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ABSTRACT: As the most abundant aromatic bio-based polymer, lignin has great potential as a sustainable feedstock
for building crosslinked thermoset polymers as bio-based adhesives. However, the potential of hardwood kraft lignin
(HKL) is limited due to its poor crosslinking reactivity. Hence, for the first time, the present study reports the facile
oxidation of HKL involving a redox reaction with silver-ammonia complexes ([(AgNH3)2]+), primarily focusing on
oxidation to produce reactive quinones and promote C–C linkages during reaction. This study aims to increases reactiv-
ity of oxidized HKL for effective crosslinking with monoethanolamine (MEA) for the development of bio-based wood
adhesives. The characterization, including 13C-nuclear magnetic resonance (NMR) and Fourier transform infrared
(FT-IR) spectroscopy, confirms the oxidation reaction, such as the formation of quinones (C=O) and subsequent
crosslinking between the oxidized HKL molecules and MEA. Additionally, gel permeation chromatography (GPC)
confirms the C–C and C–O linkages with increased molecular weight after oxidation, and is supported by differential
scanning calorimetry (DSC) which shows the exothermic reaction due to the crosslinking of the oxidized HKL
molecules via condensation to form C–C and C–O linkages. The crosslinked HKL/MEA-based adhesives underwent
mild reaction and achieved a maximum dry shear strength of 0.77 MPa, which exceeds the standard requirement of
0.6 MPa. These findings demonstrate not only a one-pot oxidation for improving the reactivity of HKL using silver
complexes, but also its facile crosslinking with MEA for sustainable bio-based wood adhesives.
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1 Introduction
The petroleum-based adhesives have been recognized as non-sustainable due to their toxicity and

the emissions they produce. In recent years, research into alternative biomass-based adhesives such as
cellulose [1,2], plant oils [3,4], starch [5,6], soy protein [7,8], and lignin [9] has been widely reported.
However, despite its potential, lignin is significantly under-utilized and is primarily incinerated for energy
recovery. Approximately 130 million tons of lignin are burned annually, with an additional 50 million tons
generated as a byproduct [10]. Due to inherent steric hindrance, lignin requires modification to enhance
its reactivity and solubility. Consequently, various functionalization and modification techniques have been
developed to improve its strength and make it compatible with industrial standards for applications in
adhesives [2]. Recent modifications for producing lignin-based adhesives include hydrodeoxygenation [11],
phenolation [12], amination [13], and carboxymethylation [14]. Utilizing lignin not only offers a low-cost
and environmentally-friendly option, but also helps to reduce formaldehyde emissions, which are a primary
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source of toxicity associated with formaldehyde-based resins. In some cases, lignin can replace up to 80% of
these resins [15] owing to its primary monolignols, which include sinapyl alcohol, coniferyl alcohol, and p-
coumaryl alcohol. These monolignols play a crucial role in the chemical modification of lignin, particularly
in applications such as crosslinking for adhesives [16]. To obtain a more homogeneous lignin fraction
for improved modification, lignin is subjected to fractionation, with acetone as an effective and volatile
solvent [17]. Acetone offers several advantages over other solvents, including low cost, biodegradability, a low
boiling point, minimal waste generation, and high efficiency [18–21]. Indeed, a previous study by the present
research group demonstrated promising results in obtaining both soluble and insoluble lignin fractions
by this method [22]. Although these fractions exhibit distinct structural differences, they have potential
applications in adhesive formulations. Notably, the soluble fraction was found to have a higher content of
phenolic hydroxyl groups and has been shown to replace 100% of the phenol in phenolic resin formulations,
thereby achieving a high dry adhesion strength [20].

The modification of lignin to alter its structural composition, particularly its monolignols, enables
specific and valuable reactions. However, the oxidation for lignin-based adhesives has not been widely
recognized. Hence, the present study builds on established chemical modifications that enable the formation
of complex aromatic compounds with enhanced functionalities or allow the direct conversion of lignin into
targeted fine chemicals [23]. Despite the potential of such modifications, their effectiveness has often been
considered modest [24]. Nevertheless, oxidation processes have been used to promote depolymerization
and generate selective reaction products, including hydroxyl and carboxyl groups [25]. It has also been
used for lignin degradation through electro-reductive fragmentation [26]. Moreover, chelator-mediated
Fenton (CMF) processes involving oxidation have demonstrated success in the development of lignin-based
hydrogels [27].

