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ABSTRACT

Lignin is the most abundant aromatic natural polymer, and receiving great attention in replacing various petro-
leum-based polymers. The aim of this study is to investigate the feasibility of technical lignin as a polyol for the
synthesis of non-isocyanate polyurethane (NIPU) adhesives to substitute current polyurethane (PU) adhesives
that have been synthesized with toxic isocyanate and polyols. Crude hardwood kraft lignin (C-HKL) was extracted
from black liquor from a pulp mill followed by acetone fractionation to obtain acetone soluble-HKL (AS-HKL).
Then, C-HKL, AS-HKL, and softwood sodium lignosulfonate (LS) were used for the synthesis of technical lignin-
based NIPU adhesives through carbonation and polyamination and silane as a cross-linker. Their adhesion per-
formance was determined for plywood. FTIR spectra showed the formation of urethane bonds and the reaction
between lignin and silane. The NIPU adhesives prepared with C-HKL showed the highest adhesion strength
among the three lignin-based NIPU adhesives. As the silane addition level increased, the adhesion strength of
NIPU adhesives increased whereas formaldehyde emission decreased for all NIPU adhesives prepared. These
results indicate that NIPU adhesives based on technical kraft lignin have a great potential as polyol for the synth-
esis of bio-based NIPU adhesives for wood bonding.
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1 Introduction

Polyurethane (PU) is one of the widely used polymers and was first synthesized with aliphatic and
aromatic isocyanates by German chemists Wurtz and Hoffman in 1849. PU has been widely used in
numerous applications owing to its versatility and affordable replacement of scarce materials [1,2].
However, several risks and problems with isocyanate monomers have been steadily raised. First,
diisocyanate is most commonly synthesized via the toxic phosgene route (Fig. 1). Additionally, owing to
the electrophilicity of isocyanate, it exhibits considerably high reactivity with water and other chemicals
[3]. Furthermore, the recycling and disposal of expired isocyanate PU remain challenging [4].

As shown in Fig. 2, PU is generally formed via the reaction of diisocyanate synthesized through the
phosgene route with a polyol [5]. The high risk of the phosgene route and the low sustainability of the
materials have led to the development of new PU synthetic routes.
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The first advanced attempt was conducted by excluding conventional materials, commonly referred to as
non-isocyanate PU (NIPU) method. Oligomers terminated with carbonate-modified 5-membered cyclic
carbonate successfully formed hydroxy urethane bonds in reaction with diamine [6]. Many studies have
been conducted to improve the function of NIPU, and significant improvements have been found in the
mechanical strength [7–10], fire retardancy [8,11,12], and thermal stability [11,13–15] of NIPU itself, as
well as adhesion performance of wood composites [13,14,16–18]. Advanced NIPUs must be prepared
with superior materials with economic and environmental benefits. Dimethyl carbonate (DMC) is a
suitable solvent that can be used in carbonation [19,20]. DMC allows better control of spontaneous
crosslinking reactions compared to epoxide groups and can also be obtained from renewable sources such
as glycerin or CO2 [21]. Additionally, no toxicity has been identified by contact or inhalation (Merck’s
index). NIPU research with DMC with controllable reactivity and safety has advanced considerably
[7,16,22–25]. The hydroxy urethane bond formed by reacting with the primary amine is more robust than
other types of amines (secondary and tertiary amines). It may be formed at a relatively low temperature
(about 70°C) [26]. Additionally, the mechanical properties and chemical resistance of the synthesized
NIPU are the best [27]. Hexamethylenediamine (HMDA) has the best potential among primary amines
and is therefore being adopted in several NIPU studies [7,13,14,16,17,25,28,29].

Meanwhile, lignin [9,10,18,30–33], tannin [8,11–14,22–24,29,34], saccharides [11,16], plant oil [35],
and soy protein [28] are examples of bio-polyols that can form the framework of the NIPU. Ingredients
except lignin and tannin were excluded because of the disadvantage of having to compete with the food
industry. As one of the most abundant forest product biomass on the earth, the use of lignin, which has
yet to be given a straightforward industrial use, should be presented. Lignin is a phenolic polymer formed
by oxygen radical polymerization of three basic monolignols. The oxygen radicals of monolignols exhibit
different resonance structures, and they combine to form complex crosslinking bonds [36], an important
aspect that promotes research on lignin utilization. In order to further increase the endless availability of
lignin, lignin fractionation using solvents that increase the reactivity of lignin and obtain various chemical
properties may be attempted. Fractionated lignin exhibits various molecular weights and polydispersity
index (PDI) and acquires new properties [37–40]. Due to repeated modifications and advances in lignin,
its commercialization has reached a visible level, and recently, cellulose/lignin composite films with high
water resistance have also been invented [41].

