepared (on dry weight of 
wood particles) was used as resin load. The nominal thick-
ness and density of the manufactured panels were 16 mm 
and 0.6 g/cm3, respectively. Other details about panel manu-
facturing method were described in Younesi-Kordkheili et 
al. (2016).

2.2.8 Panel testing

Prior to panel testing, the prepared panels were conditioned 
at a temperature of 23 °C ± 2 °C and a relative humidity of 
60%±5% for two weeks. All tests of the manufactured par-
ticleboards were carried out according to the relevant stan-
dard methods. The modulus of rupture (MOR) and modulus 

of elasticity (MOE) were determined according to EN 310. 
The internal bond (IB) strength was determined according 
to EN 319, and thickness swelling and water absorption 
according to EN 317.

2.2.9 Statistical analysis

Data for each test were statistically analyzed by SPSS soft-
ware. The effects of the lignin nanoparticle content on the 
panel properties were evaluated by two-way analysis of 
variance (Two-way ANOVA) at 95% confidence level.

3 Results and discussion

3.1 FTIR analysis

The FTIR spectra of the PLG resin with 30 wt% lignin and 
the nanolignin-phenol-glyoxal (NPLG) resins with 30 wt% 
nanolignin are shown in Fig. 1. The band assignments are 
listed in Table 1. It was found that there are no differences 
in the chemical structure between the resins with lignin and 
nanolignin. For example, the 2850 cm− 1band related to the 
C-H bonds in methylene linkages and the 1275 cm− 1 band 
related to the C-O stretching of phenolic C-OH and phenolic 
C-O are similar in the PLG and NPLG resins.

Table 1 Assignments of FTIR spectra of the resin
Wavenumbers (cm− 1) Assignment
3367 -OH stretching vibration
2900 C-H stretching vibration of methylene
1600, 1440 Elongation of aromatic –C = C-
1270  C-O stretching vibration of phenolic 

C-OH and phenolic C-O
1020 C-O stretching vibration of aliphatic 

C-OH, aliphatic C-O and methylol C-OH
970 C-O stretching vibration of vinyl

Fig. 1 FTIR analysis of PLG, NPLG
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a remarkable crosslinking agent in the curing reaction 
(Kalami et al. 2018; Nair et al. 2014). Based on the findings 
of this research, the curing temperature of PLG resins was 
markedly higher than those of PF resins. In industrial appli-
cations, a higher curing temperature means higher energy 
and costs. Based on what was found in the present work, 
such a problem can be solved by addition of small propor-
tions of lignin nanoparticles instead of lignin in the PLG 
resin formulation.

3.3 Physicochemical properties

Physicochemical properties of the synthesized resins are 
shown in Table 2. By incorporation of nanolignin into the 
PLG resin, the solids content increases and its gelation time 
is faster. The results showed that the PLG resin at a 30 wt% 
nanolignin substitution had the highest solid content (50%) 
and shortest gelation time (319 s). Conversely, the unmodi-
fied PLG resin with 10 wt% lignin had the lowest solids 
content (40%). Moreover, the longest gelation time (389 s) 
was related to PLG resin with 30% lignin. The faster gel 
time as a function of the increase in the proportion of lignin 
nanoparticles shows that cross-linking is noticeably faster, 
resulting in a greater level of cross-linking between phenol, 
nanolignin and glyoxal to form PLG condensates. Previous 
research has shown that PF resins present a faster gelation 
time than PLG resins (Younesi-Kordkheili and Pizzi 2020). 
The use of nanolignin instead of neat lignin can significantly 
improve the gelation time of the PLG resin (Table 2). Con-
versely, the physicochemical test results also indicated that 
with the progressive addition of higher proportions of lig-
nin nanoparticles, the viscosity and the density of the res-
ins increase. The PLG resins with 30%wt nanolignin added 
had higher viscosity and density. The viscosity of the resin 
could be one of the most important factors affecting the 

3.2 DSC analysis

Figure 2 shows the DSC curves of the PF, PLG resin and the 
PLG resin containing 30%wt of lignin nanoparticles. The 
curing process of the PLG resins is exothermic. The tem-
perature peaks of the PLG resin with 30% lignin appeared at 
145 and 170 °C while PLG resins with nanolignin exhibited 
two peaks at 139 and 159 °C. These peaks can be related to 
self-condensation reactions between the functional groups 
of a PLG resin. Figure 2 indicates that the addition of lignin 
nanoparticles had a marked influence on the curing behavior 
of the PLG resin. The DSC analysis confirms the gel time 
results as the PLG resins modified with lignin nanoparticles 
present shorter gel times than the unmodified PLG resin. 
The smaller size of nanolignin causes the –OH functional 
groups, which are surrounded by a highly crosslinked three-
dimensional network in the lignin structure, to be more 
exposed on the nanolignin units, which makes nanolignin 

