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ABSTRACT: The development of biobased resins with high-bonding
performance has gained considerable attention in the wood industry. In
this study, we developed biobased novolacs phenol-formaldehyde
(BNPF) resins by partially replacing petroleum-based phenol and
formaldehyde with lignin derived from kraft biorefinery and modified
kraft biorefinery-derived lignin, respectively. We first performed a mild
and efficient chemical modification of the lignin through the periodate
oxidation process. Sodium periodate was used to oxidize the hydroxyl
functional groups present in the interunit linkages (β-O-4 bond) in the
lignin structure and convert lignin partly to quinones. This was assessed
by Fourier-transform infrared spectroscopy, elemental analysis, solid-
state 1H−13C 2D HETCOR NMR, and aldehyde content analysis. We
synthesized a series of BNPF resins by replacing phenol with lignin, then
by replacing formaldehyde with oxidized lignin, and finally by replacing both phenol and formaldehyde with lignin and oxidized
lignin. The structural characterization results of the NPF resins revealed the formation of methylene linkages in the phenolic rings.
Before application as wood adhesives, we studied the curing behavior of the formulated adhesive via differential scanning calorimetry.
The adhesion strength of the adhesive was determined using the tensile shear strength analysis. The bonding performance tests
indicated that BNPF resin adhesives have high adhesion strengths (>0.7 MPa). The outcome of this research provides a promising
perspective to utilize natural polymers such as lignin for the synthesis of biobased wood adhesives.
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■ INTRODUCTION

Engineered wood-based panels show a wide range of
applications in internal wall partitioning, sheathing, roofing,
ceilings, furniture, and structural insulated panels. This is due
to their design flexibility, durability, strength, and cost-
effectiveness.1,2 Laminated veneer lumber, plywood, particle
boards, medium density boards (MDFs), and oriented strand
board (OSB) mainly used wood-based panels (WBPs).3,4 In
addition, wood adhesives have contributed to the fabrication
and preparation of WBPs, which account for nearly 65% of the
total world adhesives.5−7 Various wood adhesives on the
market are thermoplastics and thermoset resins, such as
phenol-formaldehyde (PF), melamine-formaldehyde (MF),
urea-formaldehyde (UF), polyurethane, and polymeric meth-
ylene diphenyl diisocyanate (pMDI).8,9 Moreover, most of
these resins are aldehyde-based adhesives, dominating the
wood adhesive industry due to their high adhesion strength
and low cost.10 Among them, PF resins are predominantly
used due to the widespread availability of phenol and
formaldehyde.11,12 Depending on the structure and curing
process, the PF resins are classified as resol-type PF resin or
novolac-type PF resin. Resole-type PF resin is produced by the
polycondensation reaction of phenol with the molar excess of
formaldehyde (P/F molar ratio of 1:1.1 or more) under an

alkaline catalyst. In contrast, the reaction of excess phenol with
formaldehyde (P/F molar ratio 1:0.75 or less) in acidic
conditions yields novolacs.13−15

However, the formation of these resins still relies on
nonrenewable petrochemicals such as phenol and form-
aldehyde, which would release formaldehyde and other toxic
substances in high concentrations that are hazardous to
humans and pollute the environment during production and
use.16 Thus, extensive research is being conducted in academia
and industry for replacing phenol and formaldehyde with
potential biobased renewable resources to produce more
environmentally friendly wood adhesives.14,17

Within this context, lignin has gained significant interest as a
promising sustainable alternative for replacing phenol in PF
resin due to their structural similarities of having active H from
the aromatic hydroxyl-containing group (Ar−OH).17 Lignin is

Received: February 18, 2023
Accepted: May 3, 2023
Published: May 22, 2023

Articlepubs.acs.org/acsapm

© 2023 American Chemical Society
4118

https://doi.org/10.1021/acsapm.3c00324
ACS Appl. Polym. Mater. 2023, 5, 4118−4126

D
o
w

n
lo

ad
ed

 v
ia

 A
U

B
U

R
N

 U
N

IV
 o

n
 J

u
n
e 

2
9
, 
2
0
2
3
 a

t 
0
1
:0

9
:4

6
 (

U
T

C
).

