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Abstract
Purpose The current study investigated to which extent phenol could be replaced by lignins to produce lignin phenol for-
maldehyde (LPF) resins, utilising soda lignin and sodium lignosulphonate as by-products from the South African pulping 
industry.
Method The lignins were characterised and soda lignin indicated the highest reactivity. It was therefore utilised to produce 
LPF resins at 60%, 80%, and 100% phenol substitution, using central composite designs to maximise the adhesive strength. 
A one-pot method allowing direct transition from phenolation to resin synthesis was used for the first time with a pulping 
lignin at 60% and 80% substitution.
Results Plywood made with LPF60, LPF80, and LPF100 resins attained their highest shear strengths of 0.786, 1.09, and 
0.987 MPa, respectively, which adhered to the GB/T 14,732–2013 standard (≥ 0.7 MPa). A substitution level of 68% produced 
the highest shear strength of 1.11 MPa. High-density particleboard made with this LPF68 resin gave a MOR and MOE of 
40 and 3209 MPa, respectively, adhering to the ANSI A208.1 requirements. Thickness swelling and water absorption was 
13.5% and 37.2%, respectively.
Conclusion The soda-lignin isolated by precipitation from sugarcane bagasse pulping liquor is the first industrial lignin 
shown to produce LPF100 resins adhering to standard requirements, without modification or additives.

Graphical Abstract
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Statement of Novelty

Previous reports have proven that lignin is a viable substitute 
for phenol to produce lignin phenol formaldehyde resins. 
However, either with modification to improve the lignin 
reactivity, or at low lignin substitution levels, or with adhe-
sive additives added. The present study demonstrated that 
a soda lignin, having a low ash content, no sulphur, a high 
phenolic hydroxyl content, and a high thermal stability, was 
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the first industrial lignin to substitute phenol by 100% in 
the resin synthesis, to produce a resin adhering to industrial 
standard requirements, without requiring any lignin modifi-
cation or resin additives. Furthermore, a one-pot phenolation 
and resin synthesis at substitution levels below 100% proved 
to increase the reactivity of the lignin-phenol before resin 
synthesis.

Introduction

Phenol formaldehyde (PF) resins are widely used in exterior 
wood applications, such as plywood, particleboard, etc. [1], 
due to their high bonding strength and resistance to water, 
temperature, and weathering [2]. They are synthesised from 
petroleum-derived chemicals in the presence of alkaline 
catalysts. However, due to the price fluctuations, high cost 
of crude oil and environmental concerns, there is a need to 
find bio-based phenol-replacements for these phenol-derived 
products [3].

Lignin is abundant in plant biomass and is available as a 
by-product from pulping industries, with over fifty million 
tons of lignin generated from the pulp and paper industry 
annually [4]. However, it is mostly combusted for energy and 
has rarely been used for high-value applications. Lignin has 
a phenolic structure and has been investigated as a phenol 
substitute to synthesise lignin phenol formaldehyde (LPF) 
resins [5], as it is also renewable, less toxic and less expen-
sive than conventional, fossil-based sources of phenol [6]. 
Therefore, substituting phenol with lignin could contribute 
to waste valorisation in the pulping industry and lead to 
environmental and economic benefits.

However, the side chains attached to the phenolic rings 
in lignins present challenges, as it causes lignin to have a 
lower reactivity during resin synthesis than phenol itself, 
as it has fewer reactive sites, less free hydroxyl groups and 
higher steric hindrance [7]. Therefore, several modification 
methods have been investigated to increase the reactivity of 
lignin, with the three major methods for LPF resin applica-
tions being demethylation, methylolation and phenolation 
[8]. Phenolation is currently the most promising method for 
LPF applications as it increases the reactivity by introduc-
ing more reactive sites and phenolic hydroxyl groups, while 
also cleaving weak bonds [9–12]. During phenolation, con-
densation of phenol and lignin occurs, which increases the 
available reactive sites and also cleaves weak ether bonds 
[13]. Phenolation is generally performed with acid catalysts 
[11, 14, 15] but has also been performed in alkaline condi-
tions [10, 16, 17]. Using alkaline catalysts is favourable as 
it allows a direct transition from the phenolation reaction to 
the synthesis reaction, which could result in less chemical 
waste and reduced costs. Furthermore, a one-pot gradual 
polymerisation method with sodium hydroxide as a catalyst 

is possible, where the direct transition from phenolation to 
LPF synthesis is possible. The lignin was reacted with phe-
nol to produce a lignin-phenol solution, whereafter formal-
dehyde was slowly added to start the synthesis reaction [9].

Several studies have investigated the substitution of 
phenol by lignin at substitution levels below 100% [10, 15, 
18–21]. Recently, studies [22–25] have succeeded to replace 
phenol to produce lignin formaldehyde (LF) resins at a 100% 
substitution. However, additives were required during the 
adhesive formulation to be able to achieve acceptable prop-
erties for plywood applications. Therefore, this study aimed 
to produce LPF resins at a 100% substitution without requir-
ing modification of the lignin or additives during hot-press-
ing. Two lignins from the South African pulping industry 
were investigated, soda lignin from sugarcane bagasse and 
lignosulphonate from Eucalyptus grandis, which were char-
acterised to identify which would be the most promising 
substitute for phenol in LPF resin applications.

Materials and Methods

Materials

The two different lignins investigated were a sugarcane 
bagasse lignin from Sappi Ltd Stanger mill, South Africa, 
isolated from the spent pulping liquor of a soda pulping 
process, and a sodium lignosulphonate from pulping of 
Eucalyptus grandis (hardwood) obtained from Sappi Ltd 
Tugela mill, South Africa, which uses a Neutral Sulphite 
Semi-Chemical (NSSC) pulping process with sodium sul-
phite. Rotary cut pine (Pinus elliottii) veneer sheets and 
pine particles were supplied by York Timber, Mpumalanga, 
South Africa. A sample of Bondtite 345 resin, used as a 
control in resin testing, was supplied by Bondtite Pty Ltd., 
South Africa. Snakeskin dialysis tubing (3500 Da, 35 mm 
diameter, 10.5 m) was supplied by Thermo Fischer Scien-
tific. The chemicals used in this study were all reagent grade 
and included the following: Phenol crystals (98%), Folin-
Ciocalteu (F–C) phenol reagent, sodium hydroxide pellets, 
xylose (≥ 99%), and vanillin (99%), and were supplied by 
Sigma Aldrich. Reagent grade sulphuric acid (≥ 98%) and 
formaldehyde (35%) were supplied by Science World Com-
pany SA. Sodium carbonate was supplied by Associated 
Chemical Enterprises Pty Ltd.

Methods

Lignin isolation and purification methods

These lignins were characterised before and after purifi-
cation and labelled in the format (Lignin type)–(Isolation 
process)–(Purification process) as shown in Table 1. The 
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lignin type was denoted ‘S’ for soda lignin and ‘L’ for 
lignosulphonate. The isolation process was denoted ‘A’ 
for acid precipitation and ‘S’ for spray-drying. The purifi-
cation process was denoted ‘P’ for acid precipitation and 
‘D’ for dialysis. Phenolation modification was denoted ‘P’.

