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Abstract

The purpose of this study was to explore the mechanical properties of plywood panels that had been bound
with lignin-phenol-formaldehyde (LPF) adhesive. LPF, composed of lignin that was extracted from Oil Palm
Empty Fruit Bunch (OPEFB) fiber by soda pulping method and characterized by Fourier Transform Infrared
(FT-IR), Nuclear Magnetic Resonance (HNMR), and Thermal Gravimetric Analyzer (TGA) analysis. Then,
various compositions of soda lignin (10-50 wt %) were used as a phenol substitute in LPF synthesis. The
characteristics of the synthesized adhesive were compared to the properties of phenol formaldehyde (PF)
adhesive. Plywood was fabricated with LPF and its mechanical properties were studied and evaluated using
industrial standards. The result indicates that the increase of phenol substitution with soda lignin, up to 40%,
improves the mechanical properties of plywood. This research demonstrated the use of lignin as a renewable
replacement of phenol in PF adhesive formulation.
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1. Introduction

Since the turn of the century, phenolic adhesives have been extensively employed in the wood industry. For the
manufacturing of specific wood-based composites, such as plywood, laminated veneer lumber, glue laminated timber,
fibreboard, and particleboard, phenol-formaldehyde (PF) adhesives are widely employed [1]. Additionally, they are
commonly utilized as binders in manufacturing impregnated paper and thermal goods derived from mineral fibers [2].
In order to prepare phenolic resins, which are based on petroleum, phenol and formaldehyde are utilized as raw
materials [3]. These are from non-renewable sources [4] and are connected with environmental concerns and health
difficulties. Consequently, replacing these petroleum-based reagents with bio-based components is a motivating
alternative to environmental, economic, and health perceptions [5]. Lignin can be used as a bio-based material to
partially substitute the phenol in the phenolic adhesive due to its similar structure to phenol.

Coniferyl, sinapyl, and p-coumaryl alcohols are three phenylpropanoid monomers that combine to form the highly
branching, three-dimensional, amorphous, polyphenolic biopolymer known as lignin [6]. Several inter-unit bonds link
these structures, such as ethers of different sorts (a-O-4, -O-4, and 4-O-5) and carbon-carbon connections. As a by-
product of the pulping process, lignin (also known as soda lignin, Kraft lignin, and organosolv lignin) can have a
variety of chemical compositions depending on the pulping material and conditions [7]. Among all the pretreatment
techniques (Soda, kraft, organosolv) for developing bio-based adhesives, the soda pulping procedure appears to be
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extremely promising [8,9]. For non-woody materials, the soda pulping technique is regarded as a prospective pulping
method [10]. The application of soda pulping for non-woody base materials, such as empty fruit bunch fiber, is
growing in popularity [11,12]. Due to chain polymerization and the formation of additional phenalic groups, lignin
isolation using the alkaline procedure has attracted much attention [13]. A lignin macromolecule is deteriorated by
breaking alkyl ether linkages during alkaline pulping, increasing the number of aromatic hydroxyl groups in the lignin
[14]. Because of all these reasons, it is possible to prepare wood adhesives using soda lignin as a co-monomer.
Compared to petro-chemically produced phenol adhesive, lignin is less toxic to the environment and may offer
significant economic benefits. In contrast to phenol, lignin's reactivity with formaldehyde during adhesive formation
is moderate. For this reason, when lignin is used as a phenol substitute in the adhesive synthesis, the desired properties
do not meet. Nevertheless, it is possible to overcome these limitations by enhancing lignin's reactivity through
chemical modification (phenolation) and producing a new form of resin. Thus, this work aimed to isolate lignin by
soda pulping and investigate whether soda lignin could replace phenol in a phenol-formaldehyde (PF) adhesive. The
physical and mechanical characteristics of lignin-phenol-formaldehyde (LPF) adhesive were examined by varying the
weight percent of lignin incorporation. Adhesive was characterized using FTIR, also mechanical properties such as
shear strength, modulus of elasticity, modulus of rupture, and formaldehyde emission were investigated.

