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ABSTRACT: The aim of this research was to synthesize a new totally bio wood adhesive entailing the use of oxidized
starch (OST), urea, and oxidized lignin (OL). For this reason, non-modified (L) and oxidized lignin (OL) at different
contents (20%, 30%, and 40%) were used to prepare the starch-urea-lignin (SUL) and starch-urea-oxidized lignin
(SUOL) resin. Sodium persulfate (SPS) as oxidizer was employed to oxidize both starch and lignin. Urea was just used as
alow cost and effective crosslinker in the resin composition. The properties of the synthesized resins and the plywood
panels bonded with them were measured according to relevant standards. The viscosity and gel time of the SUOL resins
containing oxidized lignin are respectively higher and faster than for non-modified lignin (SUL). The lignin phenolic
hydroxyl groups (-OH) proportion was markedly increased by oxidation as shown by Fourier Transform Infrared
(FTIR) spectrometry. The molecular mass and the polydispersity of the lignin did also decrease by its oxidization
pretreatment. DSC analysis showed a decrease of the glass transition temperature of the lignin (Tg) due to its oxidation.
The thermal analysis of the oxidized lignin SUOL resin also showed that it had a lower peak temperature than the
SUL equivalent non-modified lignin resin. The plywood panels bonded with oxidized lignin gave acceptable bending
modulus, bending strength, peak temperature by thermal analysis and dry shear strength as well as a better plywood
dimensional stability when used in the SUOL formulation. The synthesized SUOL adhesive is a lignin-derived, totally
bio, no-aldehyde added, inexpensive resin applicable to bond plywood.
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1 Introduction

Due to the enhanced public awareness of to-day environment constraints and the increasing cost and
availability oil reserves the biomass uses in wood adhesive preparation are growing [1,2]. For this reason,
bio-based wood adhesives have attracted increasing attention. Lignin, as being the second largest and one of
the most important biomass sources, can be used for wood adhesives. Its industrial yearly production from
the pulp and paper industry as the main source of lignin can reach 6 x 1010 t [3]. Although lignin-based
wood adhesives have several advantages, due to lignin’s complex structures, broad chemical differences, and
low reactivity, they haven’t been used widely in the wood adhesive industry. To overcome these problems,
to chemically modifying lignin is needed before using it for wood adhesives [4]. A number of different
approaches to modify lignin have so far been taken. Among these, phenolation, hydroxymethylation and
others, have been tried and are on record with some success in improving lignin reactivity [5,6]. Oxidation as
a green method is one of the best proposed methods used for lignin modification. Oxidation is a modification
which under certain conditions changes lignin superficial structure and degrades its original arrangement,
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increases the types and quantities of oxygen-containing functional groups, and increases the active sites on
the surface of the material. Oxidation of lignin can be carried out with several different oxidizing agents.
Oxidative pre-treatment of lignin has been described as a way to weaken the lignin structure, making it more
susceptible to depolymerisation, and created aldehyde groups that can further cross-link the lignin by itself
or with other materials [7]. Previous research has shown that sodium persulfates (SPS) yielded the best results
among the all lignin oxidizing agents tried [8]. To use sodium persulfate Na,S,Og (SPS) is much cheaper and
easier than systems using ionic liquids or deep eutectic solvents for lignin modification. The hydroxyl groups
from primary and secondary carbons of the lignin aliphatic chains can be oxidized by SPS. Chen et al. [7]
have shown that the oxidation results of lignin resulted in depolymerisation, achieving higher reaction rates
under milder conditions.