S
ee

 h
tt

p
s:

//
p
u
b
s.

ac
s.

o
rg

/s
h
ar

in
g
g
u
id

el
in

es
 f

o
r 

o
p
ti

o
n
s 

o
n
 h

o
w

 t
o
 l

eg
it

im
at

el
y
 s

h
ar

e 
p
u
b
li

sh
ed

 a
rt

ic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Archana+Bansode"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lorena+Alexandra+Portilla+Villarreal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuyang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Osei+Asafu-Adjaye"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brian+K.+Via"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ramsis+Farag"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ramsis+Farag"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Iris+Beatriz+Vega+Erramuspe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+L.+Auad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsapm.3c00324&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c00324?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c00324?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c00324?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c00324?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c00324?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aapmcd/5/6?ref=pdf
https://pubs.acs.org/toc/aapmcd/5/6?ref=pdf
https://pubs.acs.org/toc/aapmcd/5/6?ref=pdf
https://pubs.acs.org/toc/aapmcd/5/6?ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsapm.3c00324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org/acsapm?ref=pdf


one of the three polymers of lignocellulosic biomass, which is
primarily composed of cellulose, hemicellulose, and lignin.
Lignin is distributed throughout the secondary cell wall of
plants that provides strength and rigidity to the secondary cell
walls. This polyphenolic and amorphous macromolecule is the
second most abundant resource after cellulose, and it is formed
through radical polymerization of phenylpropane units: p-
hydroxyphenyl (H), guaiacyl (G), and syringyl (S). The
monomeric units H, G, and S are randomly linked through
different linkages, including β-O-4, β-β, and β-5 covalent
bonds, depending upon the botanic origin and extraction
process, resulting in versatile functionality.18,19 In the pulp and
paper mills, lignin is generated as a waste byproduct (black
liquor) during the delignification of the lignocellulosic biomass
by immersing it in an aqueous solution with alkaline chemicals
at elevated temperatures (cooking).20 However, the lignin-
containing black liquor, which is separated from the fibrous
material after the cooking process, is underutilized and usually
burned for energy production and heat.21 To this end, some
processes are employed to recover lignin from black liquor. In
this respect, Ingevity (formerly known as Westvaco) recovers
lignin (marketed as INDULIN trademark) from black liquor.22

Also, an industrial kraft lignin marketed by Stora Enso
(Finland) under the name Lineo used as a sustainable
alternative for replacing various phenol-based resins and oil-
based binders in asphalt.23

In recent decades, numerous research studies have been
reported on exploiting lignin as a phenol replacement in PF
resin synthesis for wood adhesive applications.17,20,24−30 In our
prior work, we successfully used kraft lignin (Indulin AT from
Ingevity) as a partial replacement for phenolic monomer
synthesis of biobased Novolac PF (BNPF) resin for wood
bonding. The work showed that synthesized lignin-based PF
resin exhibited the highest adhesion strength compared to the
standard Novolac PF resin (NPF).31 Despite these achieve-
ments in reducing phenol consumption in PF resin synthesis,
using the second primary ingredient, i.e., formaldehyde, has
remained a significant concern due to its high toxicity.32

Hence, to further enhance the sustainability of the PF resin and
broaden the utilization of lignin, the substitution of form-
aldehyde with a chemical modification of lignin has become an
exciting area of research to explore different strategies.33

Among the various chemical modification routes, oxidation
is a promising technique that selectively cleaves the chemical
bonds and allows the addition of new functionalities (i.e.,
aldehydes and carboxylate groups). In this regard, periodate
oxidation processes have been reported where highly reactive
aldehyde groups are introduced into the structure by oxidizing
the hydroxyl groups. In the past, the cellulose is subjected to a
reaction with the sodium periodate (NaIO4), leading to a
highly oxidized form of dialdehyde cellulose (DAC) through
oxidation on C2 and C3 positions of the anhydroglucose
units.8,34,35 Considering the diversity of functional groups,
specific oxidation of lignin has been carried out under mild
conditions. Therein, β-O-4 linkages present in the lignin are
selectively cleaved by a periodate oxidant, thereby adding
aldehyde functionality to the lignin structure.36 Zhang and
Fatehi37 reported a two-step periodate oxidation of carbohy-
drate-enriched hydrolysis lignin leading to the formation of
muconic functional groups in the lignin structure. Further, the
periodate oxidized network can react with the hydroxyl and
activates reactive phenolic sites during respective synthesis to
yield environmental friendly biobased wood adhesives.36,38