Figure 1: Phosgene route for synthesizing diisocyanate

Figure 2: Mechanism of PU synthesis using diisocyanate and polyol
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Synthesis of NIPU from lignin was performed based on the polyaddition of carbonate and amine
described previously. On the other hand, some studies have led to carbonation through epoxy-based
materials, catalysts, and CO2 fixation at high pressure instead of directly using factory-processed
carbonate as a carbonation solvent [30,42]. CO2 fixation is a reasonably exciting achievement, but the
toxicity of epoxy-based materials such as epichlorohydrin (ECH) and the composition of a high-pressure
environment for CO2 fixation are challenges to be solved. The method attempted to overcome this
problem is the procedure for oxyalkylation and carbonation of lignin hydroxyl groups using non-toxic
carbonate. Sternberg and Pilla synthesized 100% bio-based carbon-containing NIPU foam with crude
softwood kraft lignin, non-toxic carbonate, and fatty acid-based diamine [9]. In another study, NIPU with
lignosulfonate as a bio-polyol was synthesized [31]. However, these procedures are still more complex
than the simple polyaddition processes of DMC and HMDA. Saražin synthesized NIPU adhesives
through a coreaction of organosolv lignin (OL) with DMC and HMDA [18]. The adhesion performance
of particle boards prepared with synthesized adhesives met the criteria.

On the other hand, no research has been conducted on the procedure for synthesizing NIPUs through a
multi-addition process using DMC and HMDA by technical lignins such as hardwood kraft lignin (HKL) and
softwood sodium lignosulfonate (LS). Moreover, hydroxyl groups in hydroxy urethane bonds present
throughout the NIPU structure improve adhesion and resistance to organic solvents at the expense of
improved water uptake [15]. Nevertheless, research on NIPU synthesis to develop adhesives and confirm
adhesion performance has been limited. Therefore, this study aims to investigate the feasibility of
technical lignin as bio-polyol for the synthesis of NIPU adhesives through lignin carbonation and
polyamination, and by characterizing their properties and determining their adhesion performance.

2 Materials and Methods

2.1 Materials
HKL was extracted from black liquor from a pulp mill (Moorim P&P Co., Ltd., Ulsan, Korea).

In addition, LS obtained by treating black liquor from sodium sulfite pulping mill (Yunjinglinzhi Co.,
Ltd., Kunming, China) was used without further treatment. Fig. 3 displays three technical lignin samples
used in this study. Sulfuric acid, 20 wt% sodium hydroxide, acetone, pyridine, and acetic anhydride were
purchased from a local supplier (Duksan Pure Chemicals Co., Ltd., Ansan, Korea). Tetrahydrofuran
(THF), purchased by Sigma Aldrich (St. Louis, MS, USA), was used as a mobile phase for gel
permeation chromatography (GPC). In addition, dimethyl carbonate (DMC, 99 wt%) and (3-
glycidyloxypropyl)trimethoxysilane (GPTMS) were purchased from Sigma Aldrich (St. Louis, MS,
USA). Hexamethylenediamine (HMDA), acetic acid, ammonium acetate, and acetylacetone were
purchased from a local supplier (Daejung Chemicals & Metals Co., Ltd., Siheung, Korea).