Conversely, the use of nontoxic aldehyde instead of formaldehyde (as a very toxic aldehyde) to obtain
bio-adhesive based on lignin is necessary. Previous work has shown that oxidizing starch and other polymeric
carbohydrates can yield non-volatile bio-aldehydes on the starch structure itself [9-15]. Different types of
strong and mild oxidizing agent can be used to reach this purpose. Compared to strong oxidizing agents
which can cause significant structural damage to the starch, SPS is a relatively mild and inexpensive oxidizing
agent and it has been recently used as the most apt oxidizing agent for carbohydrate adhesives for wood [8].
Previous work has shown that SPS does cleave the C-C bonds in monomeric and polymeric carbohydrates
in which the two carbons present vicinal -OH groups oxidizing them to two aldehydes, this also being valid
for starch [16-23]. Therefore, in the work presented here, SPS was the choice of preference to be used to
yield aldehyde groups as well as for the chemical modification of the lignin structure. The aldehyde groups
generated in oxidized starch are capable of reacting with the aromatic rings of oxidized lignin to yield cross-
linked networks usable as adhesives for wood, and moreover with the participation of the aldehydes formed
on lignin by its specific oxidation [7]. However, previous work has shown that to obtain just oxidized either
oxidized starch alone or lignin/oxidized starch adhesives with good physical and mechanical properties, the
use of a cross-linking modifiers is necessary [17-22]. As in previous works on oxidized biomaterials urea
as a low cost, nontoxic and effective material was used to ease and increase cross-linking between oxidized
lignin and oxidized starch. Hence, this current research was aimed to achieve the synthesis of bio-adhesives
for wood panels by oxidized starch, urea and oxidized lignin along with the investigation of the performance
and properties of the plywood bonded with them.

2 Materials and Methods
2.1 Materials
Bagasse Soda black liquor with pH =13% and 40% solid content as source of lignin.

For that purpose, Soda lignin was extracted from black liquor by sulfuric acid method. The chemical
materials used in this research such as urea, sodium persulfate (SPS) and soluble starch were purchased from
the Sigma Aldrich chemical company. In this research, soluble amylose-rich type of starch as bio-aldehydes
was used to preparation of lignin-based adhesives.

2.2 Methods
2.2.1 Oxidation of Starch

Starch was oxidized according to a method reported by Liu et al. [23]. At a temperature of 60°C, a certain
mass ratio of starch (ST) was added into a three-neck flask equipped with a mechanical stirrer to prepare a
50 wt% aqueous solution of starch. After the starch was fully and evenly homogenized, a certain amount of
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sodium persulfate (Na,S,0s) as oxidizing agent was charged and stirred for a certain period of time. After
the reaction is complete, filter a portion was exposed to freeze-drying to obtain the oxidized starch (OST).

2.2.2 Oxidation of Lignin

At a temperature of 50°C, lignin was blended with 25 wt% sodium persulfate (with 30% concentration)
based on the lignin dry weight. They were mixed together rapidly under stirring (400 rpm) for 60 min at
temperature of 50°C. Finally, the re-action mixture was then cooled to room temperature to obtain OL. The
prepared OT was vacuum dried.

2.2.3 Preparation of Starch-Urea-Lignin (SUL) Wood Adhesives

To prepare the SUL adhesive, 20%, 30% and 40% unmodified/oxidized lignin (based on the dry starch
mass) were added to the prepared oxidized starch (OST) solution (50%) and stirred for 60 min. In the next
step, 20 wt% urea (based on the starch mass) as a cross-linking agent was added to mixing by vigorously
stirring with a magnet rotor for 90 min at room temperature. Then, the temperature of the water bath was
raised to 90°C and the reaction continued for 100 min. Finally, the reaction mixture was then cooled to room
temperature to obtain the SUL and SUOL adhesives.

2.2.4 Physicochemical Properties of the Synthesized Resin

Physicochemical properties (gelation time, viscosity and Specific Gravity (SPG)) of the prepared resins
were measured according to related standard methods. The percent non-volatile content (solid content) of
the adhesives was determined as per China National Standard GB/T 14074-2017 [24]. The specific gravity of
resin solution was obtained by hydrometer and the viscosity was measured using hydrometer.

