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Abstract. Oil palm empty fruit bunches are one of the underuƟlized 
plantaƟon wastes. Lignin is one of the components of plant cell walls 
besides cellulose and hemicellulose that can be used as a raw material for 
the synthesis of lignin-based adhesives, namely lignin-urea-formaldehyde 
(LUF) adhesive resins. The polymerizaƟon reacƟon of LUF formaƟon was 
conĮrmed from the shiŌ and change in the FTIR wavenumber of the -C-O-C
- ether group of LUF compared to UF and LF obtained during the synthesis 
process. The tensile strength test results of all adhesives produced 
exceeded the tensile strength value of commercial UF adhesives, and it 
was found that increasing the lignin concentraƟon in the synthesized 
adhesives was directly proporƟonal to the tensile strength value. 
Increasing the lignin concentraƟon was also able to reduce formaldehyde 
emissions from all variaƟons of adhesives produced, but was unable to 
exceed the lower formaldehyde emission value of UF adhesives.  
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IntroducƟon 

Oil palm is one of Indonesia’s major and 
strategic agricultural commodiƟes, as reŇected in 
the vast plantaƟon area naƟonwide [1]. Accord-
ing to StaƟsƟcs Indonesia (BPS) 2023 data, the 
total oil palm plantaƟon area reached 16,833,985 
ha, comprising 577,937 ha owned by the govern-
ment, 8,614,259 ha managed by private enter-
prises, 6,736,516 ha culƟvated by smallholders, 
and 905,273 ha designated as land subject to 
veriĮcaƟon (LAD). Meanwhile, North Sumatera 
ranks among the top Įve province in Indonesia in 
terms of land area, covering approximately 
2,018,727 hectares [2].  

During the processing of Crude Palm Oil 
(CPO) in the industry, approximately 230 kg of 
empty fruit bunches (EFB) are generated from 
every 1 ton of fresh fruit bunches processed, 
which is equivalent to about 23% [3]. EFB is one 
of the largest waste streams generate by the 
plantaƟon industry, whose uƟlizaƟon is sƟll con-
sidered limited, as it is generally used only for 
compost producƟon [4], burned in boilers or in-
cinerators [3], or simply buried in soil as material 
for reinforcing plantaƟon roads [5], [6]. Chemical 
composiƟon analysis of EFB indicates that it con-
tains approximately 33-44% cellulose [7], 12-24% 
hemicellulose [8], and 21-26% lignin [9], where 
the presence of these consƟtuent materials sug-
gest a strong potenƟal for EFB to be processed 
into funcƟonal material feedstocks.  

One of the funcƟonal materials with po-
tenƟal to be produced is a lignin-based urea-

formaldehyde (UF) adhesive resin, which in this 
study is referred to as lignin-urea-formaldehyde 
(LUF) resin. UF resin itself has long been recog-
nized in the plywood and composite wood indus-
tries, however, this resin has a major drawback, 
namely the high formaldehyde emission it pro-
duces, parƟcularly when exposed to elevated 
temperatures [10]. Resin with formaldehyde 
emissions have negaƟve eīects on air quality, 
parƟcularly in indoor environments, and may 
pose health risks as a result of exposure to the 
volaƟle nature of formaldehyde [11]. This condi-
Ɵon has ulƟmately led to the implementaƟon of 
stringent regulaƟon governing the use of conven-
Ɵonal formaldehyde-based resins [12], thereby 
necessitaƟng the development of more environ-
mentally friendly formaldehyde-based resin al-
ternaƟves that remain suitable for plywood and 

related wood-based industries [11]. It is well known 
that lignin is a natural polymer that acts as a natural 
adhesive, binding cellulose and hemicellulose within 
the structural framework of plant wood [13]. Previ-
ous related studies using lignin extracted from sug-
arcane bagasse [14] and lignin derived from bam-
boo Įbers [15] reported that the adhesive strength 
of the resin increased with increasing lignin compo-
siƟon in the mixture, while simultaneously reducing 
the resulƟng formaldehyde emissions. In this study, 
we synthesize LUF adhesive resin using lignin isolat-
ed from EFB. The addiƟon of lignin is expected to 
enhance bonding strength due to the presence of 
phenolic and hydroxyl funcƟonal groups [16] that 
promote strong interacƟons with the urea-

formaldehyde matrix and wood surfaces, thereby 
improving resin cohesion and adhesion [17]. Simul-
taneously, lignin acts as a formaldehyde scavenger 
and parƟally replaces UF components, which reduc-
es free formaldehyde and contributes to lower for-
maldehyde emissions [18].  