Herein, this work intends to develop more sustainable PF
resin wood adhesives. We describe the oxidation of hydroxyl
vicinal to β-O-4 bonds in the lignin structure using sodium
periodate (NaIO4) as an oxidizing agent under mild
conditions. To better understand the chemical structure of
the oxidized lignin (OL), FTIR, elemental analysis, aldehyde
content, and solid-state 1H−13C 2D HETCOR NMR
techniques were used to investigate the structural features. A
series of BNPF resins were synthesized by first replacing
phenol with lignin (BNPLF), then by replacing formaldehyde
with OL (BNPFOL), and later by replacing both phenol and
formaldehyde with lignin and OL (BNPLFOL), respectively.
The prepared resin adhesive was applied on the wood
substrate, and respective adhesion strength was measured.

■ EXPERIMENTAL SECTION

Materials. Indulin AT lignin (softwood) from a kraft pulping
process was generously supplied by Ingevity Corporation, South
Carolina. Phenol (99%), formalin solution (37% formaldehyde in
water), ethanol (200 proof), methanol (99.8%), sulfuric acid (H2SO4;
95.0−98.0%), deuterated dimethyl sulfoxide (DMSO-d6, 99.9%), and
hexamethylenetetramine (HMTA, 99+%) were supplied by VWR
International, USA. Sodium periodate (NaIO4, 99.0%) was purchased
from Acros Organics, USA. 2,4-dinitrophenylhydrazine (DNPH) and
oxalic acid (anhydrous crystal, 98.0%) were acquired from Spectrum
Chemical Manufacturing Corporation, USA.
Periodate Oxidation of Lignin. The periodate oxidation has

been performed to introduce the aldehyde groups in the lignin by
oxidizing the hydroxyl groups. Briefly, for each batch of periodate OL,
20 g of kraft Indulin AT lignin (L) was mixed with the 50 g NaIO4

and added to the 500 mL ethanol (15%). Further, this mixture was
loaded into the pressure-resistant bottle and wrapped with a layer of
aluminum foil to prevent the decomposition of NaIO4 by exposure to
light. The reaction was carried out under mild stirring at room
temperature allowing the oxidation to proceed overnight (or for 24
h). The product was then purified using methanol by centrifuging and
decanting at least three times. After that, the product was dried at 40
°C in a vacuum oven.
Structural Characterization of Periodate OL. Fourier-Trans-

form Infrared (FTIR) Spectroscopy. FTIR analysis of Indulin AT
lignin (L) and periodate OL was carried out on the Nicolet 6700
FTIR spectrophotometer (Thermo Fisher Scientific Instrument.,
USA) equipped with attenuated total reflectance (ATR) accessory
containing a diamond crystal. The spectrum was collected in the
transmission mode over a region of 4000−600 cm−1 using 64 scans at
a resolution of 4 cm−1. Before every sampling, the background
spectrum was collected. The software used for FTIR evaluation was
OMNIC Version 7.3.
Elemental Analysis. Elemental analysis (C, H, and N) of Indulin

AT L and periodate OL was performed in a Flash 2000 Elemental
Analyzer (Thermo Fisher Scientific, Bremen, Germany) operating
with the dynamic flash combustion of the samples. The aspartic acid
weight used as a standard was 3.00−4.00 mg, and the weight of the
unknown samples. All samples were weighed in aluminum tin capsules
and dropped into the combustion reactor (left furnace) from the
Thermo Scientific MAS Plus Autosampler. The samples were
combusted in the reactor initially set at 950 °C in oxygen and
helium (carrier gas). The elemental gases were carried out into the gas
chromatography column set at 75 °C and detected in a highly
sensitive thermal conductivity detector (TCD) set at 1000 μV. The
collected data were analyzed using Eager Xperience for flash elemental
analyzers software (EA111X F/W Ver. 1.12, EA111x OCX Ver.
01.02). All the samples were analyzed in three replicate specimens.
The results were reported as averaged values in percent by weight.
Determination of Aldehyde Content. In the analysis of aldehyde