Interestingly, lignin can be synthesized via oxidation reactions involving silver-ammonia complexes,
specifically [(AgNH3)2]+ (commonly known as the Tollen’s reagent) [28,29] which serves the dual roles of
reducing agent and stabilizing agent for lignin silver nanoparticles [30–32]. Despite its utility in the selective
detection of aldehydes and its potential in green synthesis, it is important to note the environmental concerns
associated with Tollen’s reagent [33]. The silver ions in the reagent can be toxic to aquatic life and may
accumulate in ecosystems if not properly handled or disposed of. Notably, as the primary silver complex
in the Tollen’s reagent, AgNO3 can oxidize aldehydes to carboxylic acids without the need for ligands or
additional additives [28]. In the Tollen’s reaction, the silver complex oxidizes the aldehyde group to a carboxyl
group while concurrently reducing Ag+ to form a characteristic silver mirror. Moreover, this silver complex
facilitates oxidative C–C coupling with the reduction of Ag+ to Ag0 [29]. The concept of C–C coupling entails
the joining of two nucleophilic centers, which may include carbon, oxygen, nitrogen, or other elements.
Understanding these oxidative processes is crucial for enhancing the reactivity of lignin, particularly in the
development of crosslinking agents for adhesives.

Building on this phenomenon, lignin, with its abundant monolignol structures, has the potential to
react with silver-ammonia complexes, leading to novel modifications suitable for adhesive applications.
Further, it is suggested that process may involve reaction of the C–O bond with the free-radical compound
of aliphatic lignin, as well as the C–C coupling of free-radical compound of aromatic. By leveraging the
unique properties of oxidized lignin, this research aims to create innovative adhesive formulations that offer
improved reactivity, performance, and sustainability. This work has the potential to contribute significantly to
the field of bio-based materials, promoting the use of lignin as a renewable resource in adhesive applications.
To this end, the present study explores the crosslinking reactions between oxidized hardwood kraft lignin
(HKL) and an amine, specifically monoethanolamine (MEA). Notably, MEA has been primarily studied for
CO2 separation from natural gas [34,35], and has not been widely reported for crosslinking applications,
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except in prior work by the present research group involving lignin crosslinking with aldehydes [36]. The
present study aims to expand the existing understanding of MEA’s potential by investigating its role in
forming a three-dimensional crosslinked network with oxidized lignin. It is anticipated that the amine
will react with the C=O groups of the oxidized lignin, thus leading to the formation of amide linkages.
Consequently, the modifications applied prior to crosslinking are expected to enhance the reactivity and
improve the adhesive performance by generating additional carbonyl groups. To the author’s knowledge, this
approach of focusing on lignin oxidation with silver-ammonia complexes for bio-based adhesives has not
been previously reported.

Hence, a novel oxidation method is introduced herein, whereby silver complexes oxidize lignin to
facilitate the formation of quinones at the C4 position of the hydroxyl aromatic unit. The study is conducted
at various temperatures over several trials, with the resulting products being analyzed by GPC to evaluate the
molecular weight, 13C NMR to assess the chemical changes, FT-IR to identify the functional group changes,
and DSC to evaluate the thermal behavior. Notably, after the addition of MEA, both the FT-IR and DSC
analyses provide insights into the crosslinking reactions, and the dry shear strength is used to evaluate the
adhesion strength.

2 Materials and Methods

2.1 Materials
Industrial black liquor of mixed hardwood species from kraft pulping was obtained from a local pulp

mill (Moorim P&P, Ulsan, Korea). The reagents sulfuric acid (98%), acetone, and monoethanolamine (MEA)
were purchased from Daejung Chemicals, Korea. Pyridine, deuterated dimethyl sulfoxide (DMSO-d6),
chromium (III) acetylacetone, and trioxane were obtained from Sigma Aldrich (Seoul, Korea). Hydrochloric
acid (HCl), acetyl anhydride, ethyl alcohol (EtOH), and ammonia water (NH4OH) were obtained from
Duksan Chemical (Ansan, Korea) Chemical, Korea. Silver nitrate (AgNO3) was sourced from Samchun Pure
Chemical, Korea.

2.2 Methods
2.2.1 Lignin Extraction from Black Liquor and Acetone Fractionation

As shown schematically in Fig. 1a, mixed HKL was isolated from black liquor by adjusting the pH to 9
using a 4 N sulfuric acid solution. The lignin precipitate was then subjected to stirring at 70○C for 1 h and
subsequently filtered through Whatman No. 41 filter paper. The precipitated lignin was washed with 2 wt.%
sulfuric acid in a lignin-to-acid ratio of 1:10 to remove any impurities. This was followed by an additional hour
of stirring at 70○C and another round of filtration. The lignin was then washed a second time with distilled
water, maintaining the same 1:10 ratio. The purified lignin was then dried at 60○C for 72 h to produce HKL
powder. The HKL was then fractionated using acetone to separate it into acetone-soluble HKL (designated
as AS-HKL) and acetone-insoluble HKL (AI-HKL). For this procedure, the HKL powder was washed with
distilled water and stirred at 300 rpm at room temperature (RT; 21○C–30○C) for 2 h. After that, the product
was filtered through Whatman No. 1 filter paper and then dried at 50○C for 36 h. The dried HKL was then
stirred at 300 rpm and RT in an acetone solution with an acetone-to-HKL ratio of 12:1 for 24 h, followed
by filtration. Finally, the AI-HKL fraction was obtained by vacuum filtration through Whatman filter paper,
while the AS-HKL fraction was recovered via rotary evaporation at 45○C to remove the acetone. Both the
AS-HKL and AI-HKL were then dried at 50○C for 48 h. This study will focus on AS-HKL as raw material for
further modification and will be designated as HKL material.
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Figure 1: Schematic diagrams showing (a) the extraction and acetone fractionation of HKL, (b) the one-pot oxidation
with silver complexes, and (c) a method of crosslinking the oxidized HKL with MEA