Figure 3: Photographs of lignin used in this work; crude-HKL (C-HKL, left), acetone soluble-HKL (AS-
HKL, middle), and LS (right)
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2.2 Methods

2.2.1 Extraction and Acetone Fractionation of HKL
First, 350 mL of hardwood kraft pulping black liquor was placed into a reactor, and the pH of the

solution was set to 9.0 using a 4 N aqueous sulfuric acid solution. Thereafter, the solution was stirred for
1 h at 70°C. The resulting suspension was filtered using a Büchner funnel and filter paper (No. 41,
Whatman International Ltd., Maidstone, UK). Subsequently, the filtered solid was placed in the reactor.
Afterward, 1000 mL of 2 wt% aqueous sulfuric acid solution was added per 100 g of the solid for
washing, followed by filtration under the same conditions as in the previous step. Finally, the filtered
solid was placed into the reactor, and 1000 mL of distilled water was added per 100 g of solid, followed
by washing and filtration under the same conditions as those adopted in the previous steps. Thereafter,
the filtered solid was dried at 60°C to obtain C-HKL powder. The dried C-HKL was washed with
distilled water at room temperature for 2 h. The suspension was filtered with a Büchner funnel and filter
paper (Whatman No. 41), and the solid was dried at 60°C for two days. The C-HKL was acetone
fractionated to obtain AS-HKL and acetone insoluble-HKL (AI-HKL) according to the reported method [43].

2.2.2 Chemical Characterization of HKL
Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy (ALPHA-P, Bruker

Optics GmbH, Ettlingen, Germany) was used to identify the aliphatic and phenolic hydroxyl groups of
HKL as bio-polyol for NIPU adhesives. Prior to the analysis, HKL was heated using an oven at 105°C to
remove moisture, and 32 scans were performed in the range of 400–4000 cm−1 with a resolution of
4 cm−1 for the minimum–maximum normalization of each sample spectrum.

A gel permeation chromatography (GPC, e2695, Waters Alliance, Milford, MA, USA) was used to
measure the molecular weight and polydispersity of C-HKL, AS-HKL, and AI-HKL. Prior to measuring
the molecular weight using GPC, three lignin samples were acetylated with pyridine and acetic anhydride
under stirring. The acetylated lignin samples were filtered with a filter paper (Whatman 0.45 µm nylon
membrane filter), and dried to obtain an acetylated lignin [44,45]. The lignin sample for GPC analysis
was obtained by dissolving 2 mg of acetylated lignin in 1 mL of THF, followed by ultrasonication for 5 s
and filtration with a 0.45 mm polytetrafluoroethylene syringe filter [46]. The polystyrene standard with a
molecular weight of 1060 Da–2330 kDa was used. The molecular weight measurement using the GPC
equipped with a refractive index (RI) detector was performed using a set of column ovens at 35°C and a
set at a flow rate of 1 mL/min.

Elemental analysis was performed using an element analyzer (Flash 2000, ThermoFisher Scientific,
Waltham, MA, USA) to confirm the changes in the elemental composition due to the acetone fraction of
HKL. Prior to the analysis, the lignin specimen was sufficiently dried at 105°C [47]. For this test, 20 mg
of a lignin specimen was placed into a device and burned in the presence of a catalyst at 950°C. The
emitted gas was separated into a fixed phase column, and the gas composition was determined using a
thermal conductivity detector (TCD).

The ash content was analyzed to confirm the changes in the ash content due to the acetone fractionation
of HKL. The lignin used in the ash content test was prepared using 0.7 g of the specimen. The specimen
weight was measured after completely removing moisture from lignin at 105°C using an oven, similar to
the elemental analysis method. Thereafter, the specimen was placed in a crucible and burned at a
temperature of 525°C ± 25°C for 4 h using a furnace. The ash content of kraft lignin was calculated
using the weight ratio before and after combustion, as shown in Eq. (1).

Ash content ðwt%Þ ¼ ash weight after combustion ðgÞ
lignin weight before combustion ðgÞ � 100ð%Þ (1)
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2.2.3 Synthesis and Properties of NIPU Adhesives
Three lignin samples, C-HKL, AS-HKL, and LS, were used for the synthesis of NIPU adhesives through

carbonation and polyamination, as reported [18]. The carbonation refers to the reaction of HKL and LS as
bio-polyols with DMC to attach carbonate to aromatic and aliphatic hydroxyl groups of lignin. For the
synthesis of HKL-NIPU, 25.9 wt% of HKL powder and 21.6 wt% of distilled water were poured into a
3-neck flask equipped with a reflux condenser. And 17.5 wt% of DMC was added into the reactor under
stirring at 50°C for 40 min with a magnetic bar, then cooled at room temperature. For the synthesis of
LS-NIPU adhesive, 26 wt% of LS powder and 32.6 wt% of distilled water were poured into a three-neck
flask. And 26.4 wt% of DMC was added into the reactor under stirring 50°C for 40 min with a magnetic
bar, then cooled to room temperature. The pH of NIPU adhesives prepared was measured immediately
after the synthesis of adhesives, using a pH meter (SevenCompact S210, METTLER TOLEDO,
Columbus, OH, USA). The solids content was determined by measuring the mass before and after drying
1 g of the sample at 105°C for 3 h. The viscosity of the samples was measured using a viscometer (DV-II
+, Brookfield, Middleboro, MA, USA) with 82 spindle numbers at 20 rpm.

