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Abstract

The utilization of sustainable lignin to synthesize wood adhesives has attracted
increasing attention in recent years. However, the facile fabrication of strong and
environmentally friendly lignin-based adhesives with high lignin content remains a
significant challenge. This study developed a formaldehyde-free wood adhesive system
by combining alkali lignin and poly(propylene glycol) bis(2-aminopropyl ether). The
process of producing the lignin-based adhesives involves a simple mixing of wood flour,
lignin, and commercially available crosslinker (polyetheramine), followed by directly
hot-pressing into particleboards. The formaldehyde-free and non-toxic particleboards
showed high biomass content of 75% and internal bonding strength of 1.42 MPa,
outperforming many other bio-based adhesives. The study demonstrates a new and
facile strategy to synthesize a lignin-based thermoset that is readily and practically
applicable as adhesives to fabricate high-performance, high lignin content, and

formaldehyde-free wood products.



1. Introduction

Wood composite panels are widely used in construction, flooring, and furniture.
A wood adhesive plays a critical role in the manufacture of wood-based products. At
present, most commercial wood adhesives are dominated by non-renewable fossil-
derived polymers, such as melamine-formaldehyde (MF), urea-formaldehyde (UF),
poly(vinyl acetate), polymeric diphenylmethane diisocyanate (pMDI) resin, and
phenol-formaldehyde (PF)!-2, owing to their outstanding bonding performance and low
cost. However, these petroleum resources-based resins face two serious challenges: (i)
most will release certain levels of free formaldehyde, causing environmental and human
health hazards; and (ii) the production of these resins heavily relies on non-renewable
fossil resources. Therefore, it is vital to develop formaldehyde-free adhesives from
biomass resources.

Over the past few decades, numerous natural biopolymers have been used as
promising candidates for synthesizing bio-based wood adhesives’. Lignin has a
phenolic structure and is one of the most widespread renewable natural polymers.” 8
However, lignin is generally considered a low-value by-product of lignocellulose
biorefining during biomass pretreatments.® Although lignin as a precursor has the
potential to synthesize wood adhesives!?, the economic and high-efficient utilization of
lignin remains a challenge. It is widely accepted that lignin has a relatively low
reactivity and complex structures, such as the molecular weight varying significantly
with the sources and isolation methods!!-13. These drawbacks significantly limited their

effective utilization and practical applications.



Currently, two main strategies have been reported to fabricate lignin-based
thermosets as wood adhesives. One common strategy lies in the additional chemical
modification of lignin, such as hydroxymethylation'* !5, phenolation'®, demethylation!”
18 and depolymerization!®- 2%, which is required to improve the reactivity of lignin. Ai
et al.® reported a phenolic adhesive formulated via methylolation and alkalification-
activated lignin. Unfortunately, these processes are cumbersome and energy-intensive.
Another strategy involved directly incorporating unmodified lignin into commercial
resins, such as PF resin. Sun et al?' prepared lignin—phenol-formaldehyde resin
adhesives using biorefinery technical lignins. However, compared to the adhesive
without lignin, the bonding strength of wood-based panels decreased upon the added
amount of lignin in the resin, limiting the use of large amounts of lignin for wood
adhesives!?. Also, incorporating lignin into PF resin cannot entirely prevent the release
of formaldehyde. Therefore, developing a formaldehyde-free wood adhesive with high
lignin content is highly desired, but challenging.???

Recently, Celzard et al.?® investigated the reaction of condensed tannins with a
diamine. The result showed that covalent and ionic bonds between the amine and the
phenolic hydroxy groups of the tannin are formed at higher temperatures (at 180 °C),
leading to polycondensed resins. Subsequently, Delmotte et al?* prepared
polyurethanes using kraft lignin, hexamethylene diamine, and dimethyl carbonate
without isocyanates, indicating the potential reaction between lignin and diamine. The
above studies inspired us to believe that a direct combination of lignin and diamine

could afford polymerization and prepare novel adhesives for the wood industry.