2.2.5 Fourier Transform Infrared Spectrometry (FTIR)

The changes in the chemical structure of lignin after oxidation have been analyzed by Fourier Transform
Infrared spectrometry (FTIR) (Shimadzu FTIR 8400S, Kyoto, Japan). FTIR spectra were obtained from KBr
pellets with 1 wt% of the powdered resin at wave numbers in the 400 and 4000 cm™! range. The obtained
spectra were normalized by a constant peak.

2.2.6 Differential Scanning Calorimetry (DSC) Analysis

The changes in curing temperature of the adhesive containing oxidized lignin compared to the resin
with unmodified lignin were determined by a NETZSCH DSC 200 F3Model thermal analyzer. To determine
the curing temperature of the resins, about 5 mg of freeze-dried sample was added to the aluminum pan. The
samples were then heated from ambient temperature (25°C) to 250°C under a nitrogen atmosphere. The DSC
scans were recorded at a heating rate of 10°C/min under nitrogen atmosphere with a flow rate of 60 mL/min.

2.2.7 Gel Permeation Chromatography

The molecular weight and dispersion of lignin samples before and after oxidation were determined by
gel permeation chromatography (GPC) (LC-20A, Shimadzu, Kyoto, Japan). Acetylation of lignin was done
before molecular weight testing. The concentration of lignin in tetrahydrofuran (THF) was about 5 mg/mL.
The column temperature was 40°C, THF was the eluent, and the flow rate was 1 mL/min. The average
molecular weight of virgin and oxidized lignin was measured by an external standard method, in which
monodisperse polystyrene was applied as the standard compound.
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2.2.8 Plywood Preparation

The manufacturing of the plywood was performed according to the method of Younesi-Kordkheili
et al. (2017) [2]. Resins obtained above were used to prepare plywood panels. Standard single layer sheets
of beech (Fagus orientalis) of dimensions 400 mm x 400 mm x 2 mm were dried to lower than 6 wt%
moisture content, coated with 310 gm* adhesive to prepare three-layer plywood, and then hot pressed. The
hot press temperature was 180°C, the maximum pressure was 6 MPa, and the hot-pressing time was 7 min.
The plywood samples were kept indoors for 24 h and then sawn to test the shear strength. Three samples of
each adhesive and were selected randomly and tested for dry strength.

2.2.9 Panel Testing

Shear specimens were prepared from each board to examine dry according to ASTM D 906-98 [25].
The samples were conditioned at a temperature of 23 + 2°C and a relative humidity of 60 + 5% for two
weeks. Five specimens were tested for each resin. Water absorption tests were performed according to ASTM
D4442-07 [26]. Five specimens for each resin were taken from the panels and dried in an oven for 24 h ata
temperature of 100 + 3°C. The weight of the dried specimens (W) was determined at an accuracy of 0.001 g.
The specimens were then immersed in distilled water for 24 h at a temperature of 23 + 2°C, and weight was
again measured (W»4). Weight of the specimens was measured after a 24 h immersion. The values of the
water absorption (WA,4) in percentage were calculated using Eq. (1).
WA, = Was = Wo 100 )

Wo

where WA,, is the water absorption (%) at time 24 h, W, is the oven dried weight and W4 is the weight of
specimen at a given immersion time 24 h.

The value of the thickness swelling in percentage was calculated using Eq. (2).

T24 - TO

TSy = x 100 (2)

0
where TS, is the thickness swelling (%) at time 24 h, Ty is the initial thickness of specimens, and T4 is the
thickness at time t.

2.2.10 Measure of Bending Strength and Modulus of Elasticity in Bending
Bending Modulus and Bending Strength were calculated with the formulas:

MOE = [(F, - F) - B]/[4bt*(a; - a1)]
MOR = (3Fmax '13)/2bt2

o Where F, — F, is the gradual increase of load on the straight-line portion of the load deflection curve
and is measured in Newtons; N. F) is approximately 10% of the maximum load while F, is approximately
40%.

e F,,, is the maximum load measured in Newtons.

o  bis the breadth of the specimen, measured in millimeters, mm.

o tisthe thickness of the specimen, measured in mm.

o listhe distance between the centers of the support which is also measured in mm.

o a — a is the deflection of the specimen at mid span, corresponding to F, — F; and is also in mm.
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2.2.11 Statistical Analysis

The effects of the unmodified and oxidized lignin content on the plywood panels’ properties were
evaluated by two-way analysis of variance (Two-way ANOVA) at 95% confidence level by SPSS software.

