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Abstract: Lignin is insoluble in water, limiting its use in the synthesis of adhesives. Therefore, to
increase the amount of lignin raw materials used in the synthesis of adhesives, a kind of aminated
lignin compounds was prepared through lignin amination reaction, and conducting structural
analysis in this paper. It gets the result that: the amino groups are mainly introduced to phenolic
hydroxyl groups in the hydrolyzing lignin from raw lignin materials to generate the product of
aminated lignin, which presented in the particle size is about 100 nm, with the weight average
molecular weight of 57,627 g/mol and a water solubility of the aminated lignin is about 0.45g/100ml
, thereby, it greatly. improves water solubility of raw lignin. The reaction mechanisms were
proposed that the phenolic hydroxyl groups and carboxylic acids groups in lignin react with
ammonia molecules, and thereby successfully introducing amino groups to generate the aminated
lignin compounds. Therefore, this article enriches the scientific theory of lignin reactions and
provides reference for the widespread application of lignin raw materials in the field of adhesives.

Keywords: lignin; ammonia; aminated lignin

1. Introductions

Lignin is a kind of natural high polymer compound with abundant reserves [1], it contains
mainly a basic structure of phenylpropane [2], and thereby, it can be used as an auxiliary raw material
for synthesizing adhesives [3,4]. However, the character of insoluble in water limits its widespread
use in adhesives synthesis, accounting for only 5% -15% of the total synthetic raw materials [5,6]. Due
to its insolubility in water, lignin exists in the form of solid small particles [7,8], making it difficult to
achieve a uniform mixing state when mixed with liquid reaction materials such as formaldehyde,
urea, melamine, and phenols [9]. Therefore, to a certain extent, it affects the synthetic reaction process,
affects the structural uniformity and adhesion consistency of the adhesive, and thereby, leads to
cracking and insufficient smoothness of the adhesive surface, reducing the overall quality of the
products [10,11]. Therefore, to obtain a kind of water-soluble lignin modified materials that having
the ability to uniformly mix with other liquid reaction materials is an important means to increase
the amount of lignin raw materials used in the synthesis of adhesives [12,13].

In order to obtain lignin modified materials with good water solubility, introducing hydrophilic
groups into lignin raw materials is an effective method to improve the water solubility of lignin
modified materials [14]. Konduri et al. adeptly introduced sulfomethyl groups into lignin, marking a
notable enhancement in its water solubility and subsequently opening up avenues for its efficient
employment as a cement dispersant [15]. P. Prinsen et al. have successfully incorporated site-specific
sulfation techniques to augment the water solubility of lignin, ultimately leading to an improvement
in its overall processability [16]. The introduction of hydroxyl groups into lignin raw materials not
only enhances its water solubility but also augments its chemical reactivity, thereby facilitating its
utilization in the preparation of phenolic resin adhesives [17-19].

However, the incorporation of sulfur into lignin is believed to hinder the activity of enzymes
and microbes during the bioconversion process, and lead to the poisoning of metal catalysts during
chemo-catalytic treatment [20,21]. In addition, the water solubility of introduction of hydroxyl groups
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is still insufficient. Therefore, and it is necessary to search for lignin modified materials with stronger
water solubility without sulfur elements.

Based on the fact of that amino (-NH,) is a strong hydrophilic group [22], it proposes an idea of
preparing a water-soluble aminated lignin compound through lignin ammonification reaction, and
thereby, conducts synthetic experiments and product structure analysis in this paper. The
experimental results indicate that the product of lignin ammonification reaction is aminated lignin,
which has good water solubility. Therefore, this study breaks through the technical barriers in
preparation of lignin modified materials with good water solubility without introducing sulfur-
containing groups, enriches theoretical knowledge in the field of materials science, and provides a
new approach for the widespread application of lignin raw materials in the synthesis of adhesives.

2. Methods and Materials
2.1. Experimental Materials

Industrial alkali lignin (PR) was obtained from Hunan Taigreen Paper Group Hongjiang Paper
Co., Ltd., hydrochloric acid (AR) and ammonia (AR) were purchased from Chengdu Kelong
Chemical Co., Ltd.