However, to the best of our knowledge, this has never been investigated. In this study,
a formaldehyde-free wood-adhesive system consisting of alkali lignin and
poly(propylene glycol) bis(2-aminopropyl ether) (D2000) was designed. The potential
mechanism to form the lignin-based thermosets was investigated. In addition, their
utilization as wood adhesives for bonding particleboards has been demonstrated. This
study reports a facile strategy to prepare lignin-based wood adhesives to obtain
formaldehyde-free and high lignin-content particleboards.
2. Experimental methods
2.1 Materials

Dezhou Longli (Shandong) Co. provided commercial alkali lignin, Ltd. Wood
flour was provided by Dare Wood-Based Panel Group Co., Ltd. Poly(propylene glycol)
bis(2-aminopropyl ether) (D2000, M, =2000 g/mol, Sigma-Aldrich), p-toluenesulfonic
acid (TsOH, 99.9%, Macklin ) and 1,4-dioxane (99.9%, Sigma-Aldrich) were all used
as received.
2.2 Preparation of lignin-based thermosets

To prepare lignin-based thermosets with different compositions, the catalyst TsOH
(1 wt % of lignin) and different ratios of reactants (lignin over D2000) were added into
a glass flask together with 1,4-dioxane addition to achieve a homogeneous resin.
Specifically, alkali lignin (3.00 g), TsOH (0.03 g), and D2000 (2.25g) were mixed in
15 mL of dioxane. After stirring for 2 h at room temperature to completely dissolve
lignin, the mixture were poured into PTFE molds, heated at 110 °C for 8 h to evaporate

1,4-dioxane, and then heated at 180 °C for 24 h to produce lignin-based thermoset resins.



The cured thermosets were denoted according to the ratio of alkali lignin to D2000. For
example, LD 1:0.75 indicates that the weight ratio of alkali lignin to D2000 is 1 to 0.75.
Thermosets with LD of 1:1, 1:1.5, and 1:2 were also prepared similarly.
2.3 Panel processing

Firstly, lignin and D2000 were mixed with wood flour in designed formulations
(Table S1). After blending for 10 min, the mixtures were manually added into a wooden
mold. Next, the mat was placed onto a hot press and pressed at 180 °C for 15 min with
a pressure of 4.0 MPa.
2.4 Gel fraction measurement

The immersion method measured the gel fraction (Gy) of lignin-based resin. The
lignin-based thermosets (W;, ~0.5 g) were immersed in 20 mL of 1,4-dioxane at room
temperature for 48 h, and the insoluble fraction was dried to a constant weight (/) in
an oven at 80 °C for 16 h. The Gy of the sample was calculated as described by Eq. 1:

Gr = 37 X 100% (1)

2.5 Characterization

The Fourier Transform Infrared (FT-IR) spectra were recorded by a SPECTRUM
100 spectrophotometer (Perkin Elmer) from 4,000 to 600 cm™! with a resolution of 4
cm~! and a scanning number of 32 times. X-ray photoelectron spectroscopy (XPS) was
used to analyze the chemical structure of the materials, which was recorded on a
Thermo Fischer (America, ESCALAB) spectrometer using Al Ka excitation radiation
(X-ray source powered at 20 mA and 15 kV) and a vacuum system of 8x107'0 mbar.

NETZSCH Instruments DSC-214 obtained differential scanning calorimetry (DSC)



curve. The measurement was performed from -70 to 50 °C at a rate of 5 °C-min~! under
an N, atmosphere. Dynamic mechanical analysis (DMA) curves were recorded by
DMA Q800 under tensile mode from -80 to 200 °C with a heating rate of 3 °C-min"!
and an oscillation frequency of 1 Hz. Thermogravimetric analysis (TGA) was tested on
a NETZSCH TG 209F1 Libra equipment from 30 to 790 °C with a heating rate of 10 °C
min~! under an N, atmosphere. The cross-sectional view of the particleboards was
observed through a field emission scanning electron microscope (SEM, JSM-7800 F)
under 2.0 kV acceleration voltage. Samples were gold-coated in a vacuum sputter
coater. The composition of lignin was determined by standard National Renewable
Energy Laboratory (NREL) protocols. Quantitative 3'P NMR spectra of the lignin were
acquired by a Bruker AVANCE 600 MHz spectrometer (see support information for
details). Formaldehyde emission from the produced particleboards was measured using
the desiccator method based on JIS A 1460: 2001 (see support information for details).
3. Results and discussion