groups, often 2,4-dinitrophenylhydrazine (DNPH) reagent is used,
and the subsequent reagent solution was prepared using the
procedure in the literature.39−41 Briefly, 143 mg of DNPH has
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dissolved in 15 mL of concentrated sulfuric acid in 500 mL of a
volumetric flask, and then 156.25 mL of ethanol (96%) in this
mixture, and the final volume was made up to the mark with distilled
water. Later, the solution was placed in the ultrasonic bath for 15 min
to achieve a homogenized solution. Alternatively, a blank solution was
prepared with the same procedure except for adding the DNPH
reagent. A series of standard solutions 20, 40, 60, 80, and 100 mg/mL
were prepared using the DNPH reagent solution to generate a
calibration curve. After that, the quantitative aldehyde analysis of
Indulin AT lignin (L) and periodate OL was performed by weighing
30 mg of sample in 10 mL of the centrifuge tube, followed by the
addition of 10 mL freshly prepared DNPH reagent solution. The
subsequent reactive mixture was centrifuged for 10 min using 4200
rpm. Finally, the aldehyde content was investigated by measuring
absorbance with a Genesys 150 UV−Visible spectrophotometer in the
range of 200−800 nm using a blank solution as background. The
amount of aldehyde generated was calculated using eq 1.39

Aldehyde concentration (mmol/g)
Concentration (%) 10

Reacted DNPH (mmol / g)

198.14
4=

×

(1)

where 198.14 is the molecular weight of DNPH.
Solid-State Two-Dimensional Heteronuclear Correlation Nu-

clear Magnetic Resonance (ss 1H−13C 2D HETCOR NMR). Solid-
state 1H−13C 2D HETCOR NMR experiment of Indulin AT lignin
(L) and periodate OL was performed in the Bruker AVIII-HD 500
nuclear magnetic resonance (NMR) spectrometer equipped with
standard Bruker 3.2 mm CP-MAS at Magnetic Resonance Imaging
Core Facility at Georgia Institute of Technology, Atlanta. The
combination of cross-polarization (CP) with magic angle spinning
(MAS) is commonly used to perform solid-state NMR. The
HETCOR measurements were recorded using “lghetfq” pulse
program from the Bruker library for homonuclear decoupling of 1H.
All the spectra ran with a contact time of 2 ms under CP conditions,
and the spinning speed was set to 14.0 kHz. The total experimental
time for each sample is 12.34 h. The initial spectral processing was
done using Bruker’s Topspin 3.2 software, and structure analysis was
done later using Mestrelab Research (MestReNova Version 7.1.1)
software.
Synthesis and Characterization of Biobased NPF Resins

(BNPF). The acid-catalyzed condensation reaction between phenol
and formaldehyde for the synthesis of a Novolac PF (NPF) resin was
carried out following the procedure reported in the previously
published article.31 Briefly, phenol (94 g, 1.0 mol) and oxalic acid (4.7
g, 0.05 mol) were added into a 500 mL four-necked round bottom
flask. Later, the flask equipped with a mechanical stirrer, condenser,
and dropping funnel was placed in a silicone oil bath under magnetic
stirring. First, the reaction mixture was heated to 90 °C, and then 37%
formalin solution (64.87 g, 0.8 mol of formaldehyde: 24 g) was slowly
added to this mixture through an attached funnel dropwise. After the
complete addition of formaldehyde, the reaction continued for 3 h at
90 °C. Once the reaction was completed, the reaction product was
cooled down to room temperature and washed to remove the
unreacted reaction component with distilled water (DI), followed by
freeze-drying. Furthermore, three different biobased-NPF resins
(BNPF) were prepared according to the recipe reported in Table 1
by following the same reaction conditions described above. Finally,
the prepared NPF and BNPF resins were characterized using FTIR
and 13C−1H HSQC 2D-NMR techniques.
Solution-State Two-Dimensional Heteronuclear Single

Quantum Coherence NMR (Solution-State 1H−13C 2D HSQC
NMR) Analysis. NPF and BNPF resins were thoroughly identified by
the solution-state 1H−13C 2D HSQC NMR analysis technique. The
NMR spectra were recorded using hsqctgpsisp 2.2. pulse program on
the Bruker Ultrashield Plus 500 MHz spectrometer with a broadband
nitrogen-cooled prodigy probe. For each NMR experiment,
approximately 155 mg of the sample was dissolved entirely in 1000
μL DMSO-d6 solvent. The mixture was transferred into 5 mm NMR
tubes, and the experiment was performed with the following

parameters: spectral width from 0 to 13 ppm in the F2 (1H) with
1024 data points (TD1) and spectral width from 0 to 220 ppm in F1
(13C) with 256 data points (TD2), 90° pulse angle, a pulse delay of
1.5 s, 1JCH used was 145 Hz, an acquisition time of 0.11 s, scan
number of 16, and dummy scan number of 16. The chemical shifts
were referenced to the central solvent DMSO-d6 peak (δ = 2.49 ppm)
and δ = 39.5 ppm) for 1H NMR and 13C NMR, respectively. The
NMR data were analyzed using Mestrelab Research software
(MestReNova Version 7.1.1).
Thermal Study of NPF and BNPF Resins by Differential