2.2.2 One-Pot Oxidation and Formation of Silver-Ammonia Complexes with HKL
For the one-pot oxidation and synthesis of silver-ammonia complexes with HKL, the HKL (0.2 mmol)

was mixed with ethanol (3 mL) in a 1:15 ratio, while the silver reagents were separately prepared by mixing
various concentrations of silver nitrate (0–0.1 mmol) and NH4OH (0–3 mmol) to form silver-ammonia
solution ([(AgNH3)2]+). The concentration of AgNO3 was calculated by dividing the desired amount of
AgNO3 (in mmol) with the amount of HKL (in mmol) and multiplying the result by 100 to express the



J Renew Mater. 2025;13(5) 833

concentration as a percentage. The HKL and [(AgNH3)2]+ solutions were then combined in a round-
bottomed flask and mixed at 40○C for 2 h to obtain the samples designated as Ag80-A2, Ag50-A2, Ag30-A2
(80%, 50%, and 30% AgNO3 with 2 mL NH4OH) as well as those designated as Ag80-A3, Ag50-A3, Ag30-A3
(80%, 50%, and 30% AgNO3 with 3 mL NH4OH) as summarized in Table 1. As shown schematically in Fig. 1b,
this synthesis process involves the following three key reactions: (i) the reduction of Ag+ and concurrent
oxidation of the hydroxyl (–OH) group, to result in the formation of a quinone group, (ii) the reaction of
the C–O bond between the quinone group and the –OH group of the aliphatic chain, (iii) C–C coupling
between free aromatic units, which allows them to react either with another aromatic unit or with a reactive
aliphatic unit. The changes in lignin properties due to oxidation with the silver complexes were subsequently
elucidated by various techniques, including GPC, 13C-NMR, and FT-IR, as detailed below.

Table 1: The various composition of the synthesis between HKL to make silver-ammonia complexes

HKL
(mmol)

EtOH
(mL)

AgNO3

(mmol)
AgNO3

Conc. (%)
NH4OH

(mL)
Temp
(○C)

Time (h) Sample
designation

0 0 0 HKL
0.16 80 Ag80-A2
0.10 50 2 Ag50-A2

0.2 3 0.06 30 40 2 Ag30-A2
0.16 80 Ag80-A3
0.10 50 3 Ag50-A3
0.06 30 Ag30-A3

2.2.3 Molar Mass Measurement of the Oxidized HKL via Gel Permeation Chromatography (GPC)
Molecular weight analysis was conducted via GPC (Waters Alliance e2695, Milford, MA, USA). For

this purpose, approximately 2 mg of the sample was dissolved in 1 mL of tetrahydrofuran (THF), sonicated
for 5 s, and filtered through a 0.45-μm polytetrafluoroethylene syringe filter. The GPC was operated at a
column temperature of 35○C with an isocratic THF flow rate of 1 mL/min, using polystyrene as an internal
standard [37]. To enhance the sample solubility in THF, 300 mg of each sample was subjected to acetylation by
stirring in 18 mL of a 1:1 pyridine:anhydride at RT for 48 h. The resulting solution was then added to 250 mL of
0.1 N HCl to precipitate the product, which was filtered through a 0.45 μm Whatman nylon membrane. The
lignin was further purified by repeated washing with 0.01 N HCl and water, followed by filtration. Successful
acetylation of the lignin was confirmed by FTIR spectroscopy, which indicated the replacement of hydroxyl
groups with acetyl groups.

2.2.4 FT-IR Spectroscopy
The chemical bonds of the samples were identified by attenuated total reflectance infrared spectroscopy

(ALPHA, Bruker Optics GmbH, Ettilingen, Germany). The FT-IR spectra were recorded over the range of
4000 to 400 cm−1 with a resolution of 4 cm−1 and a total of 32 scans.

2.2.5 Differential Scanning Calorimetry (DSC)
The thermal curing behavior of the adhesives was analyzed via DSC (Discovery 25, TA Instruments,

New Castle, DE, United States). The glass transition temperature (Tg) was measured using 3–5 mg of dried
sample placed in an aluminum pan with a lid. Samples were annealed by heating to 105○C at a rate of
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10○C/min, followed by isothermal conditioning for 30 min before cooling to 0○C. The DSC thermogram was
then recorded by gradually increasing the temperature to 250○C. For curing measurements, a dried sample
(3–5 mg) was equilibrated to 30○C prior to heating to 250○C. Additionally, crosslinked oxidized lignin with
MEA in liquid form was analyzed using a high-pressure pan to prevent water evaporation during the test,
utilizing approximately 18–20 mg of the sample. Each sample was equilibrated to 30○C and then heated from
0 to 200○C at a rate of 10○C/min under a nitrogen flow rate of 50 mL/min.

