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ABSTRACT: By aiming at tailoring the bonding strength of a
thermosetting lignin-containing phenol-formaldehyde (LPF) wood
adhesive, different fractions of an industrial hardwood alkaline lignin
have been prepared through sequential solvent fractionation (i-PrOH,
EtOH, and MeOH). Those fractions were comprehensively
characterized by GPC, GC, Py/GC−MS, and NMR techniques.
Lignin fractions with low molar mass and narrow dispersity, including
the i-PrOH-soluble and EtOH-soluble ones, were of high purity and
had more reactive sites for LPF adhesive synthesis and better
accessibility due to lower degree of condensation than the high molar
mass ones. Some recalcitrance of integrating high molar mass fractions
covalently into the PF adhesive was observed, which was also true in
the case of lignin phenolation. The tailored bonding strength of the LPF adhesive, tested by gluing wood pieces, provided strong
evidence for molecular structure−performance correlation; the i-PrOH-PF had the lowest activation energy, the highest curing
enthalpy, and the strongest bonding strength of 2.16 MPa. This study demonstrates a clear structure−property-application
relationship of technical hardwood lignin in the LPF adhesive field, which might pave the way for a more effective bulk valorization.

KEYWORDS: Biomass, Lignin-containing phenol-formaldehyde adhesive, Sustainable Chemistry, Sequential solvent fractionation,
Wet bonding strength

■ INTRODUCTION

Lignin is by far the most abundant aromatic bioresource
composed of phenyl propane units as the main building
block.1,2 Because of the structural similarities, lignin represents
a natural, promising sustainable alternative to the petroleum-
based phenol in phenol−formaldehyde (PF) wood adhesive.3,4

However, native lignin is not the lignin that is available for
applications, with its structure being sometimes drastically
different from the lignins produced by the pulping industry or
upon cellulosic ethanol production, which are denoted as
“technical lignins”.5 Technical lignin is a bulk feedstock with a
global annual output of 70 million tons.6 A given sample of
technical lignin possesses significant variability concerning
impurities, as well as extremely heterogeneous chemical
features in terms of the constituent aromatic units, interunit
bonding patterns, molar mass variation, and molar mass
dispersity (ĐM).

5−7 These aspects, together with the under-
lying analytical challenges,6,8 have substantially constrained the
industrial valorization of technical lignin. To tackle with the
issues associated with the inherent heterogeneity of technical
lignin, a variety of lignin fractionation methodologies (e.g.,
sequential organic solvent extraction,9−11 gradient precipita-
tion,12−15 and membrane ultrafiltration16−18) have been

proposed to offer relatively homogeneous lignin fractions
with well-defined characteristics, i.e., defined range of molar
mass, narrow ĐM, as well as selective interunit linkages and
enriched functional groups that are desired in the respective
applications. To date, the fractionation strategies toward
technical lignin have aided our understanding of its chemical
composition,18−20 fundamental manufacturing chemistry,21

overall structural elucidation,22 and structure−performance
correlations when utilized as phenolic compounds in polymeric
material.10,16

The utilization of lignin in PF wood adhesives has been
studied for decades. These efforts seemed to be a logical
extension of the lignin function in wood as a “natural
composite material”.23−27 Recent research has been targeting
100% phenol replacement by engaging lignins from a wide
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range of resources and different isolation methods or
introducing a high percentage of lignin while the toxic and
volatile formaldehyde was entirely replaced by the biobased
glyoxal.28,29 Lignins from softwood and grass were supposed to
be better candidates for lignin-containing PF (LPF) adhesive
compared with that from hardwood, as the former exhibits
more guaiacyl (G) and p-hydroxyphenyl (H) units with
available G3/H3 and/or G5/H5 positions that theoretically can
react with aldehydes in the synthesis of LPF adhesives.28

However, comprehensive understanding of the correlations of
molar mass, functionalities, and chemical structures of lignin
with the bonding strength performance of the corresponding
LPF wood adhesive is still missing. One of the criteria for
producing reproducible wood adhesive precursors also
demands lignin of high homogeneity and narrow ĐM.
In this work, we are aiming at demonstrating a feasible route

to elucidate the lignin structure−performance correlations as
well as to valorize the “unfavored” hardwood technical lignin in
the LPF wood adhesive production. An industrial hardwood
alkaline technical lignin was subjected to a sequential solvent
fractionation, in order to derive lignin fractions for use in LPF
adhesive manufacture. The possibility to tailor the bonding
strength of LPF wood adhesive was illustrated through the
effects of lignin fraction integration.