3.1 Synthesis of lignin-based thermosets
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Figure 1. (a) Overview of the fabrication of form aldehyde-free particleboard from lignin. (b) The
hot-pressing process and the image of the particleboards (500 mm %500 mm x7.5 mm). (¢) This
study compares the internal bonding (IB) strength, hypotoxicity, and biomass content of
particleboards using sustainable adhesives to previously reported adhesives 2°-3!. @ Unsaturated
polyester resin mixed with phenolic formaldehyde; ® Urea formaldehyde resin; ¢ Methylene diphenyl
diisocyanate; 4 Carboxymethyl starch mixed with polyvinyl alcohol; ¢ Cornstarch, mimosa tannin,
sugar, and citric acid; f Carboxylated cellulose nanocrystals filled starch; & Lignin and phenol-
formaldehyde resins.

The fabrication process of lignin-based adhesives and particleboard is shown in

Fig. 1a. Unlike most previous studies that modify lignin to reactive precursors with

complicated steps3>-3, the readily available wood flour, lignin and the commercially



available crosslinker (polyetheramine) were used without treatment or chemical
modification. They could be simply mixed and directly hot-pressed to generate
particleboards-a facile process in which lignin-based adhesive was synthesized
simultaneously with no formaldehyde emission (Fig. 1b). Moreover, the fabrication of
particleboards using this method could be easily dropped into the current wood-based
board facilities and upscaled for practical applications. Large-size wood-flour
particleboard of 500 mm X500 mm x%7.5 mm is easily prepared in our lab (Fig. 1b). We
conjectured that a covalently crosslinked network was formed by the direct reaction
between lignin and polyetheramine during the hot compression leading to the
particleboards with an unprecedented combination of extremely high internal bonding
(IB) strength of 1.42 MPa, biomass content of 75% lignin, and hypotoxicity (i.e.,
formaldehyde-free). It is recognized that there are usually trade-offs among the
mechanical strength, biomass content, and hypotoxicity to be achieved for the majority
of bio-based adhesives reported to date (Fig. 1¢)?>3!. For example, Moubarik et al.
reported a particleboard using carboxylated cellulose nanocrystals filled starch-based
adhesives. Although a similar biomass content was used (about 95%), the IB was only
around 0.55 MPa. Cetin et al3! investigated particleboard using the lignin-phenol-
formaldehyde adhesives. Although the IB was around 1.1 MPa, the biomass content
was only around 30%. We have achieved the fabrication of high-lignin content
particleboard with strong IB and low hypotoxicity using a straightforward approach.

3.2 Physicochemical properties of the lignin-based thermosets



(a) (b)

(c) :
—LD (1:0.75) 4 1 —_
LD (1:1) : 8¢5
_ - 41 LD (1:1.5) —_ H £
on G w———— £ ] ’ 62
- - £, £ = :
| | [ w 2] H s
] 8 2 g : ‘8
o= - ' F=
o N 0 4] ' 2 2
' ©
0 ————————r 0- ; [l
Before curing After curing 0 50 100 150 200 250 300 e@ .3‘\@ D Q{:‘ Q't‘\,\-f‘":\\'\?
Strain (%) TR oV NN
(@) (e)_ (et T Y o Ve
= ——LD (1:0.75) 2 [—tpo07s) 100 ——LD (1:0.75) }-14
o 104 LD (1:1) £ LD (1:1) .'I LD (1:1) 12
= "] LD (1:1.5) = LD (1:1.5) o LD (1:1.5) _
g 10° —LD (1:2) S |—LD(1:2) g\? 80 “': ——LD(1:2) [-10 'E
E S oy <3
3 107 E £ 60 =
= w 5 o
1
I L 5
£ 100 b
s 107 " 20
@ 00 T
. . 2
50 0 50 100 150 -80 -60 -40 20 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 2. (a) Lignin-based thermosets before and after curing. (b) The tensile testing curves for the
lignin-based thermosets. (c) Calculated tensile strengths and toughness of lignin-based thermosets.
(d) Storage modulus versus temperature for the thermosets. (¢) DSC and (f) TGA curves of lignin-
based thermosets with different LD ratios.