2.2.6 Quantitative Carbon Nuclear Magnetic Resonance (13C-NMR) Spectroscopy
Quantitative 13C-NMR measurements were performed using a Bruker Avance Neo 700 MHz NMR

spectrometer, following a method adapted from the literature [38]. An 80 mg sample was dissolved in 500 μL
of DMSO-d6, with the addition of 50 μL of chromium(III) acetylacetone (5 mg/mL) as a relaxation agent
and 50 μL of trioxane (15 mg/mL) as an internal standard. An inverse-gated proton decoupling sequence was
employed with a 90○ pulse width, a relaxation delay of 2 s, and an acquisition time of 1.4 s, with a total of
20,000 to 25,000 scans.

2.2.7 Resin Preparation
Oxidized lignin was prepared via one-pot synthesis with 10%, 15%, and 25% monoethanolamine (MEA),

as shown schematically in Fig. 1c. The mixture was stirred for approximately 24 h to achieve the target
viscosity of 200 mPa⋅s. The adhesive mixture was prepared for application to plywood and analysis of
properties such as pH, solid content, and viscosity. The pH of each resin was measured at RT using a digital
pH meter (Mettler-Toledo GmbH, 8603 Schwerzenbach, Switzerland). The solid content of the samples was
determined in triplicate. For this procedure, approximately 1 g of resin was placed in each pre-weighed,
labeled pan and dried in an oven at 105○C for 3 h. The weight of the oven-dried resin was then recorded.
The percentage of solid content was calculated by dividing the weight of the dried resin by the initial weight
of the resin and multiplying by 100. Viscosity measurements of the resin were performed using a Brookfield
RVDV-II+ programmable viscometer with LV spindles at RT.

2.2.8 Determination of Adhesion Strength
The adhesive application was evaluated by preparing three veneers (150 mm × 150 mm × 2 mm) from

Radiata pine. The adhesive was applied to the veneer surface at a spreading rate of 180 g/m2 using a rubber
roller. The plywood was cold-pressed at 8.8 kPa for 10 min prior to pressing at 160○C under a pressure of 1
MPa for 8 min. Subsequently, all samples were conditioned for a minimum of 8 h before being cut and tested.
The dry tensile shear strength (TSS) of the plywood bonded with the adhesive was measured according to
the standard procedure (KS F 3101). Three specimens were tested at a crosshead speed of 2 mm/min using
the peak load of a universal testing machine (H50KS, Hounsfield, Redhill, England).

3 Results and Discussion

3.1 Properties of the Oxidized HKL
From the acetone fractionation of extracted HKL, acetone soluble HKL and acetone insoluble HKL

samples with distinct characteristics were obtained. As discussed in the previous studies [20,21], the acetone
soluble HKL features fewer polymeric chains and contains an abundance of newly-formed unsaturated
linkages and phenolic hydroxyl groups for conversion to quinone/hydroquinone groups using silver com-
plexes [31]. Hence, the acetone soluble HKL was specifically selected for the oxidation and complexation
reaction. The initial and final pH values and solid contents of the various samples are listed in Table 2. Thus,
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while all of the samples have an initial pH of 3.4, samples Ag80-A2, Ag50-A2, and Ag30-A2 exhibit pH values
of 11.42, 11.34, and 11.33, respectively, compared to 10.14, 10.91, and 11.26 for Ag80-A3, Ag50-A3, and Ag30-
A3, respectively, after the oxidation reactions. These results indicate that while increasing the solvent volume
from 2 mL and 3 mL generally results in lower pH values for Ag80-A3 relative to Ag80-A2, and Ag50-A3
relative to Ag50-A2, the effect is less marked for Ag30-A3 vs. Ag30-A2, which exhibit a similar pH of 11.33
and 11.26, respectively. These findings suggest that increasing the solvent volume influences the pH value,
especially at higher silver concentrations. However, the solid content of all samples is relatively low, which is
insufficient for use as an adhesive, especially for specific glue applications [39]. The highest solid contents are
observed for sample Ag50-A3, at 16.7%, which is higher than all 3 mL NH4OH samples. This could be due
to the higher crosslinking efficiency of this composition compared to the others, which leads to a reduction
in the amount of vaporized water during adhesive application.