The soda lignin was received as black liquor and it was 
isolated through acid precipitation with 98% sulphuric 
acid, following a method described by García et al. [26]. 
Sulphuric acid was added dropwise to the black liquor 
while stirring until a pH value of 2 was reached, from an 
initial pH value of around 12.5. The solution was then left 
for 24 h, whereafter the lignin was recovered by centrifu-
gation at 7000 rpm for 10 min. The lignin was then washed 
twice with distilled water and dried overnight in a fume 
hood. The lignin was then milled to a particle size below 
425 µm. This lignin powder was then placed in airtight 
plastic bags and labelled as S-A lignin until further use. 
The precipitated soda lignin powder was further purified 
by suspending it in a 1 N sulphuric acid solution, with a 
ratio of 200 ml acid solution per gram of dried lignin [26]. 
The solution was left to stand for 24 h and then filtered 
to separate the lignin solids. The lignin was then washed 
three times with distilled water. The purified lignins were 
then air-dried for 24 h in a fume hood, then placed in air-
tight plastic bags and labelled as S-A-P until further use. 
The yield of the acid purification process was around 70%.

Sodium lignosulphonate was received as a spray-dried 
powder (labelled L-S). Previous studies [24] using the 
same lignosulphonate source have shown that the material 
had a high content of impurities. It was therefore purified 
using a dialysis membrane aiming to remove the hemicel-
luloses, simple sugars, and inorganic contaminants pre-
sent. Dialysis was performed following the instructions 
from the supplier. The sodium lignosulphonate powder 
was dissolved in distilled water to make a 25 wt% solu-
tion. The solution was then poured into the dialysis tubing 
(3500 Da, 35 mm diameter), which was placed in a plastic 
bucket with distilled water with a buffer to solution volume 
ratio of 20. Three buffer exchanges were performed: after 
four hours, after another four hours, and then it was left for 
another twelve hours. The solution was then poured into 
tinfoil trays and dried for 24 h in a 40 °C oven and then 
labelled as L-S-D and stored.

Lignin Characterisation

The moisture and ash contents of the lignins were deter-
mined using methods based on the National Renew-
able Energy Laboratory (NREL) standards: NREL/
TP-510–42,621 (NREL 2008) and NREL/TP-510–42,622 
(NREL 2005), respectively. The elemental analyses of the 
lignins was done using a Vario EL Cube Elemental Analyser 
to determine the carbon (C), hydrogen (H), nitrogen (N), and 
sulphur (S) compositions.

The phenolic hydroxyl group content of the lignins and 
the dried lignin-phenol solutions were determined using an 
F–C reagent, following a method described by Areskogh 
[27]. The phenolic hydroxyl group content of the phenol 
(98%) was measured to be 9.91 mmol/g, which corresponded 
with previous reports [9]. Soda lignin-based samples were 
dissolved in NaOH solution, while lignosulphonate-based 
samples were dissolved in distilled water. A blank sample 
was also prepared as a reference for the NaOH and distilled 
water based solutions. All samples were done in triplicate. 
The absorbances were measured at 760 nm using a UV 
spectrophotometer (CECIL 2021 AQUARIUS 2000 series, 
190–1000 nm). A calibration curve was set up using vanillin 
as a standard.

Mid-infrared (mid-IR) spectroscopy analysis was per-
formed on the lignin in powdered form, operated in Atten-
uated Total Reflectance (ATR) mode at a resolution of 
4  cm−1, with 32 scans per sample within the band region 
of 4000–400  cm−1 [24]. The powder was pressed against 
the diamond crystal surface, using a Bruker Alpha P ATR-
IR instrument. A background measurement was performed 
before each spectrum was recorded. Wiley Knowitall Spec-
troscopy Edition 2020 software was used to plot the spec-
tra and the absorption bands were allocated using previous 
reports. The spectral data were baseline-corrected and nor-
malised to one so that the spectra could be compared with 
each other.

A thermogravimetric analysis (TGA) was done using a 
TGA Q50 apparatus to determine the thermal behaviour 
of the different lignin samples. Approximately 5 ± 0.5 mg 
of sample was loaded onto an aluminium crucible which 
was placed in a TGA pan. A heating rate of 10 °C/min was 
used to heat the sample from around 20 °C up to 595 °C 

Table 1  Sample IDs for 
different lignin samples that 
were used

Lignin type Isolation process Purification process Modification ID

Soda lignin Acid precipitated S-A
Soda lignin Acid precipitation Acid purification S-A-P
Phenolated soda lignin Acid precipitation Acid purification Phenolation P-S-A-P
Lignosulphonate Spray-dried L-S
Lignosulphonate Spray-dried Dialysis L-S-D
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under argon atmosphere at 70 ml/min [24]. TRIOS software 
was used to plot the TGA and derivative thermogravimetric 
(DTG) curves.

One‑pot Phenolation and LPF Resin Synthesis

A one-pot phenolation and resin synthesis method as 
reported by Zhao et al. [9] was used, where industrial steam 
explosion wheat straw lignin was used at 10–70% substitu-
tion. The reaction setup consisted of a five-neck round bot-
tom flask which was placed in a heating mantle and equipped 
with a laboratory-scale overhead digital stirrer, dropping 
funnel, thermometer, flange lid, and a reflux condenser, as 
shown in Fig. 1. The phenolation reaction was performed by 
weighing the required amount of phenol and lignin into the 
flask. Two-thirds of the required amount of the 1 M NaOH 
solution (as done by Kalami et al. [23]) was then added to 
the flask and it was mixed until all the phenol and lignin 
had dissolved. The temperature was slowly increased to the 
phenolation temperature (between 80 and 110 °C), where-
after the phenolation reaction was left to occur for 1.5 h, 
with continuous stirring. The phenolation reaction was then 
left to cool to a temperature below 40 °C, whereafter the 
required amount of formaldehyde was added dropwise using 
a dropping funnel, whilst stirring continuously, to start the 
addition reaction. Once all the formaldehyde was added, 
the temperature was slowly increased to 65 °C and allowed 

to react for ten minutes for the addition reaction to occur. 
Thereafter, the condensation reaction was then initiated. The 
last third of 1 M NaOH was added via the dropping funnel, 
while the temperature was slowly increased to 85 °C. Once 
the temperature was reached, the reaction was allowed to 
continue for one hour. The mixture was left to cool to room 
temperature. The obtained resin was stored in the freezer at 
− 8 °C. The resins were later poured into tinfoil trays and 
placed in a vacuum oven at a temperature of 45 °C and con-
tinuously purged with nitrogen gas for drying to decrease the 
moisture content. The dried resins were then milled using an 
Ultra Centrifugal Mill ZM 200 (Retsch) into powders with 
a particle size below 0.5 mm and stored in airtight plastic 
bags.