 

Experimental 
 The Materials and Tools. The materials and 
equipment used in this study are brieŇy described 
as follows. Oil-palm empty fruit bunches (EFB), sodi-
um hydroxide (NaOH), sulfuric acid (H₂SO₄), urea, 
formaldehyde soluƟon (≈37 wt%), formic acid 
(HCOOH), deionized water, ammonium hydroxide 
(NH₄OH, 10%), hydrochloric acid (HCl, 0.1 N and 1 
N), and a mixed indicator (methyl red/methylene 
blue) were used. The equipment included cuƫng 
tools, a grinder, sieves (60- and 100-mesh), a hot 
plate with magneƟc sƟrring, a reŇux setup, a water 
bath, a pH meter, ĮltraƟon apparatus, an analyƟcal 
balance, a Fourier transform infrared (FTIR) spec-
trometer, a universal tesƟng machine, and hot and 
cold presses 

 Lignin IsolaƟon from Oil-Palm Empty Fruit 
Bunches (EFB). EFB was cleaned, chopped to reduce 
size, sun-dried to constant mass, and milled to ap-
proximately 60-mesh. DeligniĮcaƟon was per-
formed using 5% (w/v) NaOH at a solid–liquid raƟo 
of 1:10 (EFB:NaOH). The slurry was heated at 100 °C 
for 30 min, cooled, and the resulƟng black liquor 
was separated by ĮltraƟon. The solid residue was 
washed with deionized water to neutrality (pH ≈ 7). 
The black liquor was heated and sƟrred at 60°C, 
while H2SO4 was added dropwise unƟl the pH 
reached 2 and a brownish color was formed. The 
mixture was the allowed to stand for 24h to allow 
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lignin precipitaƟon. Subsequently, the precipitate 
was Įltered, dried, ground, and sieved to approx-
imately 100-mesh to obtain lignin powder [19]. 

 Urea HydroxymethylaƟon. Urea and for-
maldehyde were mixed at a molar raƟo of 1:2. 
The pH was adjusted to ~8.0 using 50% (w/w) 
NaOH. The mixture was reŇuxed at 40 °C under 
sƟrring for 30 min, then the temperature was 
raised to 90 °C and maintained for 60 min. AŌer-
ward, a few drops of formic acid (HCOOH) were 
added to adjust the pH to 5.0-5.5 [20]. 

 Lignin HydroxymethylaƟon In a beaker, 
lignin and formaldehyde were combined; the pH 
was adjusted to 12.5 with 50% (w/w) NaOH and 
sƟrred unƟl the lignin dissolved. The mixture was 
reŇuxed at 60°C for 90 min. The pH was then ad-
justed to 5.0-5.5 with formic acid and sƟrred at 
room temperature for 90 min. Three lignin-to-

formaldehyde molar raƟos were prepared: LUF-1 
(0.25:1), LUF-2 (0.50:1), and LUF-3 (0.75:1) [21]. 

 Synthesis of Lignin-Urea-Formaldehyde 
(LUF) Adhesive. The two prepolymers 
(hydroxymethylated urea and hydroxymethylat-
ed lignin) were combined and reŇuxed at 90 °C 
for 90 min with magneƟc sƟrring. The mixture 
was cooled to room temperature and neutralized 
to pH ~7 with 50% (w/w) NaOH. The resulƟng 
LUF adhesive was then ready for tesƟng [22]. 

 FTIR Analysis. Fourier transform infrared 
(FTIR) spectroscopy was employed to analyze 
lignin-formaldehyde (LF) resin and its precursors 
(lignin and formaldehyde), urea-formaldehyde 
(UF) resin and its precursors (urea and formalde-
hyde), as well as the lignin-urea-formaldehyde 
(LUF) resin. The analysis was conducted to idenƟ-
fy changes in absorpƟon band intensiƟes and 
wavenumber shiŌs, thereby conĮrming the for-
maƟon of the LUF resin through comparaƟve 
evaluaƟon of its FTIR spectrum with those of the 
LF resin, UF resin, and their respecƟve precur-
sors. 