Scanning Calorimetry (DSC). The prepared NPF and BNPF resins
were further reacted with the HMTA curing agent, which generates in
situ reactive methylene carbocations and compensates for the
deficiency of formaldehyde in the NPF resin. The addition of
HMTA DSC was performed on TA Instruments (TA Q2000, DE, and
USA) to determine the peak exothermic temperature associated with
the curing process. For DSC analysis, each resin sample was grounded
with the HMTA curing agent (9% w/w HMTA/NPF resin) using
mortar and pestle, yielding four wood adhesive mixtures: NPF-
HMTA Resin, BNPLF-HMTA Resin, BNPFOL-HMTA Resin, and
BNPLFOL-HMTA Resin. Next, about 5−6 mg of the subsequent
adhesive was loaded into the DSC standard aluminum pans and
sealed with DSC standard aluminum lid, and then heated from 25 to
200 °C at a rate of 10 °C/min under a nitrogen atmosphere with a
flow rate of 50 mL/min. The generated curing thermograms were
analyzed using TA instrument analysis software.
Preparation of Different PF Resin-Glued Wood Specimens.

All the biobased PF resins adhesion testing was conducted on
southern yellow pine (SYP) wood specimens cut into a size of 320 ×
46 × 10.5 mm3 (L × W × H), which have been widely used for
adhesive testing. After being conditioned at a relative humidity of (65
± 5%) and at 22 ± 2 °C for 7 days, the biobased PF resin was spread
with an adhesive content of about 200 g/m2 on the single side of the
veneer, and then the uncoated veneer was overlapped on the coated
veneer by applying light pressure manually. Subsequently, assembled
wood strips were hot-pressed at 200 °C for 5 min with the applied
pressure of 2 MPa. After hot pressing, the glued wood specimens were
cooled down and maintained for 24 h to release internal stress before
cutting them into the desired size. Eight specimens per bonded
adhesives were cut and from this group of cut eight wood specimens,
four samples were chosen for the dry bonding strength, and the
remaining samples were submersion in water at room temperature for
24 h to perform the wet bonding strength followed by air drying of
wood specimens for 15 min.
Characterization of the PF Resin-Glued Wood Specimens.

Tensile Shear Strength. The biobased PF adhesives bonded wood
specimens were tested at a speed of 1.0 mm/mm on an Instron 5900
Universal Material Testing Instrument (Bluehill, Instron, MA, USA)
attached with a 100 kN load cell, and the collected data were
processed using a Bluhill 3.0 software. The tensile shear strength was
calculated using eq 2.

F

A
=

(2)

where τ is the tensile shear strength (N/mm2 or MPa), F is the
maximum force to break the adhesive (N), and A is the shear area
(mm2).

Table 1. Reaction Recipe of Acid-Catalyzed Condensation
Polymerization Reaction of Four NPF Resins and Their
Designations ((*) BNPF Resins)

resin
samples

phenolic monomer aldehyde monomer

phenol (g) lignin (g) formaldehyde (g)
oxidized
lignin (g)

NPF 94 24

PLF* 49 49 24

PFOL* 94 12 12

PLFOL* 49 49 12 12
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The tensile shear strength, water absorption, and thickness swelling
data of the NPF and BNPF resins were measured in quartets and
expressed as the mean value ± the corresponding standard deviation
(SD) value. Further, data were subjected to using two-way analysis of
variance (ANOVA) with Tukey’s post-hoc test for statistical
significance analysis. The statistical analysis was carried out using
Minitab 19 software.

■ RESULTS AND DISCUSSION

Characterization of Periodate Oxidized Lignin. The
structure of the Indulin AT lignin after periodate oxidation was
evaluated by various analytical techniques, including FTIR,
elemental analysis, 1H−13C 2D HETCOR NMR technique,
and aldehyde content and further compared with the
unmodified lignin. Figure 1 illustrates the quinone, ketone,
and aldehyde groups formed during the oxidation reaction with
periodate. However, it should be noted that this structure does
not accurately represent the real structure of OL because it
does not account for all the groups modified during the
experiment.