First, four lignin-based thermosets with different ratios of alkali lignin to D2000
(from 33 to 50 wt %) were prepared to evaluate the effect of lignin to crosslinkers ratio
on the physicochemical properties of thermosets. During the generation of lignin-based
thermosets, we first tried a direct hot compression of the lignin and D2000 mixture
without additional solvent, leading to a failure to obtain a homogeneous thermoset. This
result might be due to the polyetheramine's poor dispersion and dynamic mass
transportation of lignin. By contrast, a stable black thermoset could be afforded by
dissolving lignin and polyetheramine in dioxane before hot compression (Fig. 2a). Fig.
2b showed the tensile stress—strain curves of the lignin-based thermosets, and all the
lignin-based thermosets made with different LD ratios were very ductile with 82.9—

248.5% elongation at break. In comparison to previously reported results for lignin-



based thermosets, our work exhibited relatively high elongation at break36-38. We
believe that the structural flexibility of crosslinkers was the main reason providing the
impressive tensile strain. However, both tensile strength and toughness varied along
with the gradual increase in the crosslinker content. This fact was interrelated with the
crosslinking density and the rigidity of the covalently crosslinked chains. For example,
the stress and strain of LD (1:1.50) were 1.12 MPa and 215.3%, while LD (1:1) and LD
(1:0.75) were tougher with the stress of 3.92 and 3.55 MPa, and strain of 203.6 and
248.5%, respectively. The addition of a large amount of D2000 potentially reduced the
crosslink density and the stiffness of the thermoset (Fig. 2b and 2¢). The gel content
analysis confirmed the generation of crosslinked structures (Table 1), owing to the
effective reaction between lignin and D2000. However, the crosslinking density
initially increased and decreased as the lignin contents increased. When the lignin
content was low, fewer active sites were available for the reaction with D2000, resulting
in a lower network crosslink density. As the lignin content further increased, the number
of active sites to react with D2000 increased, increasing the crosslink density. However,
the excessive number of lignin addition would cause a decrease in the crosslink density
owing to the poor reactions among lignins. Therefore, LD (1:1) has the highest crosslink
density (310.79x10-3*mol m3). This trend was in agreement with the gel content and the
strength variation.

Table 1. Physicochemical properties of the lignin-based thermosets with different compositions

Er Gel content
sample T, (°Cy* T, (°C)° V. (10-3mol m3)d
(MPa)® (%)

LD (1:0.75) -50.2 -58.3 269.37 128.09 72.2



LD (1:1) -47.6 -60.1 660.32 310.79 81.3
LD (1:1.5) -48.3 -58.4 170.69 80.24 69.3
LD (1:2) -48.1 -59.7 33.90 15.82 61.1

a T, was measured from the peak of tan § peak based on DMA data; ®7, was obtained from DSC
analysis; ‘Obtained by DMA data at 7,+30 °C; 9The crosslinking density. (V) was calculated by
the equation G(T) = RTV,, where G is the rubber shear modulus, R is the universal gas constant,
and T is the absolute temperature.

The changes in storage modulus and loss factor (tan 0) as a function of temperature
are presented in Fig 2d and Fig S1. The modulus is usually related to the crosslinking
density. As expected, the storage modulus initially increased and then decreased as the
lignin contents increased at 25 °C (from 5.0 to 215.4 MPa). The 7, was also determined
from the peak temperature of tan 6 (Fig S1), and the peak maxima of tan 9 at -50.2, -
47.6, -48.3, and -48.1 °C were assigned as the T, for LD (1:0.75), (1:1), (1:1.5), and
(1:2), respectively. All lignin-based thermosets had low (< -45 °C) and similar glass
transition temperatures, which were attributed to the excellent flexibility of D2000.
Meanwhile, the T, trend was consistent with the one observed by DSC (Fig. 2e). Fig.
2f showed the thermal degradation of lignin-based thermosets in the range of 25 to 800
°C. All the lignin-based thermosets had excellent thermal stability, which was
suggested by the onset degradation temperature (expressed as Tgys, temperature at 5%
weight loss) (352.6-357.3 °C). All the TGA curves showed two major weight loss
stages. The first one was situated between 60 and 120 °C, probably caused by the
evaporation of water, while the second one, between 240 and 440 °C, was associated

with the cleavage of lignin linkages.3% 4° As the temperature continued to rise, the entire



lignin-based thermosets eventually decomposed to remain 17.18-23.87% of residual
carbon. Overall, the lignin-based thermosets can withstand high temperatures of 350 °C

and have good thermal stability.