Experimental Design

Screening Experiments

Screening experiments were conducted with the S-A-P, L-S, 
and L-S-D lignins to see which lignins would be viable to 
produce LPF resins, aiming for total substitution of phe-
nol by lignin while adhering to the plywood manufactur-
ing standards. The unmodified 100% substituted LPF resins 
were synthesised with a sodium hydroxide to phenolated 
lignin (NaOH/PL) molar ratio of 0.36, and a formaldehyde 
to phenolated lignin (F/PL) molar ratio of 2.

Face‑centred central composite design

LPF resins were prepared by substituting either 60%, 80% 
or 100% of phenol with S-A-P lignin (weight percentage 
lignin, with the residual percentage phenol). A face-centred 
central composite design (CCD) was used to optimise the 
shear strength at each substitution level by varying three 
parameters that have a significant effect on the shear strength 
[18, 28, 29]. At 60% and 80% substitution, phenolation was 
performed, and the phenolation temperature, NaOH/PL 
ratio, and F/PL ratio were varied as shown in Table 2. At 
100% substitution, no phenolation modification was done 
as no phenol was incorporated; therefore, only the NaOH/
PL ratio and F/PL ratio was varied, as shown in Table 3. 
The amount of reacting substances of each run was scaled 
(keeping the ratios specified by the CCD) so that it would 
yield approximately 200 ml of each resin so that it would fit 
in the experimental setup and produce enough resin for fur-
ther characterisation. Four centre point repeats were done for 
each CCD, which were representative of the standard devia-
tion of the shear strength results of that CCD. The levels of 
the parameters tested are shown in Table 4.

The different LPF resins were labelled (as shown below) 
where the number directly after ‘LPF’ indicated the substi-
tution percentage, followed by brackets which indicated the 

Fig. 1  Experimental setup used for the one-pot phenolation and LPF 
synthesis
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level of each parameter used in the order: NaOH/PL molar 
ratio, F/PL molar ratio, and then the phenolation tempera-
ture. In the case of LPF100 resins which only had the first 
two parameters optimised in its CCD, the third was omitted.

Statistical Analysis

The analysis of variance (ANOVA) and regression equa-
tions were determined from the CCDs using Statistica soft-
ware version 13.5.0.17. The null hypothesis predicted that 
all the regression coefficients are equal to zero. If p < α, and 
F >  Fcritical, the null hypothesis could be rejected, and the 
parameters were proven to be statistically significant.

Resin Characterisation

Selected LPF resins were characterised similarly to the 
lignins with the methods described in Sect. 2.2.2, for mid-
IR spectroscopy analysis and TGA. The LPF resins analysed 
at each substitution level included the centre point samples, 
as well as two good and two weak performing samples. The 
spectra were further compared in a principal component 
analysis (PCA) which was performed using Statistica soft-
ware version 13.5.0.17.

The free formaldehyde contents of the best performing 
and centre point LPF resins at each substitution level were 
determined according to the European Standard DIN EN 
ISO 9397 [22]. Potentiometric titration was performed to 
quantify the amount of HCL released during the reaction of 
hydroxylamine hydrochloride  (NH2OH HCL) with formal-
dehyde  (CH2O) to form formaldoxime  (CH2 = NOH), releas-
ing  H2O and HCl. One hundred millilitres of distilled water 
were added to approximately two grams of resin, and the pH 
of the solution was adjusted to a value of 4, using a 0.1 N 
hydrochloric acid solution. Twenty millilitres of a ten per-
cent hydroxylamine hydrochloride solution were then added 
to the resins, whereafter the solution was titrated using a 
0.1 N sodium hydroxide solution to a pH value of 4 again.

Plywood Preparation and Shear Strength Testing

Plywood boards were made and bonding strengths were 
tested according to the ASTM D 906–98 (2017) standard 
for shear strength of plywood samples by tension loading. 
Rotary cut pine veneers were used to make three-layered 
plywood boards with a thickness around 6 mm after press-
ing. The plywood was conditioned at 22 °C and 60% rela-
tive humidity for seven days [30]. The veneers were cut into 
100 mm × 60 mm boards, with a thickness varying between 
1 and 3 mm. The adhesive formulation was done by mixing 

LPF [substitution %]−[(NaOH∕PL), (F∕PL), (Temperature)]

Table 2  The three-factor, three-level CCD used to maximise the 
shear strength of the LPF60 and LPF80 resins

Run number NaOH/PL molar 
ratio

F/PL molar 
ratio

Tem-
perature 
(°C)

1 − 1 − 1 − 1
2 − 1 1 − 1
3 − 1 1 1
4 − 1 − 1 1
5 1 − 1 − 1
6 1 1 − 1
7 1 1 1
8 1 − 1 1
9 − 1 0 0
10 0 1 0
11 1 0 0
12 0 − 1 0
13 0 0 − 1
14 0 0 1
15 0 0 0
16 0 0 0
17 0 0 0
18 0 0 0

Table 3  The two-factor, three-level CCD used to maximise the shear 
strength of the LPF100 resins

Run number NaOH/PL molar ratio F/PL 
molar 
ratio

1 − 1 − 1
2 − 1 1
3 1 − 1
4 1 1
5 − 1 0
6 1 0
7 0 0
8 0 − 1
9 0 1
10 0 0
11 0 0
12 0 0
13 0 0

Table 4  The phenolation temperatures, NaOH/PL ratios, and F/PL 
ratios used in the CCD to maximise the shear strength at each substi-
tution level

CCD level − 1 0 1

NaOH/PL molar ratio 0.12 0.36 0.63
F/PL molar ratio 1 2 3
Temperature (°C) 80 95 110
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the LPF resins with distilled water. The ratio of the lignosul-
phonate resin to water used was 60:40, while the soda lignin 
resin to water ratio used was 45:55, as the lignosulphonates 
were hydrophilic and required less water to remain in sus-
pension. The adhesive was then applied with a spread rate of 
400 g/m2 on the surfaces of the two outer veneers and left for 
ten minutes to evaporate the excessive moisture. Each board 
was then hot-pressed individually for ten minutes at 160 °C 
and 1.6 MPa. The boards were left to cure in a conditioning 
room for seven days at 22 °C and 60% relative humidity 
before shear strength testing was performed. Each plywood 
board was cut into an 82.6 mm by 25.4 mm as specified. 
The boards were tested in an MTS Criterion Model 43 test-
ing machine. The crosshead speed was set to 7 mm/min to 
obtain a loading rate between 4535 and 7560 g/s. The shear 
strength could then be calculated by dividing the maximum 
load obtained, by the surface area.