2.2.4 Chemical Characterization of NIPU Adhesives
ATR-FTIR spectra were analyzed for NIPU adhesives to confirm the formation of urethane bonds and

silane reaction with lignin prepared by the same condition. Furthermore, differential scanning calorimetry
(DSC) (Discovery 25, TA Instruments, New Castle, DE, USA) was used to confirm the peak related to
the urethane bond through the thermal curing behavior of NIPU. Considering the solid content of the two
adhesives, 8 mg–10 mg of HKL-NIPU and 18 mg–20 mg of LS-NIPU were sealed in a high-pressure
capsule pan. The NIPU adhesives were scanned in the range of 0°C–200°C; the heating rate was 2.5, 5,
10, and 20°C/min; and the nitrogen flow rate was 50 mL/min. The reaction enthalpy and conversion (α)
were calculated using the software installed in the DSC system (Universal Analysis 2000 V4.5A, TA
Instruments, New Castle, DE, USA).

2.2.5 Adhesion Performance of NIPU Adhesives for Plywood
Plywood was manufactured using three Radiata pine veneers. The prepared NIPU adhesive was applied

to the veneer without a hardener and extender. The three-ply plywood sample was prepared with a glue
spread of 300 g/m2 and a dimension of 300 mm × 300 mm × 6 mm. The plywood assembly was first
cold pressed using an appropriate weight at room temperature for 15 min and subsequently hot pressed.
Similar to those in previous studies [18], the hot press conditions in the preliminary test were a pressure
of 1 MPa applied for 6 min at 200°C. However, owing to excessively high temperatures, all adhesives
were evaporated before the sufficient permeation of the adhesive into the adherend, resulting in
delamination. Among the two hot press conditions––9 min at 160°C and 8 min at 180°C––the latter
condition comprising the newly modified pressing temperature and time was more beneficial. Therefore,
the hot press conditions of this experiment were set to an applied pressure of 1 MPa for 8 min at 180°C
after 15 min of cold pressing. Prior to further experiments, all samples were cured at room temperature
for 24 h to stabilize the adhesive surface.

Tensile shear strength (TSS), wood failure (WF), and formaldehyde emission (FE) of plywood were
measured according to Korean standards (KS F 3101 and KS M 1998). TSS was measured employing a
universal testing machine (UTM, TX0044-Model-H50KS, Hounsfield, Redhill, UK) at a crosshead speed
of 2 mm/min using 10 samples per one resin (dimension: 25 mm × 80 mm × 6 mm). For the FE test (KS
M 1998, 24 h desiccator method), 12 FE samples (dimension: 50 mm × 150 mm × 6 mm) and 300 mL
of H2O were added to a desiccator and held at 20°C ± 2°C for 24 h. Subsequently, 25 mL of the water in
the desiccator was added to a 100 mL Erlenmeyer flask. The mixed solution was then heated in a water
bath at 65°C ± 2°C for 10 min and cooled to room temperature for 30 min in the dark. The FE of each
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specimen was evaluated using an ultraviolet-visible spectrophotometer (OPTIZEN POP, KLAB Co., Ltd.,
Daejeon, South Korea) at a wavelength of 412 nm.

3 Results and Discussion

3.1 Extraction and Acetone Fractionation Yield of HKL
The yield and molecular weight of the extracted lignin increase in applied pH during extraction [48,49].

Therefore, the characteristics of lignin are substantially affected by the process conditions and additives used
for pulping. Considering the various by-products of the pulping process, several methods for measuring the
solid content (total dissolved solid method) in extracted lignin have been developed. Herein, the TAPPI/
ANSI T 650 om-15 method was used to calculate the HKL yield. The calculated yield using Eqs. (2) and
(3) of C-HKL is 19.63 wt%.