2. Experimental Methods
2.1 Extraction of Lignin

At first, 20 g of Oil Palm Empty Fruit Bunch (OPEFB) fiber was soaked in hot water at 80 °C for 1.5 h. After the
treatment, the solid part was separated and washed with water. The fiber was then dried in an oven at 50 °C for 24
hours. Then the fiber was cut into small pieces, ground, and sieved using a 2-5 mm sieve tray. The lignin was then
extracted from treated OPEFB fiber by the soda pulping process. This process was carried out in a rotary digester. For
soda lignin extraction, the fiber was treated with an aqueous alkaline solution (15% NaOH; w/v), the fiber-to-solvent
ratio was 1:8 (w/v), and all components were placed in a rotary digester. The treatment was conducted for 2 hours at
110 °C under continuous rotation. The motor-driven rotation stirred the contents of the digester. After completing the
treatment, the delignified liquid was filtered as black liquor. Following that, the soda lignin was extracted from the
black liquor. Black liquor was filtered with filter paper to separate the insoluble materials from the liquor. The pH
level of the black liquor was 11.5. 5N sulfuric acid was added to the concentrated black liquor to precipitate the soda
lignin until the pH reached 2 with continuous stirring. The precipitated soda lignin was then filtered, rinsed with
distilled water, and dried in a vacuum oven at 45 °C for 48 hours. The yield of lignin was determined using the formula
shown in Equation 1. This extracted soda lignin was further characterized and used to prepare LPF adhesive.

) L weight of the extracted soda lignin Equation 1
% Yield dal = x 100
%o Yield of soda lignin weight of OPEFB fiber used in extraction

2.2 Lignin Characterization

The ash content of soda lignin from OPEFB was determined based on the method proposed by [15]. The crucible
was dried first at 105 °C, nearly 500 mg of lignin samples were weighed into the crucible and calcined at 900 °C for
four hours. The ash content was determined by calculating the percentage of lignin in the crucible after the burning
process had finished. The carbon (C), hydrogen (H), nitrogen (N) and sulfur (S) content was analyzed using a CHNS
analyzer. The percentage of oxygen (O) was calculated by subtracting the C, H, N and S contents from 100% [16].

Using a Fourier Transform Infrared (FTIR) Spectrophotometer, functional groups analysis of lignin was performed
(model: THERMO). The solid sample was put in the FTIR test area and analyzed with the help of OMNIC software.
Each spectrum was recorded with 40 scans in the frequency range from 4000 cm with resolution of 4 cm™. Bands
indicative of lignin were compared with data from the literature.

The proton nuclear magnetic resonance (HNMR) spectroscopy was also employed to characterize the lignin. A
Bruker AVANCE 400 NMR spectrometer was used to measure the one-dimensional (1D) HNMR spectra at room
temperature and 500 MHz of operating frequency. DMSO-ds was used to dissolve the samples. The *H chemical shifts
were calculated in parts per million. The thermogravimetric analyzer, (TGA) (TA instrument, TGA Q500) was used
to determine the decomposition and oxidation of lignin. Each specimen was evaluated at a scanning temperature range
of 25-600 °C and a heating rate of 20 °C/min with a weight of approximately 5.2 mg. The sample was placed in a
platinum crucible under a nitrogen environment with a 40 ml/min flow rate.

2.3 Preparation of Adhesive



All the adhesives samples were prepared in a reaction fitted with an electric stirrer, heating mantle, thermometer,
and condenser. In a typical synthesis, phenol and formaldehyde were reacted in a molar ratio (P/F) of 1:1.5, where the
total formaldehyde was divided into two parts adding to the synthesis. The flask was filled with a mixture of phenol
and 5N NaOH, and it was heated to 50 °C for 20 minutes while being agitated. Then formaldehyde (80% of the total
amount) was poured into the flask and reacted at 60 °C for an hour. After that, the temperature was raised to 90 °C,
and formaldehyde was added (20% remaining). The reaction was stopped when the viscosity (regularly checked at 25
°C with a viscometer (Brookfield) reached 400 to 600 cp. Once the adhesive cooled down, it was stored at 4 °C. After
that, the adhesive was characterized in terms of viscosity, pH, solids content, and gel time following the ASTM D
4426-01 method. For the preparation of the LPF adhesive, the same technique was followed, only 10 to 50% of the
phenol was substituted with soda lignin.