3 Results and Discussion

3.1 FTIR Analysis

The infrared spectrum of the virgin lignin (L) and oxidized lignin (OL) are shown in Fig. 1. The FTIR
assignments for lignin are reported in Table 1. Comparing the spectra of the two, oxidized lignin appears to
clearly have a higher proportion of hydroxyl groups at the 3420-3440 cm™! wave length peak. Moreover, the
FTIR spectrum of oxidized lignin (OL) exhibits a sharper peak at 1685 cm™! characteristic of the stretch of
the carbonyl groups (-C=0) generated by oxidation.

L

<
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!
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Figure 1: Lignin (L) (red trace) and oxidized lignin (OL) (blue trace) FTIR spectra

Table 1: FTIR assignment of lignin

Assignment Bond Position (cm™)
O-H stretching 3421
C-H stretching 2937
C-H stretching 2840
C=0 stretching 1682
Aromatic skeletal vibration + C=0 stretching 1603
Aromatic skeletal vibration 1514
C-H deformation 1462
C-H in-plane deformation with arom. ring stretch 1425
C-O of the syringyl ring 1327
C-O of the guaiacyl ring 1269
C-C and C-H stretching 1215
Aromatic C-H in-plane deformation guaiacyl ring 1151
Aromatic C-H deformation syringyl ring 1116

Aromatic C-H in-plane deformation 1033
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Additionally, Fig. 1 also shows that the intensity of transmittance in the 955-1211 cm™! band range in
OL decreased compared to virgin lignin. This indicates that most probably molecular chain fragmentation
and depolymerization of the lignin during its oxidation has occurred. The 2811 and 1470 cm™" peaks appear
to belong to the -O-CH; moieties on the lignin units [27] which in OL are lower than in pure lignin (L).
In fact, the greater proportion of hydroxyl groups in OL derives from the oxidation of the ~-OCHj3 groups.
It confirms that lignin’s oxidation occurred successfully. Ye et al. (2024) [28] have shown that the methoxy
groups and the molecular weight of lignin were decreased by oxidation. They also showed that with oxidation
a marked increase of the proportion of phenolic -OHs and carboxyls occurs [29].

3.2 DSC Analysis

The heat flow changes for oxidized and non-modified lignins are shown in Fig. 2. Fig. 2 shows that the
Tg of oxidized lignin is lower at 76°C than that at 92°C for the non-modified one.
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Figure 2: DSC of lignin (L) (green trace) and oxidized lignin (OL) (blue trace)

Molecular mass and extent of cross-linking have been shown previously to be the predominant
parameters of having a marked effect on lignin’s Tg. Gel Permeation Chromatography (GPC) was used to
determine the oxidation influence by SPS on lignins as well as acetylated lignin molecular masses when
treated and untreated. The values of weight-average molecular weights (Mw), number average molecular
weights (Mn), and polydispersity index (Mw/Mn) of oxidized lignin and virgin lignin have been reported
in Table 2.

Table 2: Molecular weight and polydispersity of lignin and oxidized lignin

Type Mw Mn Mw/Mn

Lignin 7323 2435 3.0
Oxidized lignin 2154 1432 1.3

Comparing the two lignins in Table 2 indicates that oxidation has caused a lowering of the Mw and
Mn average molecular weights. The polydispersity coefficient of oxidized lignin (1.3) was lower than that of
the control sample (3.0). It indicates that the homogeneity of lignin was improved after oxidation. Lower
molecular weight and polydispersity values can significantly influence the improvement of the chemical re-
activity of oxidized lignin. DSC analysis confirms the FTIR analysis results that, the reaction of SPS with
lignin decreases its methoxy group content and cleaves part of the chemical bridges between lignin units.