Strength and Sorption Properties of the Resin as Evaluated 
in Particleboard Manufacture

Particleboard was produced with the LPF68 resin (which 
gave the highest shear strength when tested with plywood) to 
evaluate the performance of the resin with respect to strength 
and moisture resistance. Another board was produced with 
Bondtite, a commercial resin as a reference. Pine particles 
were milled and sieved to a size smaller than one millimetre 
and conditioned at 22 °C and 60% relative humidity for 96 h. 
The equilibrium moisture content of the particles was deter-
mined to be 10%. The resin and Pine particles were mixed 
manually and poured into a steel mould (300 × 300 mm), 
with a 27 mm thick steel plate placed on top to compress the 
composite in the mould. The boards were pressed at 165 °C 
and 20 MPa for 10 min [30]. The boards were then removed 
from the mould and conditioned at 22 °C and 60% relative 
humidity for 96 h before testing. The amount of resin used 
was 10%, whereof the solid content of the resin was 48%. 
The thickness of the particleboards produced was approxi-
mately 6 mm.

The properties of the particleboards were then tested as 
specified in the ASTM D1037- 12 standard to quantify the 
modulus of rupture (MOR), modulus of elasticity (MOE), 

thickness swelling (TS), and water absorption (WA). The 
particleboards were tested using an Instron testing machine 
equipped with a 5 kN load cell. The boards were cut using 
a vertical bandsaw into 195 × 51 mm boards, and tests were 
performed with four replicates for each resin. A load was 
applied to the boards at a loading rate of 3 mm/min, while 
the load and deflection were recorded for each sample 
with an accuracy of ± 0.5% of the reading. After mechani-
cal testing, the boards were cut again into dimensions of 
85 × 51 mm for dimensional stability, using six replicates 
for each resin to determine the WA and TS of the boards.

Results and Discussion

Characterisation of the Lignin Samples

The soda lignin (before and after acid purification) and 
sodium lignosulphonate (before and after dialysis) were 
both characterised for their moisture and ash contents, 
elemental composition, and amount of phenolic hydroxyl 
groups, as shown in Table 5. Minimal impurities (such 
as inorganics, carbohydrates, etc.) are desired, as these 
could be cross-linked onto the lignin polymer occupying 
possible reactive sites, thereby reducing the reactivity 
[31]. Of the lignins investigated, S-A-P had the lowest 
ash content, which foreshadowed a higher reactivity with 
formaldehyde. The ash content of S-A was 14.9% and was 
reduced after acid purification to 2.16% in S-A-P after 
the water-soluble impurities were washed away. Dialysis 
only reduced the ash content from 24.8% in L-S to 12.8% 
in L-S-D, as lower molecular weight impurities were 
removed through the dialysis membrane. Furthermore, the 
sulphur content of 7.5% in L-S decreased only slightly 
after dialysis to 5.6% in L-S-D, which indicated that some 
of the impurities were attached to the lignin structure or 
remained due to the large molecular weight thereof [32]. 
Sulphur could be attached to the lignin structure as sul-
phonic acids or as sulphide bonds, cross-linking the ligno-
sulphonate monomers [32]. The sulphur content of 2.60% 
in S-A was from the remaining sulphuric acid from the iso-
lation process, as soda pulping is a sulphur-free process. 

Table 5  Moisture content, ash 
content, elemental composition, 
and phenolic hydroxyl contents 
of the different lignins

a  BDL below detection limit

Moisture 
content (%)

Ash content (%) C (%) H (%) N (%) S (%) Phenolic OH 
(mmol/g sam-
ple)

S-A 9.63 14.9 49.4 6.5 0.30 2.60 1.05
S-A-P 13.8 2.16 53.4 7.1 0.28 BDLa 1.70
L-S 4.01 24.8 35.4 4.7 0.19 7.5 1.53
L-S-D 10.4 12.8 41.7 6.0 0.26 5.6 1.48
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This sulphur was removed during acid purification, as no 
sulphur was detected in S-A-P. The nitrogen content in S-A 
decreased in S-A-P as some that was not attached to the 
lignin was removed during acid purification. Carbon and 
hydrogen contents increased proportionally with reduction 
in ash contents after acid purification and dialysis.

The phenolic hydroxyl content of S-A was 2.91% after 
acid precipitation and increased to 3.56% in S-A-P after fur-
ther acid purification, apparently due to depolymerisation by 
cleavage of α- and β-O-4 bonds during acid purification [33]. 
This higher phenolic hydroxyl group content is desirable as 
these are very reactive functional groups, which can form 
quinone intermediates that activate the free ring positions to 
make the lignin reactive with formaldehyde in the LPF syn-
thesis reaction [18, 34]. The decrease in phenolic hydroxyl 
groups after dialysis in L-S-D could be attributed to some 
of the H- or G-monomers being removed during dialysis, 
thereby removing phenolic hydroxyl groups attached to the 

monomers. The phenolic hydroxyl groups of S-A-P and L-S 
were similar to previous reports that used the same quanti-
fication method [22, 35–37].

The mid-IR spectra of the lignin samples, as shown in 
Fig. 2, were in accordance with that reported previously 
[18, 38–42], with the main band assignments in Table 6. 
The bands indicating G-monomers at 1374   cm−1 and 
1220–1213   cm−1, were present in S-A-P, S-A and L-S, 
while L-S-D showed a reduced absorbance. Furthermore, 
the absence of the band in L-S-D at 832  cm−1 attributed 
to the C-H stretching of H-monomers [42], indicated 
that some of the lower molecular weight monomers were 
removed during dialysis. The band at 895  cm−1 resulted 
from β-glycosidic bonds between monosaccharides and 
indicates that at least oligosaccharides were present, where 
the absence of this peak in L-S-D indicated that some of 
these sugars were removed during dialysis [41]. The large 
band in S-A at 1060–1200  cm−1 could indicate sulphonate 

Fig. 2  Mid-IR spectra of the 
different lignin samples

Table 6  Band assignments of 
the mid-IR spectra

Band  (cm−1) Assignment Reference

3380–3324 O–H stretching vibration of phenolic OH and aliphatic OH [38]
2933–2920 C-H stretching vibration in  CH2 and  CH3 [38]
2855–2845 C-H stretching vibration in  OCH3 [38]
 ~ 1600 C = C stretching vibration in aromatic ring [46]
1523–1520 Aromatic ring vibrations [40]
1460–1456 C-H deformation in asymmetric -CH2 and -CH3 [38]
1430–1418 C–C stretching vibration in aromatic skeleton [38]
1374 C = O stretching of G-monomers [33, 47]
1330–1327 In-plane deformation vibrations of phenolic OH in G- and S-monomers [38]
1220–1213 C-O stretching of phenolic C–OH and phenolic C-O (Ar) in G- monomers [33]
1159—1112 In-plane deformation vibrations of C-H (Ar) [38]
1042–1032 C-O(H) and C-O(C) stretching vibration in first-order aliphatic OH and ether [38]
898 β-glycosidic bonds between monosaccharides [41]
834–831 Out-of-plane deformation vibrations of C-H (Ar) in H-monomers [42]
750 Tri-substituted benzene ring structure [18]
692 Mono-substituted benzene ring structure [9]
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groups still present from the acid precipitation as seen from 
the elemental analysis, and/or carbohydrates from hemicel-
lulose which have not been removed yet [43–45].