 Lap-Shear Bond Strength Test. Wood 
adherends (10 cm × 1 cm × 0.4 cm) with an over-
lap (shear) area of 4 cm × 1 cm (4 cm²) were 
used. Adhesive was applied uniformly at a spread 
rate of 190 g m⁻² to one bonding surface. Cold 
pressing was conducted for 10 min, followed by 
hot pressing at 130 °C for 5 min. The laminates 
were condiƟoned at ambient temperature for 7 
days. Dry-state bond strength was measured; a 
commercial adhesive was tested in parallel as a 

reference [23]. 

 Formaldehyde Emission Test (Titrimetric 
Method). An adhesive sample (5.00 g) was placed in 
an Erlenmeyer Ňask, mixed with 15 mL deionized 
water, and homogenized. Two to three drops of 
mixed indicator (methyl red/methylene blue) were 
added. Subsequently, 5 mL of 10% NH₄OH and 5 mL 
of 1 N NaOH were added; the mixture was neutral-
ized with 0.1 N HCl, capped, shaken, and incubated 
in a water bath at 30 °C for 30 min. The soluƟon was 
Ɵtrated with 1 N HCl to the endpoint indicated by a 
color change from green to bluish-gray and Įnally to 
reddish-purple. A blank (without adhesive) was pro-
cessed idenƟcally. Formaldehyde emission was cal-
culated using Eq. (1). 

 (1) 

Where V is the HCl volume (mL), N HCl is HCl nor-
mality (eq L⁻¹), m sample is sample mass (g), and 
30.03 is the molar mass of formaldehyde (g mol⁻¹) 
[24]. 

 

Result and Discussion 

 FTIR Analysis. FTIR analysis is essenƟal for 
idenƟfying changes in funcƟonal groups and chemi-
cal bonding during resin formaƟon. Figure 1 shows 
the FTIR spectra of lignin and formaldehyde in com-
parison with the corresponding lignin–formaldehyde 
(LF) resin (A), as well as urea and formaldehyde in 
comparison with the urea–formaldehyde (UF) resin 
(B), enabling evaluaƟon of molecular interacƟons 
and structural evoluƟon in the resin systems. 

 The FTIR spectrum of the isolated lignin ex-
hibits characterisƟc absorpƟon bands that are con-
sistent with those reported for reference lignin in 
the literature. The presence of a broad absorpƟon 
band at a wavenumber of 3425.40 cm-1, aƩributed 
to -OH stretching, conĮrms the presence of phenolic 
structures, which are characterisƟc features of lignin 
molecular structure [25]. The presence of aromaƟc 
lignin groups was conĮrmed by absorpƟon bands at 
a wavenumber of 2925.49 cm-1, aƩributed to C-H 
stretching, and at 1637.48 cm-1 aƩributed to C=C 
stretching. This indicates that the backbone of the 
lignin structure is predominantly composed of aro-
maƟc compounds [26], [27]. Furthermore, the ab-
sorpƟon band at wavenumber of 1222.65 cm-1 indi-
cates vibraƟons f the aromaƟc ring aƩributed to the 
C-O stretching, which is characterisƟc of guaiacyl 
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units, while absorpƟon band at 1328.80 cm-1 
corresponds to aromaƟc ring vibraƟons origi-
naƟng from C-O stretching enchanced by the 
presence of methoxy groups in syringyl units 
[28], [29]. The C-O vibraƟons associated with 
methoxy (-OCH₃) ether groups were also idenƟ-
Įed in the 1222.65-1046.00 cm⁻¹ region [29], 
[30]. The good agreement between the present 
results and the reference spectra provides strong 
evidence for the successful isolaƟon of lignin. 
Although no quanƟtaƟve purity measurement 
was conducted, the absence and signiĮcant re-
ducƟon of cellulose and hemicellulose-related 
bands, typically observed around ±1730 cm⁻¹ and 
within the 1420-1030 cm⁻¹ region, qualitaƟvely 
indicate a relaƟvely high lignin purity [31]. 