The DSC analysis of synthesized SUL resins containing 40% virgin and oxidized lignin has been shown
in Fig. 3.
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Figure 3: DSC analysis of the oxidized starch-urea-non-modified lignin resin (SUL) and of the oxidized starch-urea-
oxidized lignin resin (SUOL)

The SUL resin containing virgin lignin exhibits a distinct exothermic peak at about 107°C. However,
the adhesive sample with oxidized lignin had its peak at 85°C. This infers that the pretreatment of lignin
by SPS has a significant influence on the adhesive curing. The oxidation results in a higher susceptibility of
lignin to depolymerisation, achieving higher reaction rates under milder conditions. The mild conditions
employed can be an advantage for industrial application. The good performance of oxidized lignin can also
be attributed to its higher proportion of phenolic hydroxyl groups on the chains of the lignin molecules. This
higher proportion of hydroxyl groups was generated by $-O-4 bridges between lignin units being cleaved
(Fig. 4) and the consequent decrease of the lignin molecular mass according to the study of Chen et al. using
lignin model compounds [30].

Figure 4: Example of cleavage of f-O-4 linkages between lignin units by oxidation

Cleavage of the $-O-4 ether bridges was also found to occur with relative ease as a consequence of the
oxidizing treatment and this even when the oxidation was mild [7]. This was also one cause of the increase
in the proportions of ~-OH groups as well as of the presence of generated aldehyde groups [31]. Furthermore,
it can be noted that, the oxidation of lignin by SPS can achieve a SUOL resin with good curing temperature,
a point valuable from an economic perspective for industry.

All the possible reactions in the SUOL resin preparation are shown in Fig. 5. The reaction of oxidized
lignin with oxidized starch can occur to different extents with (i) the addition of urea working as a cross-
linker by reaction with the aldehyde groups generated by oxidation on both the lignin and the starch, hence
linking the two [13,32], (ii) the cross-linking of oxidized starch itself by reaction of urea with some of the
aldehyde groups on oxidized starch chains [20], (iii) the direct cross-linking of oxidized starch just with
oxidized lignin by reaction of the generated aldehyde groups on the starch with the reactive aromatic sites
of lignin [32], (iv) by urea cross-linking just the oxidized lignin chains by reacting with the aldehyde groups
generated by lignin oxidation, (v) by continuous increase of the oxidation by cross-linking of the oxidized
starch chains without any other addition [12]. Finally, (vi) depending on the severity and extent of the
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oxidation of lignin that has occurred, the oxidation does even cleave the C-C bond of some of the aliphatic
chains linking lignin units. Cleavage then occurs between the alpha and beta carbons of the aliphatic chains
generating different fragments all carrying further aldehyde groups. These may also be able to participate in
the cross-linking reaction involving the lignin as described above [7]. It must be noted that other reactions
also occur, and have been determined, namely quinones being formed from the lignin’s aromatic ~-OHs [31]
as well as the f-O-4 links connecting lignin units being cleaved at higher oxidation levels as already found
(Fig. 4).

Reaction I. Oxidation of lignin by sodium persulfate [7,29].
H
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Reaction 2: Oxidized starch by Sodium persulfate [8,12]. It is to note that the hydroxyl group at
carbon 6 of starch (-CH,OH) can also be partially oxidized [33].
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Reaction 3: Reaction of oxidized starch with oxidized lignin and urea.
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Reaction 4: Cross-linking of oxidized starch-urea [13,15,20,33].
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Figure 5: (Continued)