Since LPF resins are cured around 165 °C, lignins with 
high thermal stability would be preferred to avoid their deg-
radation during the curing reaction. Furthermore, a high 
thermal stability could attribute to a high shear strength, 
formed as it indicates the presence of strong inter-unit link-
ages. Figure 3 shows the TGA and its first derivative (DTG) 
curves of the lignin samples. S-A-P had the highest thermal 
stability, with its maximum thermal degradation at 425 °C, 
which could be attributed to the high content of G-mono-
mers as discussed from the mid-IR spectra in Fig. 2, which 
have condensed C–C bonds that are more thermally stable 
[33]. This was followed with maximum thermal degrada-
tions of S-A at 375 °C, then L-S at 283 °C. The significant 
inorganic matter in L-S, as shown in Table 5, could have 
caused the difference in the DTG curve and have caused a 
catalytic effect [33, 48]. The lignins were thermally stable 
below 200 °C, after which they started to degrade, which 
agreed with previous reports [49]. The higher mass residues 
of S-A and L-S were attributed to their higher ash contents 
as seen in Table 5.

The aforementioned lignin characterisations indicated 
that S-A-P would be the preferred lignin sample for phenol 
replacement in resins: From the structural compositional 
analysis, it had the lowest ash and sulphur contents, and a 
high phenolic hydroxyl content (Table 5). The mid-IR spec-
tra (Fig. 2) confirmed a high hydroxyl content in S-A-P and 

showed the presence of H-, G-, and S-monomers. From the 
TGA results (Fig. 3), S-A-P was also the most thermally 
stable, which was attributed to its low ash content (Table 5), 
and the higher content of G-monomers (Fig. 2), with con-
densed C–C bonds between the monomers that have a very 
high thermal stability [33].

The preference for the S-A-P lignin was further con-
firmed with preliminary experiments by making unmodi-
fied LPF100_(0,0) resins, synthesised with a NaOH/PL 
molar ratio of 0.36, and a F/PL molar ratio of 2, with the 
results shown in Table 7. S-A-P produced a shear strength 
of 0.430 MPa, which was superior to the shear strengths of 
0.280 MPa and 0.145 MPa produced with L-S and L-S-D, 
respectively. Therefore, further investigations and optimisa-
tions were done with the S-A-P lignin only.

Fig. 3  TGA and DTG curves of 
the lignin samples

Table 7  Shear strength screening experiments using different lignins 
to make LPF100_(0,0) resins

Resin Shear strength (MPa)

S-A-P LPF100_(0,0) 0.430 ± 0.026
L-S LPF100_(0,0) 0.280 ± 0.075
L-S-D LPF100_(0,0) 0.145 ± 0.086
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Characterisation of the Dried Lignin‑Phenol 
Samples

The suitability of prepared lignin samples for phenol incor-
poration into chemical structures was tested before LPF 
synthesis experiments. Such phenol incorporation would 
be required for phenol substitution levels below 100%, and 
typically occurs through cleaving of ether bonds and intro-
ducing more phenolic hydroxyl groups and reactive sites 
[9]. The lignin was first reacted with phenol and 2/3 of the 
NaOH solution and a sample was taken when the reaction 
was completed, to characterise lignins for structural changes 
and phenolic hydroxyl content. Figure 4 compares the struc-
tural changes to S-A-P after phenolation at a L/P ratio of 
68/32.

Changes to the lignin structures as a result of phenola-
tion were as expected, confirming their reactivity and suit-
ability for LPF resin synthesis. The resulting changes in the 
lignin structure, as required for improved reactivity, were 
demonstrated with mid-IR spectral analysis (Fig. 4): A low 
wavelength shift occurred from 3366 to 3335  cm−1 after 

phenolation indicating more hydrogen bonds present [50], 
which was attributed to more phenolic hydroxyl groups pre-
sent from the phenol incorporated. The phenolic hydroxyl 
groups are favourable as they allow electrophilic substitu-
tions that direct the hydroxymethyl groups into the ortho- or 
para-positions on the aromatic rings [51]. This was further 
confirmed by the peak at 1215  cm−1 becoming more inten-
sive indicating more C-O stretching of phenolic hydroxyl 
groups [10]. Successful phenol incorporation was seen by 
the new peak observed at 2750  cm−1 from aromatic C-H 
stretching of new aromatic rings in the phenolated lignin 
structure [52], a new peak at 754  cm−1, attributed to the 
linkages formed between the ortho- or para-positions of 
phenol, and the α-hydroxyl groups on the lignin side chain 
[12]. Another new peak in P-S-A-P was also observed at 
692  cm−1, which was assigned to a mono-substituted ben-
zene ring structure that formed [9]. The shoulder band 
around 1270  cm−1 disappeared which indicated that ether 
bonds were cleaved after the phenolation reaction [9, 46], 
thereby reducing steric hindrance.

Fig. 4  The mid-IR spectra of 
the purified soda lignin before 
and after phenolation

Table 8  Phenolic hydroxyl 
content and pH values of the 
dried lignin-phenol at 60% and 
80% substitution

a  Conditions that produced the highest shear strength
b  Conditions that produced the highest phenolic hydroxyl content

NaOH/PL molar ratio Temperature 
(°C)

Phenolic hydroxyl content (mmol/g sample)

Original S-A-P sample 
1.70 ± 0.54

60% 80%

0.124 80 3.08 2.01
0.124 110 2.91 a 3.31
0.632 80 3.63 2.52 a

0.632 110 3.16 2.85
0.124 95 3.55 2.58
0.632 95 3.02 3.05
0.378 80 3.62 3.48 b

0.378 110 3.81 b 3.16
Centre points: 3.62 ± 0.636 2.89 ± 0.182
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The phenolic hydroxyl contents of dried S-A-P lignin-
phenol were determined under different phenolation reac-
tion conditions (Table 8). Increases in the phenolic hydroxyl 
contents of the lignin-phenol samples of 105% (up to 
3.48 mmol/g) and 124% (up to 3.81 mmol/g) at 60% and 
80% substitution, respectively, compared to 1.70 mmol/g 
before phenolation, were observed. The highest phenolic 
hydroxyl contents of the lignin-phenol were observed at a 
NaOH/PL molar ratio of 0.378 at both substitution levels 
and phenolation temperatures of 110 and 80 °C at 60% and 
80% substitution, respectively. The higher phenolic hydroxyl 
content obtained at 60% was expected, as more phenol was 
added at 60% substitution, compared to 80% substitution, 
where more lignin was present which had less phenolic 
hydroxyl groups compared to phenol. The extent of phe-
nol incorporation confirmed the suitability of the selected 
phenolation conditions for subsequent LPF resin synthesis, 
through the one-pot phenolation and LPF synthesis method.