 The FTIR spectrum of formaldehyde ex-

hibited an –OH stretching band at 3340.75 cm⁻¹, 
which is likely associated with the alcoholic solvent 
present in the 37% formaldehyde soluƟon. An ab-
sorpƟon at 2912.71 cm⁻¹ indicates the presence of –
CH groups [32], [33]. The aldehyde carbonyl was 
assigned to a band at 1641.38 cm⁻¹ (–C=O), support-
ed by a signal at 989.91 cm⁻¹ corresponding to the 
symmetric stretching of the C–O–C linkage [34]. FTIR 
analysis of urea showed the –NH₂ funcƟonality, 
idenƟĮed by N-H stretching at 3442.56 cm⁻¹ [35], 
[36]. An overlapping absorpƟon of -C=O and -NH 
was observed at a wavenumber of 3332.48 cm-1, and 
a band at 1623.06 cm-1 was idenƟĮed, originaƟng 
from C-N bending [35]. 

 FTIR spectroscopy was also employed to 
determine chemical interacƟons and condensaƟon 
phemomena occurring during resin formaƟon by 
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Figure 1.  FTIR spectra of lignin-formaldehyde, LF (A)  and urea-formaldehyde, UF (B) systems 

Figure 2. FTIR spectra acquired during LUF formaƟon 
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examining changes in intensity and shiŌs in 
wavenumbers from the individual reactants to 
the Įnal polymer system, as shown in Figure 2. 

 Evidence of polymerizaƟon through con-
densaƟon processes was idenƟĮed by observing 
shiŌs in wavenumbers and/or the emergence of 
new C-O absorpƟon bands, which conĮrm the 
occurrence of condensaƟon reacƟon between 
lignin-formaldehyde (LF) and urea-formaldehyde 
(UF) species. The speciĮc region analysed was 
the wavenumber range of 1300-1100 cm-1, which 
corresponds to the presence of C-O stretching 
vibraƟons of ether linkages [34]. The phenome-
non of a reduced presence of free formaldehyde 
associated with formaldehyde emissions can also 
be observed from this spectrum. During LF for-
maƟon, a decrease in absorpƟon band corre-
sponding to symmetric C-O-C stretching was ob-
served, indicaƟng the consumpƟon of a porƟon 
of formaldehyde during the condensaƟon pro-
cess. It should be noted that two ether C-O-C 
absorpƟon bands appeared during this process, 
suggesƟng that lignin is also capable of accom-
modaƟng a porƟon of free formaldehyde. This 
phenomenon is consistent with the expectaƟon 
of this study, in which the addiƟon of lignin is 
able to reduce the resulƟng formaldehyde emis-
sions [37], [38]. A similar phenomenon was also 
observed during the formaƟon of UF, where the 
C-O band intensity diminished even further, indi-
caƟng that urea more eīecƟvely scavenges free 
formaldehyde than lignin, consistent with lignin’s 
comparaƟvely lower reacƟvity as a reactant [39]. 

 In the lignin-urea-formaldehyde (LUF) sys-
tem, addiƟonal shiŌs and intensity changes of C-O 
bands relaƟve to the LF and UF spectra signify the 
formaƟon of new ether C-O linkages, conĮrming 
condensaƟon between LF and UF to produce LUF 
[34]. Based on the previous FTIR analysis results, the 
condensaƟon phenomena are schemaƟcally repre-
sented through chemical reacƟon as shown in Fig-
ure 4. It should be noted that this reacƟon provides 
only simpliĮed conceptual descripƟon of the for-
maƟon of new ether linkages as evidence of con-
densaƟon occurring within the LUF system.  The 
process is iniƟated by hydroxymethylaƟon (stage 
1.), followed by condensaƟon (stage 2). 

 Tensile Strength Test. Tensile strength 
tesƟng was conducted to evaluate the bonding 
strength of the synthesized adhesive resin, as well 
as to assess its ability to transfer stress across the 
wood-adhesive interfacial surface, as shown in Fig-
ure 5.  