] Renew Mater. 2026;14(1):1 9

Reaction 5: Direct crosslinking of lignin and starch by reaction of the aldehyde groups of oxi-dized
starch and the reactive aromatic groups of oxidized lignin [34].
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Figure 5: All the possible reactions in the oxidized starch-urea-oxidized lignin (SUOL) resin prepar-
ation [7,8,12,13,15,20,29,33,34]

3.3 Physicochemical Properties

Table 3 shows the SUL and SUOL resins properties. It can be observed that after addition of 20% urea as
cross-linker the solid content and the viscosity of the resins significantly increased and the gel time shortened,
respectively. Physical effects like an increased percentage of resin solids as well as chemical effects appear to
be responsible for the higher viscosity of the SUOL and SUL resin compared to the simple oxidized starch
non-modified lignin resin with no urea added (SL). In other words, the high chemical reactivity of urea
increases the proportion of crosslinks between lignin and starch thus influencing the viscosity and gel time
of the resins pre-pared. The higher level of cross-linking in the wood adhesive by urea being added is on
record by a number of research groups [35,36].

Table 3: Properties of the different resins tested

Resin SC (%) V (mPas) GT(s) Density(kg/L)

SL 33 (0.2) 176 (2) 290 (2) 1.218

SUL + 20% lignin 45 (0.5) 210 (3) 233 (4) 1.233
SUL + 30% lignin 40 (0.5) 200 (2) 242 (2) 1.230
SUL + 40% lignin 36 (0.4)  193(2) 250 (2) 1.226
SUL + 20% oxidized lignin 48 (0.3) 226 (4) 218 (5) 1.239
SUL + 30% oxidized lignin 53 (0.3) 240 (3) 200 (3) 1.245
SUL + 40% oxidized lignin 55 (0.1) 254 (2) 183 (2) 1.256

Note: SC = solids content; V = dynamic viscosity; GT = gel time. SL = oxidized starch
non-modified lignin resin with no urea addition. SUL = oxidized starch-urea-non-
modified lignin resin. SUOL = oxidized starch-urea-oxidized lignin resin. Values in
parentheses represent standard deviations.

Table 3 also shows that the SUOL resins with oxidized lignin have higher solids content, viscosity and
a shorter gel time compared to those with unmodified lignin (SUL and SL). Adding oxidized lignin to the
SUL adhesives to form the SUOL one leads to their increased viscosity and their shorter gel times caused
by the inherently higher reactivity of the oxidized rather than of the non-modified lignin. Oxidized lignin
can form numerous chemical bonds with starch and urea, which hinders the mobility resulting in higher
viscosity of the resin. The very active oxide groups on the surface of modified lignin can further increase the
level of cross-linking. The increase in the addition of oxidized lignin from 20 to 40 wt% also continuously
increased the solids content and viscosity as well as accelerating the gelation time of the SUOL resins. The
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SUOL resin containing 40% OL had the highest sol-ids content (55%), viscosity (254 mPa-s) and the shortest
gel time (183 s) among all the resins prepared. Zhu et al. (2025) [37] indicated that addition of oxidized lignin
to the resin can improve the physicochemical properties of synthetic resins. Conversely, Table 3 also shows
that the progressively larger increases in the SUOL adhesive of added oxidized lignin progressively induce
SUOL density increases. Among all the resins the lowest density at 1.218 kg/L is recorded by the SL resin
control and at 1.256 kg/L the highest is presented by the resin at 40% oxidized lignin.