2.4 Plywood Manufacture and Testing

Red-Meranti veneer measuring 300 mm x 300 mm x 3.3 mm (widthxlengthxthickness) was used to fabricate the
plywood sample. An equal amount of wood adhesive was applied to ensure consistency during plywood production.
The adhesive was put on both sides of a core veneer using a glue spreader. The plywood was allowed to dry at room
temperature for at least 5 minutes prior to cold-pressed for 20 minutes at 9 kg/cm? pressure. After 20 minutes, the
plywood sample was withdrawn from the cold press and allowed to rest for 5 minutes prior transferred to the hot press
device. During the hot pressing process, the pressure was maintained at 9 kg/cm?, and the temperature was maintained
at 120 °C for 240 seconds. Following the completion of the hot press, the plywood product was allowed to cool at
room temperature before further testing. The mechanical characteristics commonly evaluated in plywood panel
applications were studied. Plywood panels' modulus of elasticity (MOE), modulus of rupture (MOR), and tensile
strength values were calculated using the standards established by EN 314 (1993) and EN 310 (1993).

2.5 Formaldehyde Emission Test

The plywood panel's formaldehyde emissions was tested using the desiccator method. A crystallizing dish with a
diameter of 120 mm and a height of 60 mm was positioned in the middle of the desiccator (inner capacity 9-11 liters).
About 300 ml of distilled water was filled in the crystallizing dish. After 24 hours, 25 ml of distilled water was taken
to measure the formaldehyde concentration because it absorbed the formaldehyde released from test pieces. In brief,
a conical flask with a co-ground cap was filled with 25 ml of sample solution. A conical flask was poured with 25 ml
of acetyl-acetone ammonium acetate solution. The co-ground stopper of the conical flask was heated to 65 °C for 10
minutes. A UV-Vis spectrophotometer was used to measure the absorbance of the solution at a wavelength of 412 nm.

The formaldehyde concentration of the sample solution can be calculated by using Equation 2.

C=FX(Aq—A4Ap) Equation 2

Where,
C=Formaldehyde concentration of test pieces (mg/L);
Aq=Absorbance of a sample solution;
Ap=Absorbance of the blank test (freshly distilled water);
F=Inclination of the calibration curve (mg/L).

3. Results and Discussion
3.1 Yield of Soda Lignin

The yield of dried soda lignin extracted from OPEFB fiber was 15 wt%. The yield percentages were determined
on a dry-weight basis. The ash content and elemental composition of soda lignin are presented in Table 1. The table
shows that the ash content in the soda lignin was 0.93% (<1%). Low ash content indicates that the lignin obtained has
low inorganic compounds and dirt residue from the raw fibers [17]. Elemental analysis of hardwood lignin shows
59.8% C, 6.4% H and 33.7% O [18]. Table 1 reveals that the soda lignin contains 46.67% C, 3.85% H, 0.48% N,
0.21% S and 48.79% O. Compared to Khan and Ashraf [18], the lower C and higher O may be due to the existence of



a higher number of syringyl units or saccharides in soda lignin [18]. The percentage of nitrogen in the soda lignin
suggests that the nitrogen was bound tightly to lignin molecules as a protein-lignin complex and cannot be separated
during lignin isolation [17]. Thus, less nitrogen content (0.48%) in lignin indicates a high-purity product. On the other
hand, the sulfur content in soda lignin was also very low (0.21%). These values are similar to those reported in the
literature [19,20].

Table 1. Physical properties of extracted lignin from OPEFB fiber via the soda pulping method.