■ EXPERIMENTAL SECTION
Materials. Birch hardwood alkaline lignin (AL) was supplied by

CH-Bioforce Oy (Espoo, Finland). It was produced through a
pressurized hot water extraction and mild alkali pulped biorefinery
process known as the BLN process.30,31 The relevant biorefinery and
lignin manufacturing processes are referred for more details in the
Supporting Information.32 All chemical reagents were purchased from
Sigma-Aldrich of analytical grade and were used as received if not
stated otherwise.
Sequential Lignin Solvent Fractionation. The lignin fractio-

nation process involved using isopropyl alcohol (i-PrOH), ethanol
(EtOH), and methanol (MeOH) to extract lignin sequentially (Figure
1a). The initial i-PrOH volume to the lignin mass ratio was 10:1 (v/
w). Finally, the birch AL was subdivided into three fractions, namely,
i-PrOH-soluble (i-PrOH-s), EtOH-soluble (EtOH-s), and MeOH-

soluble (MeOH-s). The lignin remained at the end of the solvent
sequence was denoted as residue lignin. To eliminate the solvent
residue, all lignin fractions were further dried in a vacuum desiccator
at 40 °C for 12 h.

Lignin Characterizations. Method I: Molar mass character-
ization was conducted by a gel permeation chromatography (GPC)
system equipped with a low-temperature-evaporative light scattering
detector (LT-ELSD) using HPLC-grade tetrahydrofuran (THF,
inhibitor-free) with 1% (v/v) acetic acid as the eluent and three
highly cross-linked divinylbenzene columns (Jordi Gel DVB 500 Å) in
a series, which allow for separation of molecules from 100 to 10 000
Da. All lignin samples were fully acetylated in acetic anhydride/
pyridine prior to GPC analysis following the previously described
protocol,33 with the peracetylation being corroborated by 31P NMR of
the acetylated lignin (Figure S1). Method II: In addition, the molar
mass of birch ALs was characterized by a GPC system equipped with
a differential refractive index concentration detector and a multiangle
light scattering detector in the infrared-range (MALS(IR)). The
instrumental setup and the analysis of GPC/MALS(IR) were
performed following the conditions described in detail by Zinovyev
et al.34 The Klason lignin and acid-soluble lignin contents were
determined with standardized methods.35,36 Carbohydrate content
was conducted by a gas chromatograph (GC) equipped with a flame
ionization detector (FID) after acid methanolysis and silylation.37 The
ash content was determined following TAPPI-T211 standard. The
quantitative determination of hydroxyl groups in birch ALs was
performed by 31P NMR according to well-established protocols
reported by Argyropoulos et al.,38,39 but with a slight modification in
the ratio of internal standard/lignin, set to 0.6 mmol/g in the current
work. The quantification of interunit linkages and substructures in
birch ALs (nonacetylated) was determined by quantitative 13C in
combination with HSQC NMR as proposed by Zhang and
Gellerstedt.40 The protocol described by Balakshin and Capanema
et al. was used for quantitative 13C NMR sample preparation and
measurement.41 The syringyl/guaiacyl (S/G) unit ratio was
determined by pyrolysis−gas chromatography−mass spectrometry
(Py/GC−MS) under 650 °C pyrolysis temperature.20 The
instrumentation and detailed experimental procedures for lignin
characterization are described in the Supporting Information.