3.4 Mechanical Properties of the Plywood Prepared

Table 4 shows the mechanical properties (shear strength, bending modulus, and bending strength) of
the plywood panels prepared in this research work. It can be seen that urea addition was a critical factor
in the preparation of SUL adhesive as the addition of urea as a cross-linker significantly improves the
mechanical strength of the plywood panels bonded with oxidized starch-oxidized lignin resin. The amino
groups (-NH,) of urea can easily react with the functional groups of both oxidized lignin and oxidized
starch to enhance the cohesive bond strength of the adhesive. So far several researchers used urea to improve
the mechanical strength of the bio-wood adhesives [38]. Zhao et al. (2018) [13] synthesized urea-oxidized
starch (UOSt) adhesive with high quality and zero formaldehyde-emission by polycondensation reaction
of urea and oxidized starch. The majority of the oxidized starch-generated aldehydes reacted with urea,
while hydrogen bonds formed between the ~OH groups still present on starch with the unreacted C=0O
groups. With non-modified lignin increasing from 20% to 40% this does progressively induce a shear and
bending strength decrease of the plywood panels prepared (Table 4). However, conversely, different results
are obtained for plywood bonded using oxidized lignin. The highest shear strength at 0.49 MPa coupled with
the highest wood failure percentage at 80% was presented by the resins with 40% oxidized lignin. Conversely,
the lowest values of these two parameters, namely at 0.29 MPa and wood failure percentage (40%), were
recorded for the plywood bonded with the resin containing 40% by weight of unmodified lignin. Chen
et al. (2021) [7] have already shown that the plywood panels bonded with oxidized demethylated lignin give
acceptable shear strength.

Table 4: Plywood mechanical characteristics

. Bending Bending Shear strength .

Resin strength (MPa) modulus (MPa) (MPa) Wood failure (%)
EN 636 >11 >1800 - -
EN 314 - - >0.40 -
SL 5.1+ 0.01 1327 + 46 0.24 + 0.01 30
SUL + 20% lignin 8.3 +£0.02 1633 + 45 0.34 + 0.01 35
SUL + 30% lignin 6.2+ 0.03 1570 + 30 0.30 + 0.02 35
SUL + 40% lignin 5.6 £0.01 1498 + 33 0.29 £ 0.01 40
SUL + 20% oxidized lignin 10.3 £ 0.02 1744 + 23 0.41 + 0.03 65
SUL + 30% oxidized lignin 12.1+0.01 1953 + 22 0.44 + 0.01 75
SUL + 40% oxidized lignin 13.3 +£0.03 2096 + 31 0.49 + 0.02 80

Conversely, Table 4 shows clearly that the plywood panels prepared from SUOL resins with oxidized
lignin have better shear strength and higher wood failure percentages than when non-modified lignin is
used. The panels with 20, 30 and 40 wt% SUOL containing oxidized lignin had 20%, 46% and 68% stronger
shear strength than the SUL resin containing unmodified lignin, respectively. This can be attributed to
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the differences in physicochemical properties of the SUOL resins with oxidized lignin compared to those
with unmodified lignin (Table 3). Moreover, the improvement in the chemical reactivity of the lignin using
sodium persulfate (Na,S,Og) can increase the level of cross-linking between the lignin and starch resulting
in improving the dry shear strength of the associated plywood panels.

The bending properties of the plywood panels prepared are also reported in Table 4. The panels
containing SUOL resins with oxidized lignin had 7, 24 and 40 wt% higher bending modulus and 24, 95
and 130 wt% bending strength than the plywood panels with unmodified lignin, respectively. Oxidation
modification improves the surface properties and reactivity of lignin by introducing oxygen-containing
functional groups. Oxidized lignin can also increase the surface polarity and enhance its adsorption
capacities. Improved bending characteristics of the plywood prepared with the SUOL resin with oxidized
lignin are due to the higher level of reactivity of this type of lignin. The sodium persulfate as oxidizing agent
is able to increase the amount of phenolic hydroxyl groups of lignin. Previous researchers confirmed that the
amount of phenolic hydroxyl groups, as the highest reactive functional groups in the lignin structure, has
markedly positive influence on the bending properties of the wood-based panels [39]. Generally, based on the
results reported in Table 4, the measured mechanical properties of the wood-based panels containing SUL
resin with oxidized lignin by sodium persulfate were higher than the values required by the relevant standards
(EN 636 for bending strength and bending modulus, and EN 314 for shear strength) [40,41]. The lowest shear
strength, bending modulus and bending strength were shown by the oxidized starch-non-modified lignin
resin (SL) used as a control sample among all resins prepared.