Recovery yield ðwt%Þ ¼ Dried black liquor ðgÞ
Black liquor before drying ðgÞ � 100ð%Þ (2)

C�HKL yield ðwt%Þ ¼ C�HKL after extraction ðgÞ
Black liquor for extraction ðgÞ � Recovery yield

100

� 100ð%Þ (3)

The yield of AS-HKL and AI-HKL obtained through acetone fractionation was calculated using
Eqs. (4) and (5), respectively, as approximately 7:3, which is similar to the values obtained in previous
studies [50].

AS�HKL yield ðwt%Þ ¼ AS�HKL output ðgÞ
C�HKL input ðgÞ � 100ð%Þ (4)

AI�HKL yield ð%Þ ¼ AI�HKL output ðgÞ
C�HKL input ðgÞ � 100ð%Þ (5)

3.2 FTIR Analysis of HKL
Functional groups in C-HKL, AS-HKL, and AI-HKL were characterized using ATR-FTIR

spectroscopy. The spectra of all the extracted and acetone-fractionated HKL are shown in Fig. 4, and the
wavenumber of each peak is listed in Table 1. The peak positions in the C-HKL and AS-HKL spectra,
which were expected to be refined at a relatively similar level, were approximately similar, and the
intensities of peaks corresponding to the functional groups in AI-HKL were different from those in other
lignin spectra. However, peaks corresponding to new functional groups were not observed, which is
consistent with the previous studies [48]. The peaks at 3358, 2917, 2848, 1705, 1596, 1511, 1459, 1422,
1323, 1268, 1211, 1110, 1088, 1033, and 826 cm−1 are typical peaks of kraft lignin [51–53]. The peaks
of 2917 and 2848 cm−1 correspond to the C–H axis deformation of CH2 and CH3 in the aliphatic side
chain, and the peaks at 1596, 1511, and 1422 cm−1 are associated with various skeletal vibrations of
aromatic rings (C=C bonds). Furthermore, the peaks at 1268 and 1211 cm−1 correspond to the C–O
bands associated with the guaiacyl and syringyl monomers of hardwood lignin, respectively. The peak of
3358 cm−1 is related to the aliphatic and aromatic (phenol) hydroxyl groups of lignin. The high
reactivity and functionality of hydroxyl groups may play a significant role in the HKL-NIPU synthesis.
Therefore, all lignin samples could function as bio-polyols for NIPU adhesives owing to the hydroxyl
groups in lignin.
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3.3 Molecular Weight Analysis of HKL
For molecular weight measurement, all HKL samples were acetylated according to the reaction, as

shown in Fig. 5. ATR-FTIR spectra, shown in Fig. 6, confirm the acetylation of HKL samples. Table 2
presents the weight-average molecular weight (Mw), number-average molecular weight (Mn), and
polydispersity index (PDI). The results were consistent with the values obtained from the black liquor
procured from the same factory and subjected to the same extraction process [50]. The results confirmed
that the molecular weight of AS-HKL was relatively low and had a narrow distribution range, showing
potential as a polyol for NIPU synthesis [54–57]. By contrast, the molecular weight of AI-HKL was
relatively high and a broad distribution range. These results are consistent with previous studies and
suggest that AS-HKL comprise a fewer polymer molecules than that of AI-HKL [58].

Figure 4: ATR-FTIR spectra of extracted or acetone-fractionated HKL samples

Table 1: Functional group assignment of each peak in the HKL spectra

Wavenumber
(cm−1)

Functional group

3358 O–H bond

2917 C–H asymmetric stretching

2848 C–H symmetric stretching

1705 C=O symmetric/asymmetric stretching

1596, 1511 Aromatic skeletal vibration (C=C bond)

1459 Asymmetric flexural deformation of methyl and methylene groups

1422 In-plane deformation of C–H by aromatic ring stretching (C=C bond)

1323 Symmetric bending deformation of the methyl group

1268 C–O of syringyl ring

1211 C–O of guaiacyl ring

1110 C–C + C–O stretching

1088 C–O deformation of ester bonds

1033 Aromatic C–H in-plane deformation (G > S) + C–O deformation of primary alcohol

826 C–H out-of-plane of 2, 5, and 6 carbon of guaiacyl monomers
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3.4 Elemental and Ash Content Analysis of HKL
The elemental composition of the three lignin samples, C-HKL, AS-HKL, and AI-HKL, was analyzed

via elemental analysis. The composition of the burned kraft lignin in the form of gas was detected using the