Table 2 Physical properties of the prepared resins
Resin type Solid 

content 
(%)

Viscosity
(mPa.s)

Gelation 
time (s)

Density 
(kg/l)

PF 57(1.1) 372(12) 337(8) 1.223(0.02)
PLG + 10% lignin 40(1.0) 326(8) 347(7) 1.209(0.02)
PLG + 20% lignin 41(1.1) 334(6) 361(8) 1.211(0.03)
PLG + 30% lignin 45(1.0) 348(8) 389(9) 1.218(0.1)
PLG + 40% lignin 43(1.1) 338(6) 394(7) 1.217(0.2)
NPLG + 10% 
nanolignin

43(1.0) 358(9) 337(9) 1.209(0.01)

NPLG + 20% 
nanolignin

47(1.1) 363(5) 321(8) 1.211(0.03)

NPLG + 30% 
nanolignin

50(1.0) 378(7) 319(10) 1.215(0.01)

NPLG + 40% 
nanolignin

49(1.1) 377(6) 321(11) 1.214(0.02)

The numbers in the parenthesis are standard deviation

Fig. 2 DSC analysis of prepared 
PF, PLG and PLG with nano-
lignin resins
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and flexural strength can be obtained by increasing the addi-
tion of lignin nanoparticles from 10 to 40%wt. The addition 
of nanolignin increases the bond strengths of the adhesive 
because nanolignin is probably an excellent cross-linking 
agent for the synthesis of the PLG resins. As can be seen 
from Table 4, the specific surface area of lignin is 0.05371 
m2 g− 1, which is only about one tenth of the specific sur-
face area of nanolignin (6.1766 m2 g− 1). The pore volume 
of nanolignin is 0.0098 cm3 g− 1, which is 14 times the pore 
volume of lignin (0.0007 cm3 g− 1). The high specific sur-
face area and porous structure of nanolignin increase the 
contact between nanolignin and other components, result-
ing in the enhanced reactivity of nanolignin. Moreover, the 
high specific surface area and porous structure of nanolignin 
increase the contact between nanolignin and formaldehyde, 
resulting in the enhanced reactivity of nanolignin. Chen et 
al. (2019) indicated that the bond strength of all the PLG 
adhesives modified by nanolignin is higher than that of the 
commercial PF resin.

The internal bond strength of the particleboards prepared 
is shown in Table 3. The highest IB strength (0.69 MPa) was 
achieved by the panels bonded with PLG resin containing 
30 wt% lignin nanoparticles and the lowest by those bonded 
with the PLG resin with 30% virgin lignin (0.53 MPa). The 
greater mechanical strength of the panels bonded with PLG 
resins with nanoparticles when compared to those bonded 
with the control PLG resin is due to the void spaces that can 
be more filled by nanolignin, resulting in increasing strength 
of the glue line and thus, of the associated panels. For indus-
trial production, the higher substitution rate of phenol with 
nanolignin means that less phenol will be used in the syn-
thesis of PLG, which would facilitate the green production 
of wood adhesives and exert a profound and significant 
effect on the conservation of fossil resources.

The water absorption and thickness swelling of the pan-
els after 24 h soaking in distilled water are shown in Table 3. 
The PLG resin without nanoparticles has the highest value 
water absorption and thickness swelling content whereas 

bond strength. Commonly, the viscosity of a resin is depen-
dent on the size and shape of the adhesive molecules, the 
resin solids content. The molecular weight of nanolignin is 
larger than that of phenol. Thus, the addition of nanolignin 
increases the molecular weight and the internal frictional 
resistance of the NPLG resin. Hong and Park (2017) indi-
cated that the reactivity of UF resins was improved as the 
viscosity increased. This was probably due to the fact that 
high viscosity UF resins contained much greater molecular 
weight oligomers than lower viscosity resins, resulting in a 
short time for the formation of network structures.