2.2. Preparation Method of Fine Lignin

Dry industrial alkali lignin in an 80 °C blower dryer for 36 hours to obtain absolute dry alkali
lignin. Then, treat with a ball mill for 10 minutes to obtain small particles of alkali lignin. Next,
dissolve the small particles of alkaline lignin in water to obtain an alkaline lignin solution.
Subsequently, diluted hydrochloric acid was added for acidification (adjusted to pH=2), resulting in
lignin precipitation. Finally, centrifuge for 0.5 hours, take the lower sediment, dry it to obtain fine
lignin particles.

2.3. Synthetic Methods of Aminated Lignin

Add 3.0 g of fine lignin particles and 5.0 ml of ammonia water to a hydrothermal reactor, in
where, temperature was raised to 130 °C and hold for 1 hour for the reaction to generate an amino
lignin solution, which was dried in a drying oven to obtain the solid of aminated lignin.

2.4. Methods of Product Morphology Analysis

Using a scanning electron microscope (SEM; Zeiss Sigma 300) to observe the morphology of the
product under an accelerated voltage of 3 kV. In addition, it was compared with the morphology of
the lignin raw material before reaction.

2.5. Method for Determining the Molecular Weight of Products

The molecular distribution of synthetic products was determined by gel permeation
chromatography (gilent PL-GPC50, Agilent Technologies). Test parameters: The concentration of the
test sample is 0.10 mg/mL, the injection volume is 100 microliters, and the distribution coefficient is
14.1000, which describes the parameters of the distribution process or adsorption desorption process
of components in fixed and mobile phases.

2.6. Methods for Element Analysis of the Product

Using a matching energy dispersive spectrometer (EDS) to detect and analyze the content of
different elements in the sample, while observed the morphology of the product by a scanning
electron microscope (SEM; Zeiss Sigma 300) under an accelerated voltage of 10 kV.

For greater accuracy, the content of organic elements (C, H, O, N, S) in the sample was measured
through high-temperature combustion and weight adsorption analysis by an organic element
analyzer (Elemantar: Vario UNICUB).
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2.7. Methods for Structural Analysis

Using X-ray photoelectron spectroscopy (XPS; Thermo Scientific K-Alpha) to test and analyze
the composition of the sample. Test parameters: Excitation source Al Ka Ray (hv=1486.6 eV), beam
spot 400 um, working voltage 12 kV, filament current 6 mA, full spectrum scanning energy was 100
eV, step size 1 eV, fine spectrum scanning energy was 50 eV, step size 0.1 eV.

2.8. Methods for Thermal Stability Analysis of the Product

Thermogravimetric analysis (TGA, Shimadzu DTG-60(H)) was used to test the thermal stability
of the synthetic products and lignin raw materials. The dried sample mass used is about 4-8 mg,
which is placed using an alumina crucible to heat from 50 °C to 700 °C at a rate of 10 °C/min. The
sample is protected by nitrogen gas with a flow rate of 50 ml/min.

2.9. Methods for Thermal Stability Analysis of the Product

In a typical solubility experiment, precisely 2.0 g of water were introduced into a 25 mL glass
flask. The flask was subsequently submerged in a temperature-controlled water bath (model HH-1,
manufactured by Changzhou Yuexin Instrument manufacturing Co., LTD), maintaining a
temperature fluctuation range of +1.0 °C. Once the bath temperature attained the target value,
approximately 0.01 g of lignin sample were carefully dispensed into the flask. The mixture was
continuously stirred under a nitrogen atmosphere and held at a constant temperature of 30 °C.
Additional aliquots of lignin (each equivalent to 0.1 wt% of the solvent) were incrementally added
after complete solubilization of the previously added lignin. This process was systematically repeated
until no further dissolution of lignin was observed within a two-hour timeframe [23].

3. Results and Discussions
3.1. Product Morphology

Figure 1 shows a comparison of the morphology of lignin raw materials and ammonia reaction
products magnified at 20,000 times. As shown in Figure 1(a), the lignin raw material is spherical in
shape, partially agglomerated, with a particle size about 200 nm. Compared to that, the aminated
lignin obtained through ammonification reaction appears as smaller particles, presenting in particle
sizes less than 100 nm. In addition, the agglomeration is significantly reduced, leading particles
relatively dispersed, as shown in Figure 1(b).