CCD Optimisations of the One‑Pot Synthesis

One-pot phenolation and LPF synthesis was applied to the 
S-A-P lignins, where phenolation and the subsequent LPF 
synthesis reaction were completely sequentially in the same 
reaction vessel. This allowed one, integrated experimental 
design where the phenolation temperature and the NaOH/PL 
and F/PL molar ratios of the synthesis reaction were varied 
simultaneously, aiming to maximise the shear strength at 
each substitution level. At 100 wt% substitution, 0% phe-
nol was incorporated; hence, the LPF synthesis was directly 
started and no phenolation occurred.

Effect of the Substitution Level on the Shear Strength

The shear strengths of the S-A-P LPF100, LPF80 and LPF60 
resins obtained from the CCD experiments are shown in 
Fig. 5. According to the GB/T 1473–2013 plywood standard, 
a shear strength of ≥ 0.70 MPa is required [53], which was 
attainable at all substitution levels, if favourable reaction 
conditions were used, as seen in Fig. 5. From the experi-
mental design runs, the LPF80 resin performed the best with 
a maximum shear strength of 1.09 MPa, while the highest 
shear strengths at 60% and 100% substitution were at 0.987 
and 0.786 MPa, respectively. This could be substantiated 
by the following explanations: The characterisation of the 
lignin-phenol after phenolation at 60% and 80% indicated 
positive changes to the lignin structure (Sect.  3.2) and 
explained the better performance of the LPF60 and LPF80 
resins, compared to the LPF100 resins. Furthermore, no 
ether bonds were cleaved during the 100% substitution, com-
pare to the phenolation reactions included at 60% and 80% 
substitutions that cleaved weak ether bonds (Fig. 4). LPF80 
resin performed better than LPF60 resin, which agreed with 
previous reports that found that an increase in lignin con-
tent lead to better reinforcement structurally up to a point, 
whereafter it decreased due to the presence of excess lignin 
that did not form part of the cross-linked network [1, 18, 54].

Effect of the Phenolation Temperature on the Resin Shear 
Strength

The highest shear strength of 0.987 MPa at 60% substitu-
tion was obtained at phenolation temperatures of 110 °C, as 
shown in Fig. 6a. The highest shear strength of 1.09 MPa at 
80% substitution was obtained at phenolation temperatures 
of 80 °C, as shown in Fig. 6b. These temperatures also gave 
the highest phenolic hydroxyl contents at each respective 

Fig. 5  Shear strengths obtained 
from each CCD at 60%, 80%, 
and 100% substitution
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Fig. 6  Contour plots of the effect of the NaOH/PL ratio and phenolation reaction temperature on the shear strength of the LPF60 resins (a) and 
LPF80 resins (b)

Fig. 7  Contour plots showing the effect of the F/PL ratio and the NaOH/PL ratio on the shear strength for each CCD: LPF60 (a), LPF80 (b) and 
LPF100 (c)
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substitution level (3.48 and 3.81 mmol/g sample), as shown 
in Table 8.

Effect of NaOH/PL and F/PL Molar Ratios on Resin Shear 
Strength

Contour plots describing the effects of NaOH/PL and F/PL 
molar ratios on the shear strength are shown in Fig. 7. The 

best NaOH/PL and F/PL ratios were 0.124 and 1 for LPF60 
and LPF80, as seen in Fig. 7a and Fig. 7b. These values 
were lower compared to LPF100 (0.477 and 3 as shown in 
Fig. 7c), and also low compared to previous reports [20, 21, 
24, 38]. This was attributed to phenolation causing an appar-
ent increase in reactive sites [9], adding phenolic hydroxyl 
groups ( \* MERGEFORMAT Table 1), and cleaving weak 
ether bonds (Fig. 4), thereby requiring less catalyst and for-
maldehyde to promote the forward reaction [28]. At too high 
NaOH/PL ratios side reactions could have occurred: The 
Cannizzaro reaction where the formaldehyde condenses with 
itself; therefore, less formaldehyde would be available to 
react to form large cross-linked structures [19], or the Tol-
lens reaction where the formaldehyde attached to the lignin 
side chain carbonyl groups instead of the aromatic ring [35].

The highest shear strength of the LPF100 resin was 
obtained at a NaOH/PL molar ratio of 0.477 and a F/PL 
molar ratio of 3. The optimum NaOH/PL molar ratio of 
0.477 for LPF100 to maximise the shear strength agreed 
with previous reports using other pulping lignins [1, 18, 24, 
55]. The desired F/PL ratio of 3, as seen in Fig. 7c, was 
higher compared to previous reports where ratios between 
1.2 and 3 were combined with either substitution levels 
below 50% [21, 40], or supplementation of the resin with 
additives during adhesive formulation [22, 24].

Table 9  Shear strength results from the CCD runs with the S-A-P 
LPF100 resins

NaOH (weight fraction) F/PL (molar 
ratio)

Shear strength 
(MPa) S-A-P 
LPF100

0.05 1 0.385
0.05 3 0.470
0.22 1 0.172
0.22 3 0.469
0.05 2 0.084
0.135 3 0.661
0.22 2 0.786
0.135 1 0.693
0.135 2 0.452
0.135 2 0.443
0.135 2 0.386
0.135 2 0.438
Centre points 0.430 ± 0.026

Table 10  Shear strength results 
from the CCD runs with the 
S-A-P LPF80 and LPF60 resins

NaOH (weight fraction) F/PL (molar 
ratio)

Temperature 
(°C)

Shear strength (MPa)

S-A-P LPF80 S-A-P LPF60

0.05 1 80 0.930 0.544
0.05 3 80 0.965 0.289
0.05 3 110 0.412 0.647
0.05 1 110 0.916 0.851
0.22 1 80 1.089 0.522
0.22 3 80 1.020 0.457
0.22 3 110 0.272 0.333
0.22 1 110 0.369 0.830
0.05 2 95 0.822 0.802
0.135 3 95 0.444 0.107
0.22 2 95 0.855 0.423
0.135 1 95 0.887 0.987
0.135 2 80 0.633 0.349
0.135 2 110 0.576 0.575
0.135 2 95 0.511 0.411
0.135 2 95 0.457 0.436
0.135 2 95 0.608 0.444
0.135 2 95 0.462 0.345
0.135 2 95 0.609
Centre points 0.529 ± 0.067 0.409 ± 0.039
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Effect of the Reaction Conditions for Optimisations 
from the CCD Experiments

The shear strength results from the CCD experiments of the 
one-pot phenolation-synthesis for LPF resin production are 
shown in Table 9 and Table 10. An ANOVA was done on 
each CCD to determine if the regression model was statisti-
cally significant and to determine which parameters had a 
significant effect on the shear strength. The ANOVA results, 
pareto charts and desirability profiles are shown in the sup-
plementary information, where an α ≤ 1 was assumed to be 
significant. Although some of the regression models were 
not statistically significant, they were still used to determine 
optimums which were then verified experimentally.