The FTIR-ATR analysis first examined the influence of
periodate oxidation on the lignin structure, and the spectra are
shown in Figure 2. The two peaks at 2935 and 2840 cm−1

belong to the methoxy group linked to the C−H stretching
(Figure 2a). In the OL structure (Figure 2b), the band
intensity of the C−H stretching decreased at 2935 and 2840

cm−1, indicating the removal of the methoxy group from the
aromatic lignin ring. The increased intensity of peaks at 1733
cm−1 highlighted the introduction of the carbonyl (C�O)
group (aldehyde) that is formed during the oxidation of
hydroxyl groups present in the interunit linkages (β-O-4 bond)
in the lignin structure. A new peak observed in Figure 2b at
1630 cm−1 highlighted the presence of the quinone group. A
similar observation was reported in the literature with the
periodate oxidation of softwood lignin.38 The peaks around
1509, 1450, and 1425 cm−1 were attributed to aromatic
skeleton vibrations. The absorption bands at 1218, 1125, and
1029 cm−1 were due to the C−O stretching vibration deriving
from the guaiacyl ring, and secondary and primary alcohols
(C−OH), respectively, which weakened in intensity after
undergoing oxidation. The peaks detected in the region 1000−
750 cm−1 were assigned to the aromatic C−H out-of-plane
deformations. The characteristic peaks associated with lignin
detected were also observed in the FTIR-ATR spectrum of
OL, indicating that there are limited changes in the lignin
chemical structure after oxidation.

The elemental compositions (C, H, and O) of the lignin and
OL were determined and are reported in Table 2. A relatively
smaller amount of nitrogen element was detected in the plant
resource-based lignin. The contents of carbon (59.80−21.56%)
and hydrogen (5.71−2.60%) decreased. Still, oxygen content
increased from 34.08 to 75.79% in OL compared to the lignin
due to the oxidation hydroxyl groups present in the interunit
linkages (β-O-4 bond) in the lignin structure and partial
conversion of lignin to quinone groups.

The synthesized OL was partially soluble in the desired
NMR solvents compared with the lignin as the molecular
weight of the lignin increases after the periodate oxidation
process.37 In this respect, the solid-state 1H−13C 2D HETCOR
NMR technique is considered an advantageous method for
elucidating the structure of lignin, which is not limited by its
insolubility. To gain insights into the oxidative transformations
of lignin, a 2D HETCOR NMR experiment was performed, as
shown in Figure 3a,b. Further, the corresponding peak
assignments are carried out by the following literature.42,43

According to the 2D HETCOR, the peaks representing the
aromatic carbon (δC/δH 110−122/6.3−6.9 ppm) are
relatively reduced in intensity in the case of OL, which could
be due to the low availability of protons for the cross-
polarization of aromatic carbons.44 During the periodate
oxidation, hydroxyl functional groups in the ligninare oxidized
into carbonyl group. Herein, we hypothesized that the
oxidation is expected to occur at hydroxyl groups attached to

Figure 1. Oxidation of guiacyl units and primary and secondary alcohols in softwood lignin during the periodate oxidation reaction.

Figure 2. FTIR spectra of (a) lignin (L) and (b) periodate oxidized
lignin (OL).
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the β-O-4 bond in the lignin, which can be confirmed by the
disappearance of the peaks related to the hydroxyl groups (δC/
δH 74.61−77.20/4.57−5.84 ppm) in β-O-4 linkages (Figure
3b).

Additionally, the emergence of the cross signals at 215 ppm
(δC) and above ∼153 ppm in Figure 4b clearly demonstrated
the presence of oxidized carbon in the structure. The same
cannot be seen in the lignin, Figure 3a. However, the methoxyl
groups in the lignin remained unaffected since the oxidized
HETCOR spectrum reveals no signals related to the quinones
groups (δC 183 ppm).