3.5 Physical Properties of the Plywood Prepared

One of the main disadvantages of the wood-based panels bonded with bio-adhesives is their poor
dimensional stability. Hence, to overcome this important defect many efforts have been made. Water
absorption and thickness swelling of the manufactured plywood panels are shown in Figs. 6 and 7. These
figures show that increasing the amount of unmodified/oxidized lignin from 20% to 40% in the SUL and
SUOL resins decreases the thickness swelling and water absorption percentages of the panels. The sensitivity
to water in the SUL and SUOL resin is mainly due to the presence of the starch and urea, and the plywood
panels swelling decreases in the SUOL resins, thus on the addition of oxidized lignin as the residual ~-OHs of
the starch can be consumed. The hydrophobic nature of the lignin is the other parameter which can influence
this reduction. Thus, Figs. 6 and 7 also show that the addition of urea to the oxidized lignin/oxidized starch
mixture induces in plywood a marked decrease in thickness swelling and its concomitant water absorption.
The number of cross-linking reactions is multiple involving (i) oxidized starch generated aldehydes reacting
with amide moieties of urea, and (ii) oxidized starch carboxyl groups from its C6 site hydrogen-bonding the
starch residual ~OHs [21]. All this occurs as the carbonyl and aldehyde groups generated in oxidized lignin,
the urea amide moieties and the oxidized starch generated aldehydes can react together, cross-link and form
a hardened network practically water insoluble. Moreover, by increasing the amount of crosslinking between
lignin and starch by addition of urea appears to positively affect the level of water absorption.

Water absorption analysis also shows that a 40 wt% modification with oxidized lignin of the resin
prepared does yield plywood of low thickness swelling at 9% and low water absorption at 13%. Conversely, the
20% non-modified lignin adhesive showed at 18% the worst thickness swelling and the worst water absorption
at 32%. This can be ascribed to an increased proportion of phenolic hydroxyl groups on lignin induced by the
Na, S, Og pretreatment. Furthermore, by adding the oxidized lignin to the SUOL adhesives induces a decrease
in the starch bridges more prone to be hydrolysis sensitive. It has already been shown that adding oxidized
lignin significantly improves the dimensional stability of the panels bonded with synthetic resins.
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Finally, it is to note that several issues have been resolved by this adhesive system: no formaldehyde

emission as none of it was added, the poor water resistance of starch-based adhesives, and poor mechanical
strength of lignin-based adhesives can be solved by synthesizing SUL resins. In fact, this new synthesized
resin opens a new window for development of bio-adhesives.

4 Conclusion

In the research work presented here, the characteristics of the plywood panels bonded with oxidized

starch/urea/oxidized lignin(SUOL) as a new bio-adhesive have been investigated. The following conclusions
could be drawn from the experimental results obtained:

The SUOL resins containing oxidized lignin have higher solids content and viscosity as well as shorter
gelation times than with non-modified lignin (SUL).

Weight average and number average molecular masses (Mw and Mn) and polydispersity coefficient of
lignin have been decreased by the oxidation pretreatment.

The lignin chain is fragmented and partially depolymerized by oxidation, as shown by the FTIR analysis.
DSC analysis indicated that the Tg of lignin was decreased by oxidation. Moreover, the SUOL resin with
oxidized lignin presented a curing temperature lower than the SUL one with non-modified lignin.
SUOL-bonded plywood acquired improved mechanical strength and dimensional stability when lignin
oxidized with sodium persulfate was used in the formulation.
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o Greater mechanical strength and higher dimensional stability could be achieved by increasing the
amount of oxidized lignin in SUOL adhesive from 20 to 40 wt%.

« The functional groups of lignin, even those generated by its oxidation, the oxidized starch-generated
aldehydes and the urea amide moieties all reacted together to yield a SUOL wood adhesive with excellent
performance and water resistance.
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