1 EHT= 300kV  Signal A= InLens WD= 3.7 mm Mag= 20.00K X ! | EHT= 300kV  Signal A= InLens WD= 3.8 mm Mag= 20.00KX

Figure 1. the morphologies of lignin (a) and aminated lignin (b).

3.2. The Molecular Weight of the Generated Product

Based on GPC analysis, the molecular weight distribution of lignin raw materials and aminated
lignin products are shown in Figure 2.
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Figure 2. The molecular weight distribution of the generated aminated lignin and the used lignin raw

materials.

As shown in Figure 2, the relative molecular weight of the aminated lignin is concentrated in the
small molecule absorption peak of 4,000-4,600g/mol, and in the large molecule absorption peak of
40,000-250,000 g/mol. On the other side, the molecular weight of the raw material lignin is also
concentrated in the small molecule absorption peak of 4,000-4,600 g/mol, as well as the large molecule
absorption peak of 40,000-500,000 g/mol. As a comparison, there was no significant change in the
content of small molecular weight substances in lignin after the ammonification reaction. However,
the content of large molecular weight substances between 40,000 and 100,000 significantly increased.
This test data indicates that the raw material lignin undergoes degradation during the
ammonification reaction, producing lower molecular weight aminated lignin.

In addition, calculation by the test system, the number average molecular weight of lignin raw
materials is 45,605 g/mol, and the weight average molecular weight is 66,306 g/mol. Where, the
molecular weight distribution is rather wide, containing a large amount of macromolecular lignin
with a molecular weight of over 300,000 g/mol. On other hand, the number average molecular weight
of aminated lignin is 45,605 g/mol, and the weight average molecular weight is 57,627 g/mol.

As a comparison, it finds that the difference in number average molecular weight between
aminated lignin and original lignin raw materials is not significant, but the weight average molecular
weight is significantly reduced. The fundamental reason is that during the ammonification reaction
of lignin, an alkaline catalytic hydrolysis reaction occurs, causing the hydrolysis of high molecular
weight lignin, which generates lower molecular weight fragments. And thereby, it results in a
decrease in weight average molecular weight. However, due to the relatively large number of these
small molecular fragments, their contribution to the number average molecular weight are not
significant, leading to the variation in the logarithmic mean molecular weight is not significant [24].

Therefore, the changes in these two types of molecular weight statistical data further indicate
that some high molecular weight chains have broken into lower molecular weight fragments. This
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analysis results are consistent with the scanning electron microscopy analysis results described
ahead.

3.3. Element Compositions

(1) Results of energy dispersive spectrometer (EDS) detected analysis.

Through a detected analysis by an energy dispersive spectrometer (EDS), it gets the content and
elemental distribution of the elements of C, N, O and S, as shown in Table 1 and Figure 3. where, the
images show that C and O elements are uniformly distributed in lignin raw material and aminated
lignin, whereas the lesser percentage of N content is not clearly distributed in the EDS images.
Whereas, Table 1 shows the the decrease of the content of C element after reaction, due to the mass
of carbon atoms does not increase, while the product mass increasing by introducing amino groups
during the reaction process. More important, the nitrogen content significantly increased after the
reaction. Where, it is 0.03% nitrogen content in lignin, which raise to 3.84% nitrogen content in
aminated lignin generated by the reaction, due to amino groups being introduced into the raw
material lignin by the reaction.

Figure 3. EDS analysis of lignin raw materials (a) and aminated lignin (b), al and b1 are C elements,
a2 and b2 are N elements, a3 and b3 are O elements.

Table 1. EDS analysis results of lignin raw material and aminated lignin.

Element lignin raw material aminated lignin
Weight % Atomic % Weight % Atomic %
C 84.90 88.23 82.20 85.65
N 0.03 0.02 3.84 3.43
@) 15.06 11.75 13.94 10.90
S 0.01 0 0.02 0.01

(1) Analysis results by an elemental analyzer.