Figure 5: Acetylation of extracted and acetone-fractionated HKL

Table 2: Molecular weights of HKL samples by GPC analysis

Lignin Mw (g/mol) Mn (g/mol) PDI

C-HKL 4436 2441 1.82

AS-HKL 3270 2231 1.47

AI-HKL 13191 4238 3.11

Figure 6: ATR-FTIR spectra of acetylated C-HKL, AS-HKL, and AI-HKL
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TCD. Table 3 lists the element composition, empirical formula, and ash content of C-HKL, AS-HKL, and AI-
HKL. The elemental composition of AS-HKL and C-HKL were similar. In contrast, the carbon and oxygen
contents of AI-HKL were significantly different from those of AS-HKL and C-HKL. The ash content of the
three lignin samples was substantially lower than that obtained in other pulping processes, and high
impurities remained in the order of AI-HKL, C-HKL, and AS-HKL [49,59]. The elemental composition
of LS was similar to previous studies [60–63]. The high ash content (18.5 wt%) of LS was ascribed to a
high content of metal ions in LS.

3.5 Physical Properties of NIPU Adhesives
Table 4 presents the pH, solids content, and viscosity of HKL-NIPU and LS-NIPU adhesives prepared.

AI-HKL was not used for the synthesis of NIPU adhesives because of its insufficient yield for the NIPU
synthesis. The pH of HKL-NIPU and LS-NIPU adhesives was approximately 10.5 and 9.6, respectively.
This difference in pH values is due to the pH of bio-polyol and the composition of materials (lignin,
DMC, and HMDA). Furthermore, as the silane content increased, the pH of adhesives slightly increased.
The solid content of HKL-NIPU was higher than that of LS-NIPU, which was slightly different from
those obtained in previous studies [18]. The solids content of all the adhesives increased with an increase
in the silane content. In addition, LS-NIPU adhesive was hardened when 20% silane as a crosslinker was
added. The most significant difference between the NIPU adhesives is observed for their viscosity
(Table 4). The viscosity of HKL-NIPU adhesive was approximately 10 times higher than that of LS-
NIPU. This is due to differences in the temperature during the polyamination of HKL-NIPU and LS-NIPU.

Table 3: Element composition and ash content of C-HKL, AS-HKL, and AI-HKL

Lignin C (%) H (%) O (%) N (%) S (%) Empirical formula Ash content (%)

C-HKL 63.03 5.67 28.99 0.39 1.92 C5.25H5.62O1.81N0.03S0.06 0.40

AS-HKL 63.81 5.72 28.30 0.29 1.88 C5.31H5.68O1.77N0.02S0.06 0.06

AI-HKL 58.84 5.96 32.80 0.55 1.85 C4.90H5.91O2.05N0.04S0.06 0.57

Table 4: Properties of NIPU adhesives prepared in this study

Lignin Silane (wt%) pH Solid content (wt%) Viscosity (mPas)

C-HKL 0 10.5 50.5 1,094

10 10.6 56.4 2,440

20 11.0 58.8 6,790

AS-HKL 0 10.6 50.7 764

10 10.7 54.1 1,690

20 10.5 59.0 3,955

LS 0 9.6 40.1 94

10 9.6 42.0 105

20 N/A* N/A* N/A*
Note: *N/A means not available.
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3.6 FTIR Analysis of NIPU Adhesives
Figs. 7 and 8 show the reaction schemes of the NIPU adhesives based on HKL and LS, respectively, via

carbonation and amination with HMDA to form urethane bonds. HMDAwas added to DMC, cooled to 30°C,
then stirred for 2 h at 90°C to form urethane bonds in HKL-NIPU adhesives. 15 wt% LS was added to
carbonated intermediates in the reactor to cool to 30°C and then stirred for 2 h at 60°C to synthesize LS-
NIPU adhesives. The polyamination temperature of LS-NIPU was set low because the crosslinking
reaction rate was fast, and the adhesive was cured when the reaction was carried out at the same
temperature as HKL-NIPU. In addition, two GPTMS addition levels (10% and 20% of the dry mass of
NIPU) as a crosslinker were added to help cross-linking, leading to an improvement of the adhesion
[18,64–67].