The results from the different CCDs were combined into 
a regression model to determine the substitution level that 
would give the highest shear strength. This substitution 
level was determined to be 68%, with a phenolation tem-
perature of 98.4 °C, a NaOH/PL molar ratio of 0.124, and 
a F/PL molar ratio of 1. This yielded a shear strength of 
1.34 MPa (Eq. 1) and was verified experimentally and pro-
duced a shear strength of 1.11 ± 0.21 MPa (data not shown). 
Another regression model was determined from the com-
bined response of the LPF60 and LPF80 CCDs to determine 
the optimum phenolation temperature at 68% substitution, as 
shown in Eq. 2. The corresponding phenolation temperature 
was determined to be at 98 °C. These optimum LPF resins 
that produced the highest shear strength at each substitution 
level were then characterised further.

LPF Resin Characterisations

Mid‑IR Spectra of the LPF Resins

Mid-IR spectral analysis was done on a selection of LPF res-
ins as shown in Fig. 8. The spectra confirmed that LPF syn-
thesis had occurred during the addition reaction, where for-
maldehyde is linked onto the free ortho- and para-positions 
on the aromatic rings, resulting in a decrease in G-monomers 
at the shoulder bands at 1272 and 835  cm−1 [43, 46].
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From the spectral analysis results in Fig. 8, it was also 
observed that cross-linked networks formed during resin 
synthesis: The bands at 850–750  cm−1 indicated tri-sub-
stituted benzene rings and confirmed the formation of a 
cross-linked three-dimensional network structure [40]. The 
band around 835  cm−1 indicated C-H out of plane para-
substituted benzene, while the bands at 760  cm−1 indicated 
C-H out of plane ortho-substituted benzene [46]. Further-
more, the formation of methylene bridges (at 2927, 2850 and 
1475–1450  cm−1 [46]) showed that formaldehyde attached 
to the available reactive sites on the phenolated lignin as 
methylol groups, and then condensed to form methylene 
bridges and dimethyl ether bridges [17]. Increases in these 
peak intensities confirmed cross-linking between lignin and/
or phenol monomers.

Previous reports have indicated that enhanced cross-link-
ing leads to higher adhesive strengths [54, 56]. A principal 
component analysis (Fig. 9) was also done with the mid-IR 
data (Fig. 8), where different clusters were formed by resins 
that had similar structures. The principal components PC1, 
PC2, PC3, and PC4 were found to describe 61.4%, 16.1%, 
9.2% and 4.4% of the variability in the data, respectively. By 
comparing the mid-IR data of the resins, the following peaks 
were identified that caused the resins to cluster together: 
total hydroxyl groups (3400–3200   cm−1), G-monomers 
(1272 and 835  cm−1), methylene bridges (1470  cm−1) and 
ether bridges (1150–1050  cm−1). Cluster A was separated 
due to its high total hydroxyl content (3400–3200  cm−1) 
and high methylene bridge content (1470  cm−1. Cluster B 

containing S-A-P LPF80_(0,0,0) had a high total hydroxyl 
content and had an overlap of the two peaks at 987 and 
1030  cm1, which indicated the presence of C-O vibration 
of ether bands [57]. Cluster C had no G-monomers (1272 
or 835  cm−1) and a low degree of cross-linking, with low 
absorbances for methylene (1470  cm−1) or dimethyl ether 
peaks (1150–1050  cm−1). Cluster D had G-monomers pre-
sent at 1279  cm−1, indicating more reactive sites available 
for cross-linking. Cluster E contained the two samples with 
the lowest total hydroxyl group content (3400–3200  cm−1) 
namely LPF100_(1,-1) and LPF80_(-1,1,-1). Cluster G had 
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the highest methylene bridge (1470  cm−1) content and indi-
cated G-monomers (1279  cm−1). The relationships between 

these spectral properties and resin performances could sub-
sequently be deduced.

Fig. 8  Mid-IR spectra of the 
resins at different substitution 
levels a LPF100, b LPF80, 
c LPF60, d L-S and L-S-D 
LPF100 resins, and S-A and 
S-A-P LPF68 resins
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Methylene bridges are very strong C–C bonds [58], where 
the formation of these bonds before the curing reaction indi-
cated that cross-linking already occurred to some extent, 
which would be favourable if these cross-linked networks 
were successfully embedded into the plywood [53]. This 
was confirmed by the high content in clusters G and A which 
yielded high shear strengths (Fig. 10). In contrast cluster 
E had few methylene bridges and produced a low shear 
strength (Fig. 10). Ether bonds formed during the conden-
sation of methylol groups also indicated that cross-linking 
occurred [24]. This high degree of cross-linking would then 
lead to a more thermally stable resin [20] and yield a higher 
adhesive strength [54]. A high hydroxyl content in the LPF 
resins before curing would be favourable for further cross-
linking to occur, which was seen in clusters A and B. In 
contrast, cluster E had the lowest total hydroxyl content and 
low shear strengths (Fig. 10). The presence of G-monomers 
indicated that a reactive site was still available for methylol 
to react with to form a methylene bridge, which also con-
tributed to the high shear strength in cluster G. Furthermore, 
a decrease in G-monomers could have indicated that suc-
cessful addition of formaldehyde happened at the reactive 
site, or that cross-linking occurred during the condensation 
reaction. Cluster C had no G-monomers (1272 or 835  cm−1) 
and a low degree of cross-linking, which could indicate that 
addition at the available reactive sites was successful for the 
LPF100 resins, but further cross-linking did not occur which 
could be attributed to the presumed higher steric hindrance 
at 100% substitution. Cluster D had G-monomers present 

at 1279  cm−1, indicating more reactive sites available for 
cross-linking.

TGA of the LPF Resins

Degradation of the LPF resins occurred in three steps, namely 
post-curing (200–300 °C), thermal reforming (300–500 °C), 
and ring stripping (500–600 °C) [59]. Greater thermal sta-
bility and less mass loss in the TGA curves (Fig. 10) indi-
cates greater network formation in the resins [54], where a 
high degree of cross-linking could lead to high shear strengths 
(Fig. 9). The peak at 450 °C was attributed to methylene 
bridges formed [20], where a higher frequency of these strong 
methylene bridges that are more resistant to thermal degrada-
tion was favourable for LPF resins, as the higher degree of 
cross-linking contributed to a high shear strength and thermal 
stability of the resin if the lignin macromolecule was suc-
cessfully embedded [56]. Only a small peak was observed for 
LPF100_(1,0) around 450 °C which indicated that not a lot of 
methylene bridges formed [20], compared to the other resins. 
This agreed with the findings from Fig. 10, where many meth-
ylene bridges present in the mid-IR data at 1470  cm−1 corre-
lated with a high shear strength in the LPF resins, which was 
then also supported by a high methylene bridge peak around 
450 °C in the DTG curve.