Table 2: The physical properties of oxidized HKL

Sample Initial pH Final pH Solid content (%)
HKL 3.40 n/a n/a

Ag80-A2 3.40 11.42 15.80
Ag50-A2 3.40 11.34 15.03
Ag30-A2 3.40 11.33 15.30
Ag80-A3 3.40 10.14 15.10
Ag50-A3 3.40 10.91 16.70
Ag30-A3 3.40 11.26 14.90

3.2 Molecular Weight of the Oxidized HKL
The molecular weight is a critical parameter in evaluating adhesives, as it significantly influences

their mechanical properties and overall performance, and is closely associated with the physico-chemical
characteristics of lignin [40,41]. It provides insights into the differences in molecular structure before and
after oxidation. Previous research has demonstrated that lignin has limited solubility in organic solvents [42],
thus leading to the use of acetylation to improve the solubility by replacing the hydroxyl groups with acetyl
groups via reactions with acid anhydride and pyridine [43]. In the present study, the successful acetylation
reaction is demonstrated by the FTIR spectra in Fig. 2a where the adsorption due to the hydroxyl group is
observed in the 3600–3200 cm−1 range before the reaction and is replaced by that due to acetyl groups at
1763 cm−1, after the reaction. Further, the number average molecular weight (Mn), weight average molecular
weight (Mw), and polydispersity (PDI) values of the initial HKL and oxidized HKL samples are compared
in Fig. 2b. These results clearly demonstrate that varying the amounts of AgNO3 and NH4OH significantly
affect the molecular weight of the product (Table 3).
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Figure 2: (a) The FT-IR spectra of the various samples before and after acetylation, (b) the comparison of Mn, Mw,
and PDI values of the oxidized HKL, (c, d) the molecular weight distributions of the oxidized HKL samples (A shift to
the right indicates a high molecular weight)

Table 3: The Mn, Mw, and PDI values of HKL and various oxidized samples

Sample GPC parameters

Mn (Da) Mw (Da) Polydispersity (PDI)
HKL 2210 3210 1.4

Ag80-A2 2580 4160 1.65
Ag50-A2 2459 3940 1.6
Ag30-A2 3056 6061 1.98
Ag80-A3 3190 6467 2.02
Ag50-A3 2489 3974 1.5
Ag30-A3 3318 6880 2.08

In all cases, an increase in the molecular weight of the HKL is observed after the oxidation. Notably,
the highest molecular weight (6880 g/mol) is observed for sample Ag30-A3 with 30% AgNO3 and 3 mL of
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NH4OH. Additionally, Ag30-A2 with the same proportion of AgNO3 shows the highest molecular weight
among the samples prepared using 2 mL NH4OH at 6061 g/mol. Nevertheless, these results suggest that the
30% AgNO3 concentration consistently provides a high molecular weight at both solvent concentrations, thus
indicating the potential of this AgNO3 for an increased molecular weight across varying solvent volumes.
Meanwhile, all the investigated AgNO3 concentrations give higher molecular weight with 3 mL NH4OH
compared to the corresponding values with 2 mL of NH4OH. The high molecular weights of these samples
suggest the formation of a crosslinked network or condensation reaction between the C–C and C–O bonds in
the oxidized HKL, as condensed lignin is believed to exhibit increased molecular weight due to the formation
of new C–C bonds [44,45].

By contrast, the lowest molecular weights are observed at both NH4OH concentrations with 50%
AgNO3, with Ag50-A2 and Ag50-A3 exhibiting comparably low values of 3940 and 3974 g/mol, respectively.
Notably, these low molecular weights can be expected to provide stronger surface wetting and, hence,
adhesion than the higher molecular weights [46–48]. Overall, the present results have demonstrated the
condensation of HKL via oxidation with silver-ammonia complexes. This is important because the oxidized
HKL can form new bonds that will lead to self-condensation at high temperature, thereby improving its
reactivity in the presence of a crosslinking agent.

For further understanding, the change in the molecular weight distributions (MWD) are plotted
in Fig. 2c,d, respectively. Here, both types of MWD show a shift towards higher log Mw values for Ag30-
A2, Ag80-A3, and Ag30-A3 compared to Ag80-A2, Ag50-A2, and Ag50-A3, thereby indicating an increase
in molecular weight. This is relevant because the MWD of a polymer plays a crucial role in determining its
mechanical strength, morphological phase behavior, and processability. This fundamental relationship across
various polymers has led to the development of numerous synthetic and processing techniques [49–51].

3.3 The Structure and Potential of the Oxidized HKL for Wood Bonding
An understanding of the structure of lignin, especially after oxidation, is crucial in order to select the

best conditions for lignin cross-linking in adhesives. The hydroxyl group contents of HKL were determined
via 31P-NMR in a previous study [52] and are illustrated as a pie chart in Fig. 3a. These hydroxyl groups can
enhance the efficacy of the oxidation reaction by providing binding sites for Ag+ ions [53]. These results are
further validated by comparing the FT-IR spectra of the various lignin samples before and after oxidation
in Fig. 3b. Thus, while most of the peaks occupy the same positions for oxidized samples, significant changes
are observed relative to HKL due to the oxidation. In particular, oxidized samples, each exhibit increasing
spectra related to the vibrations of the new O–H group at 3200 cm−1 [32]. This suggests that the O–H group
is directly involved in bonding with the carbonyl groups. Furthermore, the C=O stretching peak at 1732 cm−1

in the HKL is seen to disappear after the oxidation, while new peak appears at 1654 cm−1. This new peak may
relate to the C=O stretching vibration of the quinone, which is probably generated alongside the reduction
of Ag+ to Ag [54]. Additionally, the band at 1109 cm−1 due to the C–O stretching vibration in aliphatic lignin
is seen to have slightly decreased in intensity. This suggests that the aliphatic chains have been disrupted,
to form either carboxylic acids or C–O bonds during oxidation, which may have contributed to the above
mentioned high molecular weights. In brief, the FT-IR spectra confirm that oxidation with silver-ammonia
complex occurs under all investigated conditions.