Property Soda Lignin
Ash content 0.93
Carbon 46.67
Hydrogen 3.85
Nitrogen 0.48

Sulfur 0.21
Oxygen 48.79

3.2 Characterization of Lignin

The functional group and chemical structure of soda lignin were determined using FT-IR spectra. Figure 1 shows
the FTIR spectra of soda lignin. Band designations are provided based on a review of the relevant literature [21].
Several functional groups were detected by the FTIR spectrum, including hydroxyl groups O-H, aromatic skeletal
vibrations from the syringyl group, carbonyl stretching from the unconjugated ketone and carbonyl groups. The
Infrared spectrum of soda lignin (Figurel) is distinguished by a large peak at 3418cm, which corresponds to -OH
hydrogen bonds, which indirectly confirm the existence of phenolic groups in the soda lignin. The reactivity of soda
lignin is essentially influenced by the number of phenolic hydroxyl [22]. Therefore, when lignin is utilized to produce
phenolic resin, the presence of this group tends to increase lignin's reactivity toward formaldehyde. So, the activity of
soda lignin is higher, which is suitable for utilization in the preparation of phenol formaldehyde wood adhesive. A
sharp peak at 2937cm™ can be assigned to C-H stretching in methyl, methylene and methoxyl groups. Carbonyl
stretching unconjugated ketones and carbonyl groups are responsible for the tiny peak at 1635cm™. At 1519cm?, a
sharp peak reveals aromatic skeletal vibrations. Secondary alcohol peaks at 1119cm-* have been attributed to syringyl
and guaiacyl type ring breathing with C-O stretching. The presence of guaiacyl-type (G) confirms that soda lignin
from OPEFB possesses a potential active site for polymerization. The presence of a G-type unit revealed that soda
lignin could react with formaldehyde and crosslink with formaldehyde in the same way as in the phenol-formaldehyde
condensation reaction [23].
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Figure 1. FTIR spectrum of soda lignin Figure 2. HNMR of soda lignin



Further information for the structure of the extracted soda lignin was obtained by HNMR spectroscopy. Figure 2
presents the HNMR spectra of soda lignin. Protons in DMSO were indicated by a signal about 2.5 ppm. The broad
signal at 5.35 ppm (Figure 2) corresponds to H-a of -5 structures. H-B, and OH in p-O-4" were responsible for the
signals at 4.27 ppm and 5.13 ppm, respectively. The aliphatic moiety may be responsible for signals between 0.8 and
1.5 ppm [24]. As a result of its connection to the ratio of G and S units, the proton of methoxyl gives a strong signal
at 3.87 ppm, which is consistent with the FTIR analysis (Fig 1).

Figure 3 shows the TGA curve of soda lignin. Soda lignin was degraded across a wide temperature spectrum, from
around 200 to 800 °C. The graph shows that there are three stages to weight loss. Water and other solvents, such as
formaldehyde and alcohols, volatilize at temperatures between 20 and 100 °C, causing the first weight-loss phase to
occur [25]. The adjacent hydroxyl reaction reduced moisture during the second stage (200-350 °C), followed by
creating an ether bond and the subsequent degradation of lignin. The TGA fraction significantly dropped during the
second stage, reaching 35%. Lignin was degraded at temperatures higher than 350 °C. High temperatures caused the
structure to deteriorate [26]. Notably, at 800 °C, about 25% of the non-volatile solid residue had not been completely
burned. This result demonstrates that soda lignin is stable at high temperatures and can be related to the high degree
of branching and development of a highly condensed aromatic structure in soda lignin. The thermogravimetric analysis
shows that these lignin are not damaged at 200 °C.
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Figure 3. TGA of soda lignin
3.3 Lignin Valorization

For the production of wood adhesive, soda lignin from OPEFB fiber was chosen and employed. The dry tensile
strength, MOE and MOR values of plywood bonded with adhesive made with various weight ratios of
lignin/phenol (0/100, 10/90, 20/80, 30/70, 40/60, and 50/50) were tested at 160 °C and 150 seconds of press time (a
hot press machine)