LPF68_(optimum) was found to be the most thermally 
stable as it had the highest maximum thermal degradation at 
382 °C, and it also had the highest weight residue through-
out, and also had the highest shear strength. LPF60_(0,-1,0) 

Fig. 9  Scores plot of PC1 and 
PC2 from the mid-IR data of the 
different LPF resins
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also showed good thermal stability, with its highest maxi-
mum thermal degradation at 367 °C, followed by LPF80_
(1,-1,-1) at 343  °C and then LPF100_(1,0) at 264  °C. 
LPF100_(1,0) had a high thermal degradation peak around 
270 °C, while there was not a lot of weight loss in the resins 
at lower substitution levels, which could be explained by 
the phenolation reaction that already cleaved weak bonds 
(Fig. 4) which degrade at lower temperatures.

Free Formaldehyde Contents and pH Values of the LPF 
Resins

At the most favourable operating conditions, high shear 
strengths and low free formaldehyde contents were pro-
duced. A shear strength of 0.70 MPa, free formaldehyde 
content below 0.30 wt% and pH value above 7 is required by 
the GB/T 1473–2013 standard [53]. The pH value and free 

formaldehyde content was determined at each substitution 
level for the resin that gave the highest shear strength, and 
for the resin made at centre point conditions.

The resins that produced the highest shear strengths at 
each substitution level, had the lowest free formaldehyde 
content, as shown in Table 11. These were LPF100_(1,0), 
LPF80_(1,-1,0), LPF60_(0,-1,1), and LPF68_(optimum), 
with free formaldehyde contents of 0.298%, 0.117%, 
0.178%, and 0.284%. Standard deviations for the free for-
maldehyde contents ranged between 0.002 wt% and 0.033 
wt%. This verified that at the best reaction conditions of that 
tested, most of the formaldehyde reacted and attached to the 
phenolic lignin structures, leaving a low residual formalde-
hyde content.

In contrast, at the centre points the LPF80_(0,0,0) and 
LPF60_(0,0,0) resins failed to adhere to the free formal-
dehyde standard, indicating that the conditions were not 

Fig. 10  TGA and DTG graphs 
of the S-A-P LPF resins that 
produced the highest shear 
strength at different substitution 
levels

Table 11  Free formaldehyde 
contents, shear strength, and 
pH values of the centre point 
and highest shear strength LPF 
resins, at each substitution level

Resin ID Free  CH2O (wt%) pH value Shear 
strength 
(MPa)

Highest shear strength LPF100_(1,0) 0.298 9.9 0.786
LPF80_(1,-1,0) 0.117 11.4 1.09
LPF60_(0,-1,1) 0.178 10.5 0.987
LPF68_(optimum) 0.284 9.0 1.11

Centre points runs LPF100_(0,0) 0.291 9.1 0.430
LPF80_(0,0,0) 0.837 10.4 0.529
LPF60_(0,0,0) 0.554 10.4 0.409
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favourable for most of the formaldehyde to react, leading 
to a high free formaldehyde content, as shown in Table 11. 
These resins did not show G-monomer peaks in their mid-
IR spectra at 835  cm−1 (shown in supplementary material), 
which showed that there were limited reactive sites for the 
residual formaldehyde to attach during the addition reac-
tion, resulting in a high free formaldehyde content, while 
a G-monomer peak was observed for the LPF100_(0,0) 
resin. These resins also showed small overtone peaks at 
2724  cm−1, attributed to the C-H bending in formaldehyde 
[24], indicating unreacted formaldehyde present.

Performance Evaluation of the Resin in Particleboard 
Manufacture

The optimum S-A-P LPF68_(optimum) resin had suffi-
cient performance to result in particleboard with accept-
able resistance to moisture and also confirmed the shear 
strength performances as observed with the plywood. This 
resin produced better particleboard at higher lignin substitu-
tion levels compared to those reported previously for LPF 
resins [2, 60, 61]. The particleboards were produced and 
tested according to the ASTM D1037-12 standard, and the 
results were tabulated in Table 12. The ANSI A208.1–1999 
standard for high-density (> 800  kg/m3) particleboards 
specifies a MOR ≥ 23.5 MPa and MOE ≥ 2750 MPa. The 
particleboard made with LPF68_(optimum) exceeded these 
MOR and MOE specifications. A MOR and MOE of 40 and 
3209 MPa were obtained, respectively. The TS and WA were 
low and determined to be 13.5–37.2%, respectively. Another 
board was made with commercial Bondtite (a urea-based 
resin used for interior application) mixed with hexamine as 
a cross-linker, used only as a reference board. The MOR and 
MOE of the reference board was lower as expected at 27 and 
3592 MPa, respectively. The TS and WA were determined 
to be 61.8–73.3%, respectively; where the lower moisture 
resistance of this urea-based resin was expected [62].

Conclusions

Purified soda lignin had a higher reactivity and less impuri-
ties compared to impure soda lignin and lignosulphonate 
and foreshadowed to be the most promising replacement for 
phenol in resin synthesis. A one-pot method from literature 

was used for the first time with an industrial pulping lignin, 
which allowed a direct transition from the phenolation to 
LPF synthesis in alkaline conditions, in one reaction vessel. 
The best phenolation temperatures were determined to be 
at 110 and 80 °C at 60% and 80% substitution, respectively. 
The best synthesis reaction conditions for 60% and 80% sub-
stitution were at a NaOH/PL molar ratio of 0.124 and a F/
PL molar ratio of 1, which was lower compared to previous 
reports. At 100% substitution without any lignin modifica-
tion, the optimum NaOH/PL molar ratio was 0.477, which 
corresponded to previous reports, while the best F/PL molar 
ratio in the tested range was at 3, which was higher than 
expected based on previous reports, and was attributed to the 
high incorporation of the less reactive soda lignin.

The highest shear strength attained from the CCD runs 
was with LPF80 (1.09 MPa), which performed better than 
LPF60 (0.987 MPa) and LPF100 (0.786 MPa), governed by 
80% substitution having a favourable degree of branched 
lignin monomers, while still having a high enough reactivity 
to form cross-linked networks. The highest attainable shear 
strength was 1.11 MPa, at 68% substitution as determined by 
regression models, at a phenolation temperature of 98.4 °C, 
NaOH/PL molar ratio of 0.124, and F/PL molar ratio of 1. 
A high shear strength performance at favourable reaction 
conditions tested was attributed to a high degree of cross-
linking that occurred, which was confirmed by a high ther-
mal stability and a high methylene bridge formation before 
the final curing reaction.

The performance of this soda lignin as a LPF resin was 
further confirmed by strength results obtained when tested 
in particleboard manufacture giving a MOR and MOE of 
23.5 MPa and 2750 MPa, respectively, which adhered to 
the ANSI A208.1–1999 standard. It also proved acceptable 
resistance to water absorption (37.2%) and thickness swell-
ing (13.5%). This unclean pulping lignin is unique in its 
properties and was the first lignin to produce LPF resins at 
100% substitution without modification or additives while 
adhering to plywood standard specifications.
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Table 12  Characteristic results of particleboard produced with LPF68 and Bondtite

Moisture in dried 
boards (%)
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LPF68 8.41 0.915 5.93 13.5 37.2 40 3209
Bondtite 10.9 0.867 5.90 61.8 73.3 27 3592
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