In the current study, a UV−Vis-based analytical approach
was applied by derivatization with 2,4-dinitrophenylhydrazine
(DNPH) to investigate the possibility of the formation of
aldehyde groups in the lignin structure after periodate
oxidation. DNPH is the most efficient derivatization reagent
that has been used extensively for aldehyde. The aldehyde
content was calculated based on the calibration curve, Figure
S1a,b, generated using different concentrations of the DNPH
reagent solutions (20, 40, 60, 80, and 100 mg/mL), where a

strong UV band is attributed to the excited resonance state of
the DNPH in solution. Subsequently, the lignin and OL
samples were reacted with the DNPH solution, respectively.
During this reaction, nucleophilic addition of the −NH2 group
to the carbonyl groups takes place, which results in the
formation of the yellow precipitate. The UV−vis spectra of the
supernatant from the DNPH-reacted lignin and oxidized
sample solutions are presented in Figure S1c. The result
demonstrates a distinct shift in the absorption maximum for
DNPH, which is an unreacted DNPH present in the
supernatant after the reaction with an aldehyde in the lignin
and OL, respectively.

Furthermore, the lignin structure observed an increase in the
aldehyde content from 0.0200 to 0.1116 mmol/g after
oxidation treatment as reported in Table 3. Therefore, it

could be seen that periodate oxidation treatment introduces
the aldehyde functionality in the lignin structure. During the
periodate oxidation, the hydroxyl groups at the interunit
linkages (β-O-4 bond) transformed into aldehyde groups,
while lignin methoxy groups converted to a quinone.
Synthesis and Characterization of NPF and BNPF

Resins. The NPF and BNPF resins were synthesized by
forming the methylene bridges through the reaction between
OH-groups of phenol and formaldehyde (CH2O) under the
acid-catalyzed process. Further, the structures of the NPF and
BNPF resins were examined using FTIR and 13C−1H HSQC
2D NMR analysis techniques.

The FTIR spectra of the NPF and BNPF resins are
demonstrated in Figure 4. The peaks were assigned to the
corresponding functional groups based on the previous

Table 2. Elemental Compositions of Lignin and Oxidized Lignin

samples

elemental composition (wt %) atomic ratio

C % H % N% O/C H/C O/H

lignin 59.80 ± 0.06 5.71 ± 0.01 0.39 ± 0.005 0.43 1.15 0.37

oxidized lignin 21.56 ± 0.12 2.60 ± 0.038 0.05 ± 0.020 2.63 1.44 1.82

Figure 3. Solid-state 1H−13C 2D HETCOR NMR spectra of (a)
lignin (L) and (b) oxidized lignin (OL).

Figure 4. FTIR spectra of (a) NPF, (b) BNPLF, (c) BNPFOL, and
(d) BNPLFOL.

Table 3. Aldehyde Content of Lignin and Oxidized Lignin

samples

lignin oxidized lignin

aldehyde content (mmol/g) 0.0200 0.00073 0.1116 0.00038
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findings.45,46 The FTIR spectra (Figure 4a−d) show the −OH
bending and stretching vibrations peaks around 3500−3300
cm−1 regions. The peak at ∼1594 and 1510 cm−1 correspond
to C�C stretching vibration of the aromatic ring. The signals
in the region 1460−1420 cm−1 attributed to the methylene
(−CH2−) stretching vibrations after the successful addition of
formaldehyde on the phenolic rings. The FTIR spectra of the
BNPF resins show relatively different intensity peaks in the
regions 917−912, 855−820, and 794−753 cm−1 which are
associated with para and ortho position addition in the
phenolic units, respectively.

To further understand the chemical structure, NPF and
BNPF resins were characterized by the 13C−1H HSQC 2D
NMR analysis experiment, and the spectra are shown in Figure
5. The obtained HSQC spectra revealed the presence of a
series of characteristic peaks related to methylene bridges (Ar−
CH2−Ar) in the region (δC/δH 28.5−41.5/3.5−4.5 ppm),
which originated from the acid-catalyzed condensation
polymerization reaction between phenolate moieties and
aldehyde functionality. Each of the NPF and BNPF resins
shows peaks related to the ortho-ortho methylene linkages (o−
o′) in the region (δC/δH 29.5/3.75 ppm), ortho-para
methylene linkages (o−p′) in the region (δC/δH 34.3/3.75
ppm) and para-para methylene linkages (p−p′) in the region
(δC/δH 29.5/3.75 ppm), respectively. Overall, the 2D HSQC
characterization indicates that BNPF resin structures were
significantly different from standard NPF resin.
Thermal Study of NPF and BNPF Resins by DSC. In the