 Urea-formaldehyde is a thermoseƫng resin 
that funcƟon by penetraƟng the wood surface and 
hardening through heaƟng, forming strong polymer-
ic bonds between the bonded wood surfaces [40]. 
Meanwhile, lignin adheres to the wood surface 
through hydrogen bonding with cellulose [41], [42]. 
The combinaƟon of these two adhesion mecha-
nisms subsequently results in an adhesive with high 
bonding strength, as demonstrated by tensile 
strength tesƟng, in which all synthesized adhesive 
variaƟons exhibited bonding strengths exceeding 
that of commercial UF adhesive. This clearly demon-
strates that increasing lignin concentraƟon within a 
certain threshold has a direct correlaƟon with the 
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Figure 3. Proposed reacƟon scheme for LUF formaƟon 
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resulƟng tensile strength.  

This is directly reŇected in the tensile 
strength values of each variaƟon, namely 37.414 
MPa (LUF 1), 44.142 MPa (LUF 2), and 71.945 
MPa. The iniƟal increase in tensile strength 
(37.414-44.142 MPa) indicates the iniƟal rein-
forcing eīect of lignin, where under these condi-
Ɵons lignin acts as an acƟve component provid-
ing addiƟonal intermolecular interacƟons within 
the adhesive matrix  [43]. The further increase in 
tensile strength to 71.945 MPa at the highest 

lignin concentraƟon (LUF 3) indicates that lignin 
within the adhesive has transformed into a more 
rigid and highly interconnected polymeric network 
[44]. This enhancement phenomenon implies a 
more uniform distribuƟon of stress across the wood
-adhesive interface, which may occur through in-
creased formaƟon of hydrogen bonds with cellulose 
as well as an improvement in mechanical properƟes 
in the form of greater sƟīness [45]. These results 
indicate that lignin does not merely funcƟon as a 
Įller, but rather acts as an eīecƟve reinforcing 
agent that signiĮcantly enhances the mechanical 
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Figure 4. IlustraƟon of the molecular interacƟon between LUF and cellulose on 

Figure 5. Tensile strength curves for all adhesive variaƟons  
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performance of the LUF adhesive system at high-
er loadings.   

Formaldehyde Emission Test Results. 
Formaldehyde emission tesƟng showed that in-
creasing lignin content in the formulaƟon result-
ed in a gradual decrease in formaldehyde emis-
sions, likely because the phenolic-hydroxyl 
groups in lignin can act as scavenging sites for 
free formaldehyde through hydroxymethylaƟon 
and subsequent condensaƟon reacƟon [46]. This 
trend indicates that a higher availability of for-
maldehyde will promote more eīecƟve interac-
Ɵon with reacƟve sites on lignin, thereby parƟally 
immobilizing free formaldehyde within the poly-
mer network.  

Nevertheless, the emissions from all syn-
thesized LUF adhesives remained signiĮcantly 
higher than those of commercial UF adhesive, 
which is associated with the large and hetero-
genous macromolecular structure of lignin and 
its inherently lower reacƟvity toward formalde-
hyde compared to urea [13], [47]. As a result, a 
porƟon of formaldehyde is not fully consumed 
during the curing process and may be released 
through the cleavage or hydrolysis of labile ether 
linkages within the cured network [48]. These 
Įndings indicate that although lignin incorpora-
Ɵon contributes to the scavenging of a porƟon of 
free formaldehyde, addiƟonal treatments or pro-
cedures, such as chemical acƟvaƟon of lignin, 

op-

ƟmizaƟon of curing condiƟons, or the addiƟon of 
scavenging agents, are sƟll required to further 
suppress the formaldehyde emissions [49]. 

Conclusion 

 In this study, lignin extracted from oil 
palm empty fruit bunches (EFB) was successfully 
incorporated into lignin–urea–formaldehyde 
(LUF) adhesive resin, as conĮrmed by FTIR analy-
sis indicaƟng the formaƟon of new ether linkag-

es. Increasing lignin content signiĮcantly enhanced 
tensile strength and reduced formaldehyde emis-
sions due to its scavenging eīect. However, the 
emission levels remained higher than those of com-
mercial UF resin, suggesƟng that further opƟmiza-
Ɵon is required  
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