In order to accurately determine the changes in N element content before and after the
ammonification reaction, an element analyzer was used to analyze the elemental composition of
aminated lignin and lignin raw materials. The analysis results are shown in Table 2. Where, the
nitrogen content in lignin raw materials is very small, only 0.4%. On other side, the nitrogen content
in the aminated lignin produced by ammonification reaction is 4.25%. therefore, it shows the content
of nitrogen element significantly increases after the reaction. This result indicates that ammonia has
reacted with lignin to produce aminated lignin.
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Table 2. Element content of Lignin and aminated lignin.

N(%) C) H(%) S() O(%) Residual Unsaturation
Lignin 040 52.01 5.19 0.14 36.46 5.80 4.61
Aminated lignin = 4.25 48.67  6.35 0 34.32 6.41 2.96

In addition, the original unsaturation of lignin molecules is 4.61, while the unsaturation of
aminated lignin is 2.96. This data change indicates that during the reaction process, lignin
macromolecules undergo hydrolysis, generating smaller molecular fragments, resulting in a decrease
in the cyclic unsaturation of aminated lignin compounds. This analysis further confirms that lignin
undergoes hydrolysis during the ammonification reaction process.

By calculation, the formula of lignin can be expressed as CoHui0.770473No.e, it means the number
of carbon atoms is about 150.0 times of that of nitrogen atoms. While the formula of aminated lignin
can be expressed as CoH14080476No.67, it means the number of carbon atoms is about 13.43 times of that
nitrogen atoms. The ratios between carbon and nitrogen reduced from 150 time to 13.43 time, further
more identifies the facts of introduction of the amino groups into the raw lignin materials.

3.4. Results of XPS Analysis

Using XPS analysis method to understand the changes in the content of various elements and
chemical bonds during the reaction process. Figure 4 shows the XPS spectra of lignin raw materials
and aminated lignin. Where, both lignin raw materials and aminated lignin contain abundant basic
elements such as C and O. However, the absorption peak of nitrogen atom intensity in aminated
lignin is significantly increased. Also comparing the ratios of C and N atoms in lignin raw material
and aminated lignin, the C/N ratio in lignin raw material was 30.59, whereas in aminated lignin, this
ratio decreased to 9.19. This change indicates that amino groups have been successfully introduced
into lignin, resulting in an increase in nitrogen content.
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Figure 4. XPS full spectrum of lignin raw material (a) and aminated lignin (b).

Figure 5 shows the fine spectra of Cls of lignin raw material (a) and aminated lignin (b), as well
as the N1s of aminated lignin (c). As shown in Figure 5a, the Cls spectra of lignin raw materials were
fitted with three peaks at 284.8 eV, 286.4 eV, and 288.9 eV, respectively belonging to the C=C/C -, C-
O and C=0 peaks [25,26].
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Figure 5. the fine XPS spectra of Cls of lignin raw material (a) and aminated lignin (b) the fine XPS
spectra of N1s of aminated lignin (c).

On other hand, the Cls spectrum of aminated lignin was fitted with four peaks, namely 284.8
eV, 285.3 eV, 286.6 eV, and 288.9 eV, belonging to the C=C/C -, C-N, C-O and C=0 peaks respectively,
as shown in Figure 5b. The presence of C-N chemical bonds in aminated lignin indicates it has
successfully introducing amino groups into lignin.

As shown in Figure 5¢, the two fitted peaks in the binding energy of 399.8eV and 401.8eV spectra
are C-N bond and - NHz/- NH, respectively [27]. The existence of these two sets of chemical bonds
further proves the successful introduction of amino groups, generating aminated lignin compounds.

3.5. Test Results of Thermal Stability

Thermal stability analysis of lignin raw material and aminated lignin was performed by
thermogravimetric analysis (TGA) technique. As shown in the TGA curves presented in Figure 6, it
can be observed that the thermal degradation behavior of the two materials showed a similar trend
in the temperature between 50°C-700°C. However, there are somewhat different between the two
curves. Where, it can see that the lignin raw material experiences significant weight loss in the range
of about 140 °C-210 °C, while the weight lose of the sample of aminated lignin is presented in only a
slight change between the same temperature. The differentia means the sample of raw lignin material
degrades in large-scale at the temperature between 140 °C-210 °C [28]. In contrast, the sample of
aminated lignin degrades in a slow way between the same temperature, clearly indicating that the
sample of aminated lignin is more stable than the sample of lignin raw materials under the same
temperature.