3.3 Potential reaction mechanism of lignin-based thermosets synthesis
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Figure 3. (a, b) FT-IR spectra of LD (1:1) before and after the cure. N 1s XPS spectra of samples
before (c) and after (d) the cure. (¢) Proposed mechanism for the lignin-based thermosets.
Previously, several potential mechanisms have been suggested regarding lignin-
based reactions. For example, carbonium ions were formed in the lignin molecule under
acidic wood treatments, which readily reacted with the strong nucleophile*!- 42, In
addition, Pizzi et al.>>?* %3 have observed the generation of ionic and covalent bonds
between the amine and the phenolic hydroxy groups of tannin, leading to
polycondensation resins. Recently, self-bonding of the lignin structures via radicals
formation has also been demonstrated**. In order to reveal the potential reaction
mechanism of lignin-based thermosets, several analyses were performed, including

FTIR and XPS. The chemical structures of samples before and after the curing through



their FTIR spectra (Fig. 3(a, b)) clearly showed that the peaks at 3,200-3,450 cm’!

(hydroxyl and amino) and 1,590 cm™! (~NH bending vibration) significantly decreased,

suggesting that reactions between the amino groups of the crosslinker and the hydroxyl

groups of the lignin occurred. Meanwhile, the peaks at 1,089 cm! attributed to the

increase in the ether bonds,* due to condensation reactions between lignin molecules.*

In the XPS analysis (Fig. 3(c, d)), the N 1s XPS of samples showed the content of -

NH, decreased and the content of -NH and -NH;" increased before and after the cure.

These results indicate that there were both covalent and ionic bonds formed between

amino groups in D2000 and hydroxyl groups in lignin.

3.4 Applications as Wood Adhesives
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Figure 4. (a) The internal bonding strength of particleboards with different contents of D2000
(LDW-X, with “L” standing for lignin, “D” for D2000, “W” for wood flours, and the numbers “X”
for sample number, see Table S1 for details). (b) The cross-sectional view of the particleboards
with different contents was observed through SEM. The internal bonding strength of particleboards
with different hot-pressing temperatures (c), time (d), and different lignin content (e). (f) The
internal bonding strength of particleboards with different lignin. (g) Comparison between adhesives
presented herein and traditional adhesives in terms of formaldehyde emission. (h) Comparison
between sustainable adhesives presented herein and previously reported adhesives regarding 1B
strength and biomass content?8-31, 47,48,

The potential of using the lignin-based thermosets as formaldehyde-free wood
adhesives were also demonstrated in this work. Lignin and D2000 were added in
different proportions to wood flours (Table S1). All the particleboards fell in the range
of high-density particleboards with a density range from 804 to 866 kg/m>. Table 3
exhibits the thickness swelling (TS) and water absorption (WA) values of the
particleboards made from lignin-based thermosets. The TS and WA of LDW-6 (control
sample) were 18.28% and 73.42%, respectively. However, after the addition of D2000,
the TS values decreased within a range of 5.17%—16.79%. Similarly, WA values were
decreased within a range of 50.04%67.85%. These results indicated that D2000
improved the contact among the fine particles, which caused the closed structure of the
board*- 3°. Besides, the dispersion of the D2000 over the particleboards might also
reduce water absorption since D2000 possessed a hydrophobic structure, contributing

to the lower WA of the particleboards’!.



Table 3. Physical properties of particleboards.

Sample Density (kg/m3)  Thickness swelling Water absorption
(o) (%)
LDW-1 804.52+2.61 5.17+0.50 50.04+1.88
LDW-2 822.10+9.71 6.70+=1.32 59.74+7.68
LDW-3 829.83+5.40 6.86+3.47 63.95+0.61
LDW-4 839.01+6.68 12.75+£2.03 64.86+5.24
LDW-5 865.98+17.58 16.79+4.58 67.85+£5.45
LDW-6 896.79+3.90 18.28+5.21 73.42+5.44

The internal bonding strength of the particleboard made with lignin-based
thermosets were 1.2-3.3 MPa (Fig. 4a). The IB strength initially increased and then
decreased as the contents of D2000 decreased. Without D2000 addition, the IB strength
decreased to 1.2 MPa. The IB strength of particleboard was highly dependent on the
crosslinking density of cured resin network>2. The findings agreed with the crosslinking
density of lignin-based thermosets (Table 2), and the addition of a large amount of
D2000 reduced the crosslink density of the thermosets. Moreover, to evaluate the
microstructure of the particleboards, the micrographs of cross-sections of the
particleboards were observed by SEM (Fig. 4b). From the micrographs obtained
through cross-section, the smoother surface of the wood flours was observed as the
contents of D2000 increased. These results indicated that D2000 increased the
connection between lignin and wood flours and improved the interfacial compatibility
between these two materials.