3.4 Properties of particleboard panels

Flexural modulus and flexural strength of the panels bonded 
with PLG resins containing 10, 20, 30 and 40%wt lignin 
nanoparticles compared to those made from unmodified 
PLG resin and PF resin are shown in Table 3. As shown 
in Table 3, the panels bonded with the PLG resin with 
30%wt nanoparticles presented the highest flexural modulus 
(2723 MPa) and strength (19 MPa) while the control panels 
bonded with a PLG resin with 30%wt lignin had the low-
est flexural modulus (2339 MPa) and strength (12.2 MPa) 
values, respectively. Conversely, statistical analysis showed 
that increasing lignin nanoparticles content from 10 to 
40%wt has significant influence on the flexural properties of 
the panels prepared. While Younesi-Kordkheili et al. (2019) 
indicated in a previous work that the flexural strength of 
the panel bonded with PLG resins instead decreases with 
progressive addition of lignin to the PLG resins, the results 
of the current research indicate that higher flexural modulus 

Table 4 Specific surface area, average pore volume, and pore size of 
lignin and nanolignin
Sample Specific surface

area (m2 g− 1)
Average pore
volume (cm3 
g− 1)

Average 
pore
size (nm)

Lignin 0.05371 0.0007 8.85
nanolignin 6.1766 0.0098 5.99

Table 3 Physical and mechanical properties of the manufactured panels
Resin Flexural modulus (MPa) Flexural strength

(MPa)
IB strength
(MPa)

Water absorption
(%)

Thickness swelling (%)

EN Standard 1600 11.5 0.35 - -
PF 2521 (101) 18(3.1) 0.67(0.02) 5(0.2) 3(0.1)
PLG + 10% lignin 2410 (103) 16 (1) 0.63(0.01) 13(0.1) 9(0.2)
PLG + 20% lignin 2311(102) 13.1(1.4) 0.6(0.06) 14(0.2) 10(0.1)
PLG + 30% lignin 2339(100) 12.2 (1.5) 0.53(0.05) 15(0.1) 11(0.2)
PLG + 40% lignin 2329(95) 12.0 (1.3) 0.51(0.03) 15(0.2) 11(0.1)
NPLG + 10% nanolignin 2540(110) 17(1.1) 0.65(0.02) 11(0.3) 8(0.1)
NPLG + 20% nanolignin 2611(87) 18.5(1.2) 0.68(0.03) 10(0.3) 7(0.1)
NPLG + 30% nanolignin 2723(98) 19(1.4) 0.69(0.04) 8(0.2) 7(0.2)
NPLG + 40% nanolignin 2703(95) 18(1.3) 0.67(0.04) 9(0.3) 8(0.1)
The numbers in the parenthesis are standard deviation
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the addition of lignin nanoparticles decreased the water 
absorption and thickness swelling of the panels. The lower 
water absorption and thickness swelling can be attributed 
to the difference in the amount of bridges formed between 
the reactive sites. In addition, compared to lignin bonds, the 
bond strength of lignin nanoparticles to glyoxal is probably 
higher, hence by increasing the proportion of nanolignin the 
resistance to hydrolysis of the resins continuously improves. 
Younesi-Kordkheili and Pizzi (2019) showed that methy-
lene bridges in PF resins have high resistance to hydrolysis 
while some bridges in PLG resins such as C-O bonds are not 
stable at the same level.

4 Conclusion

In the present work, nanolignin was used as the raw material 
to substitute phenol partially, and to combine with glyoxal 
to produce a new type of PLG wood adhesive. The follow-
ing conclusions can be drawn from the results obtained:

 ● The PLG resin containing 30%wt lignin nanoparticles 
has the shortest gelation time and the highest viscosity 
among all synthesized resins.

 ● FTIR analysis indicated no differences in the chemi-
cal structure between the PLG resins with lignin and 
nanolignin.

 ● DSC analysis indicated that the curing process of PLG 
resins with nanoparticles needs a lower temperature 
than pure PLG resin.

 ● The mechanical strength (flexural modulus, flexural 
strength and IB strength) of the panels bonded with the 
modified PLG resins with nanolignin was higher than 
those made from pure PLG resin.

 ● The use of nanolignin and good performance of PLG 
could reduce the energy and production costs, and pro-
mote the application of the nanolignin instead of fossil 
material phenol in the production of PLG resins.

 ● The present study provides a new idea for the green pro-
duction of phenolic resins with high quality.
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