As shown in the DTG curves presented in Figure 6, It can be found that the first peak of heat
weight loss of the lignin raw material occurs at about 175 °C. it means there is a great amount of
degradation reaction take place at the about temperature. As a comparison, the first peak of heat
weight loss of the sample of aminated lignin occurs at about 225 °C. it means there is a greate amounts
of degradation reaction take place at the about temperature. The differentia of the two first heat
weight loss peaks in the two curves indicates the thermal property of the generated aminated lignin
product is more stable than that of raw lignin material, consistent with the TGA analysis results
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metioned above. This significant differentia of the beginning degradation reaction temperatures
reconfirms the positive effect of the introduction of amino groups, which enhances the thermal
stability of lignin materials. Due to the addition of amino groups facilitates the formation of hydrogen
bonds, which augments intermolecular interactions and subsequently elevates the temperature at
which thermal degradation occurs [29].

However, it is worth noting that at the second peak of thermal weight loss, where, the second
peak of thermal weight loss of the raw lignin material is at temperature of 342 °C, while that of the
generated aminated lignin is at temperatures of 332 °C. The two degradation temperatures at this
stage are similar, due to the breaking of the methyl aryl ether bond in the molecule [30,31]. The similar
temperature of the second peaks of thermal weight lose of the two samples indicates the thermal
stability of lignin materials is relatively minor by the effect of amination at the second stage of thermal
degradation.

After reaching a temperature of 400°C, the weight loss is attributed to the subsequent
degradation of lignin. Where, the C-C bonds within the lignin are cleaved, resulting in the liberation
of small molecules such as HO, CO, and CO: [28]. Finally, at 700°C, the main component of the
residual material is carbon. Where, residual carbon rates of 42.12% and 46.58% for lignin raw material
and aminated lignin, respectively. The residual carbon rate from aminated lignin product is greater
than that of the raw lignin materials, it further supports the superiority of aminated lignin in terms
of thermal stability [32].
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Figure 6. Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) of lignin raw

material (a) and aminated lignin (b).

3.6. Test Results of Water Solubility

Introducing amino groups into lignin molecules can significantly improve the water solubility
of lignin modified materials. The aminated lignin generated by lignin ammonification reaction can
be dissolved in water, presenting in yellow brown in color, as shown in Figure 7.
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Figure 7. Water solubility of aminated lignin.

Be test, the water solubility of the aminated lignin compound is about 0.45g for per 100ml of
water. Thereby, it effectively improves the water solubility of lignin raw materials. This water-soluble
aminated lignin can reduce its surface tension in the process of preparation of adhesive, and thereby,
make various reaction raw materials uniformly mixed. Thus, it will effectively improve the
polymerization reaction progress, ensure the product quality of the adhesive. More important, amino
groups were introduced into lignin materials to improve the reaction activity of lignin, thereby, it
will greatly improve the surface tension in the process of preparation of adhesive.

Therefore, this study breaks through the technical barriers in synthesizing lignin modified
materials with good water solubility, additionally introducing amino groups into lignin materials,
and thereby provides technical reference for increasing the amount of lignin modified raw materials
in the adhesive field.

3.7. Discussion on the Mechanisms of Lignin Ammonification Reaction

Based on the structural analysis results of the product, combined with the theory of alkaline
cooking for lignin removal in pulp and paper making process, alkaline catalyzed ether bond
hydrolysis theory, acid-base binding theory, and organic amine generation reaction theory, it is
speculated that the lignin ammonification reaction includes six steps, as shown in Figure 8. This
chemical reaction mechanism research enriches the scientific theory of lignin chemical reactions.