In addition to the crosslinker ratio, the effect of hot-press temperature and time on

IB strength was evaluated (Fig. 4 ¢, d). The IB strength gradually increased from 2.7 to



3.7 MPa when the hot-press temperature increased from 160 to 200 °C. Similarly, the
IB strength significantly increased from 1.3 to 3.2 MPa when the hot-press time
increased from 1.5 to 15 min. This result suggests that by prolonging the hot-press
duration and elevating the temperature, the resin adhesive can achieve a more thorough
curing process. Hence, adjusting the hot-pressing conditions can easily modify the
board's performance. We also investigated the effect of lignin content on the IB strength
of particleboards (Fig. 4e). The IB strength initially increased and then decreased as
lignin content decreased. With no lignin addition, the IB strength significantly
decreased to 0.4 MPa. This result suggests that lignin in particleboards serves a similar
role as in natural wood, acting as an adhesive that enhances the bonding strength
between wood particles. Therefore, we explored the impacts of the lignin varieties in
planta on particleboard performances. Corn stover, populus, and masson pine were
selected in this research as representative feedstocks of herbaceous plants, hardwood,
and softwood, respectively. As shown in Fig. 4f, the IB strength of the particleboards
showed significant differences among hardwood, softwood, and herbaceous biomass.
In particular, the IB strength of the particleboards made of lignin from populus
(hardwood) was 3.0 MPa, which was higher than others from both corn stover (2.0 MPa,
herbaceous plants) and Masson pine (1.5 MPa, softwood). By analyzing the
components of the samples (Table S2). The results showed that the pure lignin content
of Masson pine was the lowest (70.50%), which caused lower IB strength of the
particleboards. However, the IB strength of the particleboards made from corn stover

with the highest lignin content is lower than populus. In order to further reveal the



structural variations, the hydroxyl groups and molecular weight of populus and corn
stover lignin were analyzed by quantitative 3'P NMR and gel permeation
chromatography, respectively. As shown in Table S3 and Table S4, although the
hydroxyl groups of corn stover lignin (10.00 mmol/g) were higher than populus lignin
(5.29 mmol/g), the molecular weight of corn stover lignin (3429 g/mol) was
significantly lower than populus lignin (8669 g/mol). This comparison result indicated
that the molecular weight of lignin was another dominant factor in improving the IB
strength of particleboards. Larger molecular weight lignin has already provided specific
crosslinking density to the network and,> in turn, enhances the IB strength.

According to the raw material ratio and hot-press conditions of LDW-4, we further
enlarged the size of the particleboards to 500 mm x500 mm X%7.5 mm (as shown in
Figure S3) with a target density of 820 kg/m3. The TA, WA, 1B, modulus of rupture
(MOR), and modulus of elasticity (MOE) for the particleboards are listed in Table S5.
The formaldehyde was not detected by a desiccator method (Fig. 4g). In comparison to
previously reported results for particleboards (Fig. 4h), the studied particleboards
exhibited high biobased content and excellent IB strength.

4. Conclusions

This study investigates the use of a formaldehyde-free wood adhesive system
made of alkali lignin and poly(propylene glycol) bis(2-aminopropyl ether) (D2000) to
prepare particleboards. During the hot-pressing process, the lignin and D2000 form
crosslinked networks containing ionic bonds and covalent bonds, leading to

particleboards with high internal bonding strength, high biomass content, and low



toxicity. The IB strength, MOR, and MOE for the particleboards were 1.42 MPa, 16.74

MPa, and 1831.80 MPa, respectively. Previous studies using bio-based adhesives have

faced challenges in achieving high biomass content and IB strength, but this study

outperforms those reported to date. Although the comprehensive properties of

particleboards need to be further improved, this facile strategy shows its potential to

fabricate formaldehyde-free, high-lignin-content wood adhesives in the future.
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