838 J Renew Mater. 2025;13(5)

Figure 3: (a) A pie chart showing the composition of various –OH of the HKL according to 31P NMR [52] and (b) the
FT-IR spectra of the oxidized HKL samples

Further, the quantitative 13C-NMR spectra of the HKL and the oxidized HKL (Ag50-A2) are presented
in Fig. 4a. As expected, a new peak corresponding to C=O is observed at 163 ppm for the oxidized sample,
which is consistent with the above FT-IR results. This peak indicates that the lignin is successfully oxidized
during the reaction [55]. Additionally, the peak associated with C4–O bond of the aromatic ring in the HKL
is seen to have disappeared after oxidation, thereby indicating that oxidation has occurred at the hydroxyl
group in the C4 position. In addition, several new peaks have emerged, such as those in the aromatic region
corresponding to C–C bonds, which may indicate radical coupling between the free positions of the coniferyl
and p-hydroxycinnamyl alcohol groups, as supported by the high molecular weights. Meanwhile, the new
peaks around 63 and 73 ppm may correspond to the C–O bonds of oxygenated side-chains, such as aliphatic
chain linkages. This suggests that some cleavage or disruption has occurred [30] and new C–O bonds have
formed between the reactive aliphatic sites and the oxidized HKL during oxidation. By contrast, the methoxy
group observed around 56 ppm remains unchanged after oxidation, which is in contrast to previously-
published findings indicating that the oxidation of lignin with AgNO3 and NH4OH can affect both the
hydroxyl and methoxy groups [31,32,54]. These results are further supported by the upfield shift in the CH2
peak from 30 ppm to 18 ppm. However, the varying additions of silver complexes have resulted in different
intensities across all oxidized samples, as shown in Fig. 4b. In particular, the C=O peaks exhibit similar trends
across all samples, thereby indicating that the formation of quinones from the –OH groups has occurred
in each case. Conversely, the peak corresponding to C–O shows significant differences among the various
samples, which may explain the variations in molecular weight. As noted above, this peak is associated with
aliphatic bonding with the formed quinone. Consequently, only samples Ag80-A2 and Ag50-A2 exhibit high
intensities for the C–O peak at 63 ppm.

The thermal behavior and particularly the glass transition temperature (Tg), is critical for understanding
the material behavior, as it significantly influences the processing temperatures and mechanical properties
that are essential for adhesive applications. Hence, the potential of oxidized HKL is further elucidated by
the DSC results in Fig. 5. First, the differences between the Tg characteristics of the extracted HKL and
acetone soluble fraction HKL are revealed in Fig. 5a, while the Tg values of the various oxidized HKL
samples are compared in Fig. 5b. Here, the Tg of the HKL is decreased from ~150○C to 120○C for the soluble
fraction. These results demonstrate the effectiveness of acetone fractionation in reducing the Tg of HKL. This
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reduction in the Tg of the HKL upon fractionation can be attributed to an increase in the free volume of the
molecular structure [56].

Figure 4: 13C-NMR spectrum of (a) HKL and oxidized HKL (Ag50-A2) and (b) oxidized HKL samples
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Figure 5: (a) The comparative Tg values of the extracted HKL, the acetone soluble HKL. (b) The Tg values of the various
oxidized HKL samples. (c) The DSC curves of the various oxidized HKL samples

Notably, after oxidation, the oxidized HKL samples exhibit further increases in Tg (Fig. 5b), and the
specific trend mirrors that observed in the molecular weights. Thus, Ag80-A2 and Ag50-A2 which were
treated with 2 mL NH4OH, each have a low Tg value of 154○C, along with lower molecular weights, than
those of the equivalent samples treated with 3 mL NH4OH (Ag80-A3 and Ag50-A3), with Tg values of
166○C and 161○C. However, the trend is reversed for Ag30-A2 and Ag30-A3, with Tg values of 153 and
151○C, respectively. This general correlation is consistent with the fact that Tg is influenced by molecular
weight, along with factors such as the presence of water and solvent, thermal history, and hydrogen bonding
interactions [57,58]. Specifically, a higher molecular weight typically leads to a higher Tg due to increased
chain entanglement, which suggests that the adhesive material will have greater crosslinking potential and
brittleness [59]. Notably, samples Ag50-A3 and Ag30-A3 each exhibit a modest endothermic peak at around
67○C (indicated by the dotted circles in Fig. 5b). This peak is also observed in the extracted HKL in Fig. 5a,
which suggests that the peak may be associated with carbohydrate impurities [21]. By contrast, the acetone
soluble HKL does not display this peak, and the peak remains absent or barely detectable after oxidation
for the remaining samples. Thus, it can be concluded that the specific concentration of AgNO3 and NH4OH
significantly influences the thermal behavior of the oxidized lignin.