The functional groups in NIPU were characterized using ATR-FTIR spectroscopy. Fig. 9 displays the
NIPU spectra, and the assignment of each peak is presented in Table 5. The spectra of HKL-NIPU and
LS-NIPU were slightly different. The common peaks in the spectra are as follows. Peaks associated with
the C=O bond of the urethane bonding were observed at 1680 and 1531 cm−1, which were not detected
in lignin spectra (Fig. 4). Additionally, these peaks represent the NH–CO urethane structure
[16,22,23,68]. Furthermore, the peak at 1259 cm−1 is related to the structure of NH–CO urethane, the
amide structure of the urethane bond [16,23,68], and the epoxy group of silane [66]. The peaks of 2929,
2854, and 1460 cm−1 represent asymmetric stretching of the –CH2– chain of HMDA [18]. The peaks at
3310–3337 and 1033 cm−1 correspond to the hydrogen-bond stretching of aliphatic alcohol, and
therefore, they represent side chains of lignin units. The presence of a broad peak at 3310–3337 cm−1

implies that the same amount of hydroxyl group as the urethane bond is newly formed rather than
consumed by the reaction when the urethane bond of NIPU mainly forms in the free phenolic hydroxyl

Figure 7: Reaction scheme of the synthesis of HKL-NIPU
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group of lignin or C=C double bonds in the α and β bonds of lignin [18]. Additionally, when comparing the
FTIR spectra of the HKL and NIPU, the width of the broad peak of the –OH group of 3100–3500 cm−1 in the
HKL is considerably narrower in the NIPU. It is due to the evaporation of water during the crosslinking
process and the condensation reaction between hydroxymethyl groups or hydroxymethyl groups and NH2

groups [69]. The peak at 1033 cm−1 is also associated with the Si–O–C and Si–O–Si bonds in the silane
crosslinker (GPTMS) [66]. The peak at 1116–1139 cm−1 is related to the epoxy group of GPTMS and the
Si–O–C and Si–O–Si bonds caused by GPTMS [65]. The peak at 817 cm−1 is related to the Si–O–C
bond caused by GPTMS and the Si–OH bond due to the hydrolysis of GPTMS [66,70].

Next, the peaks detected in the HKL-NIPU or LS-NIPU spectrum are described. The small peak at
1510 cm−1 observed only in the LS-NIPU spectrum is associated with the C–H bending vibration (C=C
bond) of –CH2– and –CH3 of LS [59]. This observation implies that unreacted LS remained after
carbonation and polyamination, which affected the adhesion performance. A peak at 1009 cm−1

associated with the silanol group (Si–OH) produced via GPTMS hydrolysis was observed in all HKL-
NIPU spectra but was absent in the LS-NIPU spectrum. The prominent peak of LS-NIPU at 1034 cm−1

can be regarded as an overlapping peak, which masks the peaks corresponding to various functional
groups overlapped with other peaks [18]. However, HKL-NIPU possesses better reaction activity between
the crosslinker and NIPU in the absence of masking. Additionally, the peak at 1190 cm−1 is related to the
Si–C bond of silane, which is present only in LS-NIPU [65]. ATR-FTIR spectroscopy confirmed that the
urethane and silane bonds in the HKL-NIPU and LS-NIPU adhesives were formed at different levels.

Figure 8: Synthesis mechanism of LS-NIPU
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Figure 9: ATR-FTIR spectra of NIPU samples with different silane contents

Table 5: Functional group assignment of each peak in the NIPU spectra

Wavenumber
(cm−1)

Functional group

3310–3337,
1033

Hydrogen bond stretching of aliphatic alcohol (side chain of lignin units) and Si–O–C
and Si–O–Si bond of silane