Figure 4 illustrates a typical FTIR spectrum of PF and LPF adhesive (40% LPF). This measurement aimed to
examine the impact of reacting between PF and soda lignin on the adhesive's functional group. The spectral variance
between PF and LPF adhesive was detected at 1006 cm™, attributed to the presence of C-O stretching vibration of
aliphatic C-OH, aliphatic C-O (Ar) and methylol C-OH [27]. Due to the existence of additional species, the peaks at
1006 cm? of the LPF adhesive were broader than those of the PF adhesive (not only methylol-OH but also alphatic-
OH in LPF). The PF adhesive's bond at 1223 cm™ was larger than the LPF adhesive's, indicating that the phenolic -
OH groups in PF had undergone more C-O stretching.
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Figure 4. FTIR spectra of phenol formaldehyde (PF) and 40% lignin-phenol-formaldehyde (LPF) adhesives

Table 2 illustrates the mechanical and physical properties of the plywood test panels prepared using PF and LPF
adhesives. There was a statistically significant difference between PF and 40% LPF adhesive. Compared to PF
adhesive, replacing up to 40% lignin (40%LPF) enhanced the mechanical properties. The strength of PF adhesive was
2.1 MPa, whereas the strength of 40% LPF was 2.6 MPa. The result suggests that soda lignin containing LPF adhesive
had better bond strength under the current experimental conditions. It appears that lignin copolymerizes with PF,
resulting in improved bond strength in LPF. The higher tensile strength of 40% LPF can be explained by the increased
incorporation of lignin, crosslinking between the polymer chains increases, providing better bonding in wood
composites [28]. A decrease in tensile strength was noticed on 50 wt% loading of soda lignin in LPF. Due to the
excess lignin in the adhesive, tensile strength has been reduced [29].

Table 2. Mechanical properties of plywood panels prepared with phenol-formaldehyde (PF) and lignin-phenol-
formaldehyde (LPF) adhesives.

Composition Dry tensile  Modulus of ~ Modulus Formaldehyde
Adhesive type lignin/phenol strength Elasticity  of Rupture  emission (mg/L)
(wiw) (MPa) (MPa) (MPa)

PF 0/100 2.1 3475 42 1.73
10% LPF 10/90 1.9 3240 44 1.58
20% LPF 20/80 2.3 3350 49 151
30% LPF 30/70 2.4 3680 52 1.37
40% LPF 40/60 2.6 3810 56 1.08
50% LPF 50/50 1.9 3140 38 1.48

The values of MOE and MOR were found as 3475 MPa and 42 MPa for the plywood panels prepared with PF
adhesive. The values for the plywood samples made with 40% LPF were 3810 MPa and 56 MPa, respectively. It can
be explained by the fact that better crosslinking of lignin with formaldehyde in LPF adhesive, which makes the panel
stronger [30]. From Table 2, it is shown that 40% of LPF-adhesive-treated plywood panels emit significantly less
formaldehyde than PF-adhesive-treated plywood panels. Due to the penetration of PF adhesive into the wood and the
substitution of lignin for PF adhesive, plywood panels' formaldehyde emission has been reduced [31]. As the
percentage rises above 50%, a noticeable increase in formaldehyde emission is seen. A similar finding was reported
by Reh et al. [32] and they explained that this increase is typically caused by inadequate PF wood penetration [32].

4. Conclusion

The soda pulping method was used to extract lignin from OPEFB fiber, and its composition and physicochemical
characteristics were reported. FTIR, HNMR, and TGA were done for soda lignin characterization. Due to its greater
number of activated free ring locations and higher thermal decomposition temperature, soda lignin is considered a
better alternative in the synthesis of LPF resins, according to its structural and thermal properties. Increasing the



substitute amount of soda lignin up to 40 wt% in PF adhesive enhanced the mechanical strength and reduced the
formaldehyde emission of the plywood panels.
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