Further, the thermal curing of each sample via both exothermic and endothermic processes is illustrated
in Fig. 5c. Here, the oxidized HKL samples not only exhibit an increase in Tg but also display altered peaks
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at varying temperatures. These exothermic reactions suggest that crosslinking or the formation of a more
rigid structure may have occurred. This suggests that oxidation with AgNO3 may facilitate C–C bonding or
hydrogen bonding, thereby contributing to condensation at high temperatures [29]. Thus, the presence of
exothermic peaks confirms the effectiveness of enhanced lignin as a crosslinking agent for wood bonding.
Notably, the lowest exothermic peak is observed at 115○C for sample Ag50-A2, while the highest is 127○C for
sample Ag30-A3. Consequently, Ag50-A2 is evaluated as a crosslinking agent in combination with MEA to
produce lignin-based wood adhesives in the following section.

3.4 Structure and Physical Properties of the Crosslinked Oxidized HKL Resin
The FT-IR spectra of the Ag50-A2 sample before and after crosslinking with 10%, 15%, and 25% MEA

are presented in Fig. 6a, and the various peak assignments according to the literature are summarized
in Table 4 [36,60,61]. Here, the peak at 3200 cm–1 due to the O–H bonds of Ag50-A2 is seen to have
disappeared after the crosslinking reaction, and a new band has appeared, which corresponds to the
formation of N–H. In addition, new bands are observed at 1655; 1560; 1492 and 1063 cm–1, due to the
respective C=N, N–H, C–H and C–O–C stretching vibrations. These results, especially the presence of N–H,
confirm the crosslinking reaction between the oxidized HKL and the MEA.

Figure 6: (a, b) The FT-IR spectra and DSC curves of the Ag50-A2 sample before and after crosslinking with 10%, 15%,
and 25% MEA. (c) A schematic diagram showing the crosslinking reaction of Ag50-A2 and MEA
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Table 4: The FT-IR peak assignments after the crosslinking of Ag50-A2 with MEA

Band (cm−1) Assignment
3380 Total O-H
3245 N-H stretching
2916 C–H asymmetric stretching
2848 C–H stretch
1655 C=N
1654 C=O
1600 Aromatic skeletal vibrations
1560 New N–H
1512 Aromatic skeletal vibrations

1492, 1451 Asymmetric bending deformation of methyl and methylene groups

1325 C–N stretching vibration
C–O of syringyl ring

1267 C–O of guaiacyl ring
1208 C–O stretch
1107 C–O deformation in ester bond
1063 C–O–C stretch
1018 Aromatic C–H in plane deformation (G > S) plus C–O deformation in primary alcohols

The DSC curves of the three crosslinked samples are presented in Fig. 6b. Here, each sample exhibits a
well-defined exothermic peak with curing temperatures of 62, 65, and 101○C for the MEA 10, MEA 15, and
MEA 25, respectively. This trend suggests that an increased quantity of crosslinker requires more time for
effective curing, while a lower concentration allows for faster curing due to the reduced material density. This
is important because curing should take place within an appropriate timeframe and under controlled tem-
perature conditions that enhance the curing process [62]. Interestingly, the curing temperatures identified
in this study are lower than those previously reported for crosslinked lignin [9,63–65], thereby indicating
that the oxidation of lignin with silver-ammonia complexes may enhance the subsequent curing reaction
with a crosslinker. The exothermic peak of each sample can be attributed to either the polymerization of
macromolecular double bonds, or the heat released during the curing reaction [66], which contribute to the
structural changes shown schematically in Fig. 6c.

Typically, the characterization of lignin-based adhesives involves measuring the pH, viscosity, and solid
contents in order to ensure optimal adhesion performance. Hence, the pH, viscosity, and solid contents of
the Ag50-A2 resin before and after crosslinking with 10%, 15%, and 25% MEA are summarized in Table 5.
Here, the pH of the initial Ag50-A2 is seen to decrease from 11.34 before to 10.40 after reaction with 10%
MEA (MEA 10). However, the pH subsequently increases slightly as the amount of MEA increases, so that
the MEA 15 and MEA 25 samples exhibit pH values of 10.43 and 10.83, respectively. Importantly, while the
viscosity of the initial Ag50-A2 (~20 mPa⋅s) is inadequate for effective application on the veneer substrates,
the viscosity of each crosslinked sample has increased significantly to ~200 mPa⋅s. The low viscosity of the
initial sample facilitates rapid penetration of resin into the veneer, thus resulting in reduced surface resin and
insufficient interlocking after curing, leading to delamination [67]. The viscosity of the Ag50-A2 and Ag50-
A2-MEA 25 samples compared with that of water in Fig. 7a. Meanwhile, as anticipated, the solid content of
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the initial sample increases significantly from 15.03% to 22.90% upon reaction with 10% MEA, and continues
to increase slightly with increasing quantity of crosslinker.