wood processing industries, evaluation of the curing temper-
ature of the adhesive is crucial to obtain adequate curing
temperature for heat pressing of wood panels. DSC analysis
was used to determine the curing temperature of the adhesive.
The DSC thermograms of four synthesized NPF and BNPF
resins are reported in Figure 6. It can be seen that all the resins
showed curing peak temperature fall in the range of 130−160
°C. A broad and intense exothermic peak occurred due to the
heat generated during the polymerization reaction between
reactive sites in phenol and formaldehyde. The results turned
out that the NPF and BNPF resins have different reactivities,
from which it can be concluded that with the replacement of
both phenol and formaldehyde by lignin and OL, respectively,
the curing peak temperature was shifted to a higher
temperature (159.37 °C). This could be assigned to the
lower reactivity of lignin and OL than phenol and form-
aldehyde. The partial replacement of phenol by lignin
(BNPLF) or formaldehyde by OL (BNPFOL), shifted the
exotherm to a lower temperature. This reduction could be
beneficial to save energy consumed for the curing process of
the resin.

For our study, wood panels glued with all NPF and BNPF
adhesives were hot pressed at 200 °C to ensure the adhesion
performance comparison performed under identical condi-
tions.
NPF and BNPF Resin Adhesive Bonding Performance.

The adhesion ability of the NPF and BNPF resins on wood
specimens was evaluated by the tensile shear strength, which is
defined as the adhesion strength required to rupture the bonds
between the wood strands bonded by resin. The adhesion
shear strength (dry and wet) of each adhesive resin is
presented in Figure 7. For comparison purposes, we duplicated
the BNPLF resin adhesive used in our previous work31 and
prepared it by replacing 50% (w/w) phenol with lignin and the
control resin (NPF or 100% PF resin). In this study, among all

Figure 5. 13C−1H HSQC 2D-NMR spectra of (a) NPF, (b) BNPLF,
(c) BNPFOL, and (d) BNPLFOL.
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the tested adhesives, BNPLF-HMTA resin adhesive showed
the highest dry shear strength (2.75 MPa). This suggests that
replacing phenolic moieties with lignin would be beneficial.

In contrast, the pairwise comparisons using the Tukey
method indicate that the adhesion strength was statistically
different for the resin prepared by replacing formaldehyde with
OL (BNPFOL-HMTA). A possible explanation for this could
be that during BNPFOL-HMTA resin synthesis, the hydroxyl
groups of the phenols could not form stronger covalent
interactions with the aldehyde groups of the OL structure due
to the increasing amount of the reactive sites and steric
hindrance. Furthermore, the BNPLFOL-HMTA resin adhesive
performed better than the BNPFOL-HMTA, owing to the
growing number of polar groups which could trigger solid
intermolecular interactions.

To further illustrate the versatility of the prepared BNPF
resins for wood adhesive applications, the adhesion perform-
ance in a wet environment (wet shear strength) was studied.
The pairwise comparisons using the Tukey method indicate

that the adhesive strength of the wood panels was relatively
reduced (NPF-HMTA: 2.57−1.87 MPa, BNPLF-HMTA: 2.76
to 1.66, BNPFOL-HMTA: 2.26−1.3 MPa, and BNPLFOL-
HMTA: 2.42−1.54 MPa) after soaking in water for 24 h, this
would be because in the humid environment, the hydrogen
bonds formed between the wood surface and adhesion layer
are easy to break. Whereas, in the case of BNPF resins, wet
strength is drastically decreased (p < 0.05, Figure 7). This is
because lignin has hydroxyl groups in its structure.

Overall, the bonded wood panels’ dry and wet bonding
strength showed their acceptable tensile shear strength, as
specified by the GB/T 14732−2006 National standard (>0.7
MPa),20 which shows the potential of the BNPF resins as
wood adhesives.

■ CONCLUSIONS

This study presented the simultaneous replacement of both
petroleum-derived phenol and formaldehyde with unfunction-
alized lignin and functionalized lignin, respectively. The
functionalization by periodate oxidation introduces aldehyde
groups into the lignin and converts lignin partly to quinones.
The dry and wet adhesion strengths of newly formulated
adhesives (BNPFOL and BNPLFOL resins) were comparable
to both lignin-formaldehyde resin (BNPLF) and commercially
available PF resin (NPF). The replacement of formaldehyde by
OL (BNPFOL) reduced the curing temperature due to the
high reactivity of periodate OL compared to formaldehyde
with phenol or lignin. Overall, the newly prepared BNPF
adhesives in this study could be effectively used as a green
alternative for the NPF resin adhesives in developing
environmentally friendly wood-based panels.
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