2929, 2854,
1460

Asymmetric stretching of the –CH2– chain belonging to HMDA

1680, 1531 C=O bond and NH–CO of the urethane group

1510 C–H bending vibration of –CH2– and –CH3 in LS (C=C bond)

1259 NH–CO urethane structure or amide group or epoxy group of silane

1190 Si–C of silane

1116–1139 Epoxy group of silane, and Si–O–C and Si–O–Si bond

1009 Silanol group (Si–OH) by hydrolysis of silane

817 Si–O–Si and Si–OH of silane
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3.7 Thermal Curing Behavior of NIPU Adhesives
The thermal curing behavior of NIPU adhesives was characterized using DSC. Fig. 10 displays DSC

thermograms of NIPU adhesive samples. For all adhesives, an exothermic peak corresponding to the
urethane bond was observed for all NIPU adhesives. Furthermore, the onset temperature (Tonset) was
approximately 50°C–60°C, which was similar to the Tonset of the exothermic peak due to the urethane
bond of the NIPU adhesive [30,67]. Additionally, the glass transition temperature (Tg) of NIPU adhesives
formed by adding HMDA during polyamination was the same as that observed in a previous study [30].
As presented in Fig. 11, the Tonset, Tg, and curing peak temperature (Tp) decreased after the addition of
silane, which was consistent with the results of the previous study [67]. These results confirm that
GPTMS aids in achieving complete curing and excellent bonding performance under the hot press.
Furthermore, the exothermic peak observed for the curing of LS-NIPU was smaller than that detected for
HKL-NIPU adhesives, confirming that the urethane binding activity of LS-NIPU was lower than that of
HKL-NIPU. Therefore, DSC results confirmed the presence of the urethane bond in the NIPU adhesives
and the adhesion performance of NIPU adhesives with the addition of the silane as a crosslinker.

As shown in Fig. 11, the curing reaction of HKL-NIPU adhesives cure at lower temperatures than those
of LS-NIPU adhesives. A significant increase in the viscosity of the adhesives with an increase in silane
content is ascribed to the reaction of the aliphatic and aromatic hydroxyl groups of unreacted lignin with
the epoxy group of silane and silicon [67].

Figure 10: DSC thermograms of NIPU adhesives prepared
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3.8 Adhesion Performance of NIPU Adhesives for Plywood
Tensile shear strength (TSS), wood failure (WF), and formaldehyde emission (FE) of three-ply plywood

bonded with the NIPU adhesives at different levels of silane addition are summarized in Fig. 12 and Table 6.
All NIPU adhesives without GPTMS except the C-HKL-NIPU adhesives were delaminated and were not
evaluated. FE of all NIPU adhesives was relatively low. TSS and WF increased for all NIPU adhesives
with an increase in the GPTMS content, whereas FE slightly decreased. The C-HKL-NIPU adhesive
exhibits the highest adhesion performance when the adhesion strength and FE of three NIPU adhesives
are compared. A better adhesion performance of C-HKL-NIPU adhesives than those of AS-HKL-NIPU
could be due to the higher molecular weight of C-HKL than that of AS-HKL, as shown in Table 2. In
addition, LS-NIPU adhesive exhibits a lower adhesion performance than those of HKL-NIPU adhesives
because LS-NIPU adhesives have relatively less urethane bonding, which is confirmed by an unreacted
peak in the FTIR spectra of LS-NIPU adhesives. This was further supported by smaller urethane peaks in
the DSC thermogram of LS-NIPU adhesives than those of the HKL-NIPU thermograms.

Figure 11: Onset and peak temperatures of NIPU samples at different silane levels. N/A means not available

Figure 12: TSS andWF of plywood bonded with NIPU adhesives with different silane contents. N/A means
not available
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4 Conclusions

This study investigated three technical lignins as potential polyols for the synthesis of NIPU adhesives
for wood bonding. Three technical lignin samples, such as C-HKL extracted from black liquor of hardwood
kraft pulping mill, AS-HKL, and LS, were used for the synthesis of NIPU adhesives. These three technical
lignins and NIPU adhesives for wood bonding were characterized with various analytical techniques such as
elemental analysis, GPC, FTIR, and DSC as well as determining their adhesion strength of plywood. The
GPC results show that AS-HKL possesses lower molecular weight and polydispersity than those of AI-
HKL. FTIR spectra confirmed the presence of urethane and silane bonds in the NIPU adhesives prepared.
The NIPU adhesives based on C-HKL showed the best adhesion strength among the NIPU adhesives
based on AS-HKL, or LS. As the level of silane as a cross-linker increased, the adhesion strength was
improved. And the formaldehyde emission was quite low compared with those of formaldehyde-based
adhesives. These results indicate that technical lignin has great potential as polyols for the synthesis of
NIPU adhesives for bonding wood.
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