Table 5: The physical properties Ag50-A2 resin after crosslinking with MEA

Lignin pH Viscosity (mPa⋅s) Solid content (%)
Ag50-A2 11.34 ~20 15.03
MEA 10 10.40 22.90
MEA 15 10.43 ~200 23.00
MEA 25 10.83 23.16

Figure 7: (a) A comparison of the viscosities of the Ag50-A2 and Ag50-A2-MEA 25 samples with that of water. (b) A
schematic illustration of the sample dimensions for the dry TSS. (c) A bar chart comparing the dry TSS results of the
various samples. (d) Photographic images of the samples after the dry TSS
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3.5 Adhesion Performances
The adhesion performance of each sample is revealed by the TSS results in Fig. 7. Specifically, the

dimensions of the test samples are illustrated in Fig. 7b, and the results are presented as a bar chart in Fig. 7c.
Here, the MEA 25 sample exhibits the greatest strength, at 0.77 MPa, while the MEA 10 and MEA 15
exhibit strengths of 0.63 and 0.65 MPa, respectively. With reference to the above-mentioned DSC results
(Fig. 6b), these results indicate that the enhanced adhesion strength of the MEA 25 corresponds to its
high curing temperature (101○C) while the sample with lower curing temperatures exhibits lower adhesion
strength. Moreover, compared to a previous study in which the dry shear strength of unmodified lignin on a
3-layered wood panel is around 0.42 MPa [68], the present results clearly demonstrate that the oxidation
and subsequent crosslinking reactions suggested herein provide greatly enhanced performance. Moreover,
all of the crosslinker concentrations examined herein provide adhesive strength that exceeds the value of
0.60 MPa required by the KS F 3101 standard. In addition, there are few important limitations that should
be considered, particularly with regard to scalability and long-term stability. Regarding scalability, the use
of silver-ammonia complexes and MEA, though effective, could present cost challenges if scaled up for
industrial applications. In addition, optimizing the process to ensure consistent quality and reducing the use
of silver may help to address these concerns. Further, the potential environmental impact of silver remains an
important consideration. In terms of long-term stability, while preliminary testing suggests that the adhesives
perform well, further studies are needed to assess their durability under various conditions, such as exposure
to moisture, heat, and UV radiation. These factors will be crucial for evaluating the adhesive’s suitability for
widespread industrial use.

The adhesive strength of the MEA 10, MEA 15, and MEA 25 samples are further revealed by the
photographic images of the samples after TSS testing in Fig. 7d where no signs of fracture are observed.
In general, the wood failure measurement is initially assessed by examination with the naked eyes, after
which the fractured surface is colored using oil-borne ink and the captured image is subjected to computer
processing [69]. However, the black color of the lignin covered the fracture, so that it was hard to determine
visually. Hence, it will be important to check the surface condition more thoroughly in the future. To solve this
problem, maximum wood failure could be reached by treating or further modifying the veneer surface [70].
This finding suggests the need for further development of the crosslinked lignin conditions in future studies.

4 Conclusions
Herein, a novel modification of hardwood kraft lignin (HKL) was demonstrated via oxidation with

silver-ammonia complexes ([(AgNH3)2]+) followed by crosslinking with monoethanolamine (MEA) for use
as an adhesive. Compared to the use of 30% or 80% AgNO3, the incorporation of 50% AgNO3 resulted
in a lower molecular weight and a reduced curing temperature of the oxidized fractionated soluble HKL
(AS-HKL). The oxidation reaction was confirmed by FT-IR and 13C-NMR analyses, with spectra indicating
the presence of C=O groups due to the anticipated quinone formation. The presence of C–C and C–O
bonds after the oxidation was further supported by the high molecular weight and exothermic peak. The
oxidized HKL showed increased reactivity and potential for the MEA crosslinking reactions, thus leading
to stronger adhesive bonds. The crosslinking reaction was evidenced by the formation of N-H bonds in the
FT-IR spectra, along with the exothermic peaks observed in the DSC analysis. Additionally, the dry shear
strength was found to increase with the increased amount of crosslinker, with 25% MEA giving the highest
strength of 0.77 MPa. Notably, there was no visible wood failure or fracture after testing. Future research
based on the optimum condition should focus on the oxidation process, and exploring crosslinking with
surface-treated wood or bio-crosslinker. These efforts could further solidify the role of modified lignin as a
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sustainable alternative in the adhesive industry, potentially reducing the reliance on synthetic adhesives and
contributing to more eco-friendly manufacturing practices.
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