Lignin hydrolytic fragment

(&)} H}/"’ . ¢

g

Lignin amination

—_— T - \_{ v omo

Figure 8. Mechanisms of lignin ammonification reaction.
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1. Inconcentrated ammonia aqueous solution, under alkaline and high temperature conditions, 3-
O-4 Ether bonds undergo hydrolysis, causing lignin to degrade and generate small lignin
fragments [33-35]. (The principle of lignin degradation under alkaline catalysis)

2. Subsequently, under alkaline and high temperature conditions, the methoxyether bonds on the
side chains of lignin molecules undergo hydrolysis, producing methanol and hydroxylated
lignin, which contain a large amount of phenolic and fatty hydroxyl groups [36]. (The principle
of alkaline catalyzed ether bond hydrolysis)

3. Subsequently, the phenolic hydroxyl group on hydroxylated lignin undergoes an acid-base
binding reaction with ammonia molecules, generating a transition state intermediate product
between phenolic hydroxyl and ammonia molecules [37,38]. (The principle of acid-base
combination)

4. Subsequently, the intermediate product of the phenolic hydroxyl ammonia molecule is unstable
and undergoes dehydration reaction, generating aniline, thereby successfully introducing amino
groups and generating aminated lignin [39,40].(The principles of organic amine generation)

5. In addition, lignin also contains small amounts of carboxylic acids, and these carboxyl groups
combine with ammonia molecules to produce carboxylic acid-ammonia transition state
intermediates [41]. (The principle of acid-base combination)

6. The transition state intermediate carboxylic acid-ammonia is unstable and under high
temperature conditions, a dehydration reaction occurs to produce a structurally stable acid
amide group [42,43]. (The principle of acid amides generated reaction)

3.8. Discussion on the Advancements and Shortcomings of This Research

The advancements of this research: A kind of aminated lignin was synthesized by lignin
ammonification reaction, following with its structural analysis and chemical reaction mechanism
study. Especially, the aminated lignin product has a higher thermal stability and a good water
solubility property, which was 0.45 g per 100 ml of water by test. Thereby, the generated product of
aminated lignin effectively improves the water solubility of lignin raw materials. The generated
water-soluble aminated lignin can be used as a fine material to prepare adhesives. It can reduce the
surface tension between it and other raw materials, so that it can mix a variety of reaction materials
uniformly. And thereby, it can improve the progress of the polymerization reaction. At the same time,
the aminated lignin product improves the thermal stability of raw lignin materials, which can also
guarantee the quality of the adhesive products. Therefore, this research provides a new way to
increase the dosage of lignin-modified raw materials in the field of adhesives and enriches the
scientific theory of lignin chemical reaction theory.

However, there are still some shortcoming in this research: It was discovered that a small portion
of high molecular weight aminated lignin did not dissolve completely in water. In contrast, they
suspense in the water surface in the water solubility experiment. Therefore, an in-depth research on
optimizing the preparation process should be carried out to minimize the production of large
molecular weight aminated lignin, and thereby, enhance the water solubility of aminated lignin to
improve its application performance furtherly. In addition, the molecular weight distribution of
ammonified lignin dissolved in water has not been investigated, and thereby, it does not reveal the
relationship between the molecular weight and the water solubility of aminated lignin products. On
other hand, the synthetic reaction involves high temperature and high pressure, combining with a
toxic gas of ammonia. Thereby, it faces the risk of ammonia leakage under high temperature and high
pressure conditions in the process of synthetic reaction. To mitigate this potential hazard, the reaction
conditions in future experiments should be refined to conduct the ammonification reaction.

4. Conclusions

Through experiments and theoretical analysis, the following conclusion has been drawn: a kind
of aminated lignin compound has been successfully synthesized through lignin ammonification
reaction. The particle size of the aminated lignin is about 100 nm, with a weight average molecular
weight of 57,627 g/mol. The agglomeration of the lignin particle size that is significantly reduced. The
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aminated lignin has good water solubility of 0.45g per 100ml of water. And the thermal stability of
aminated lignin is better than that of raw lignin materials.

The mechanism of lignin ammonification reaction is that: under the action of ammonia water,
lignin undergoes degradation reaction and demethoxy reaction, generating hydroxylated lignin.
Subsequently, the phenolic hydroxyl and carboxylic acid groups on the hydroxylated lignin
undergoes acid-base binding reaction with ammonia molecules, generating a transition state of
phenol ammonia and carboxylic acid ammonia intermediates. Finally, Finally, the phenol ammonia
and carboxylic acid ammonia intermediates remove one water molecule respectively; and thereby,
transformed into amide groups, successfully introducing amino groups into lignin, generating
aminated lignin compounds.
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