One-Pot Synthesis of the LPF Adhesive. All the LPF adhesives
were synthesized by one-pot batch polymerization, starting with lignin
phenolation (95 °C, 2 h) under the optimized conditions (alkali
charge and lignin/phenol (L/P) mass ratio). Detailed experimental

Figure 1. (a) Schematic description of the sequential lignin refining process. (b) GPC chromatograms of the fully acetylated birch ALs. (c)
Distribution of impurity contents (carbohydrate and ash) in birch ALs. i-PrOH-ins, i-PrOH-insoluble fraction from birch AL; EtOH-ins, EtOH-
insoluble fraction from the i-PrOH-ins fraction; MeOH-ins (residue lignin), MeOH insoluble fraction from the EtOH-ins fraction.
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procedures for optimization of lignin phenolation conditions are
described in the Supporting Information. The total amount of
formaldehyde was tuned to maintain a stoichiometric molar ratio
(0.6:1) between formaldehyde and the amount of reactive sites
(nonsubstituted ortho and para positions of the phenolic−OH) in
phenol and phenolated lignin, as quantified by 31P NMR. The dosage
of 10 M NaOH (aq) solution was 8 wt % of the amount of lignin and
phenol. In the subsequent hydroxymethylation and polymerization
step, to keep the reaction from proceeding directly to a solid, the
temperature of the mixture was cooled down to 80 °C from 95 °C
before 70% (v/v) of the total formaldehyde and 10 M NaOH (aq)
solution was added. The remaining mixture of the formaldehyde and
10 M NaOH (aq) solution was added after 1 h of reaction and then
kept at 80 °C for another 1 h. When the reaction was complete, the
flask was cooled down by cold tap water to obtain LPF adhesive. The
solid content of the resulting product can be adjusted by adding water
or water evaporation.
LPF Adhesive Characterization. The solid content of the LPF

adhesive was determined following GB/T14732-2017 standard at 105
°C to constant weight. The residual formaldehyde content was
conducted by the hydroxylamine hydrochloride procedure following
the ISO 11402-2004 standard. The residual phenol content was
determined by GC-FID (oven temperature 50 °C, injection volume
260 μL) following ISO 8974-2002 standard. Curing properties of the
thermosetting LPF adhesive, including the activation energy and
enthalpy, were evaluated by differential scanning calorimetry (DSC)
at multiheating rates (2.5, 5, and 7.5 °C min−1) under a N2
atmosphere.42,43 The curing enthalpy was integrated at a heating
rate of 5 °C min−1. Further details on LPF adhesive characterization
are described in the Supporting Information.
Preparation and Evaluation of the Plywood. Plywood was

prepared by adhesive coating and hot-pressing. In brief, coating of 250
g/m2 LPF adhesive (the solid content of all LPF adhesives was
adjusted to approximate 60 wt % by rotary evaporation) on each side
of the core birch veneer (200 × 200 × 1.3 mm3) was followed by hot-
pressing at 145 °C under 1.0 MPa for 10 min. The formaldehyde
emission (further details are described in the Supporting Information)
and wet bonding strength were evaluated according to GB/T 17657-
2013 standard. Before the bonding strength test, the specimens were
subjected to 28 h boiling−drying−boiling pretreatment. All treated
specimens were tested by tensile loading (625 N/min) on an electric
universal mechanical testing machine.

■ RESULTS AND DISCUSSION

Refining Technical Lignin. To retrieve lignin fractions
with narrowly distributed molar mass from birch AL, a three-
step sequential solvent fractionation was applied (Figure 1a).
The solvent solubility power within the sequence was
increased. In this way, birch AL fractions with narrow ĐM
values but sequentially increased weight-average molar masses
(MW) were obtained (Figure 1b). To eliminate concern
regarding the inaccurate molar mass trends for acetylated
lignin samples caused by the absence of reliable calibration
standards and possible discrimination or side reactions, GPC/
MALS(IR), in the most advanced case with an infrared laser
operating at 785 nm and narrow-band fluorescence filters, was
applied. For the birch AL fractions along the proposed solvent
extraction sequence, the molar mass trend delineated by GPC/
LT-ELSD agreed rather well with the GPC/MALS(IR) results,
although the absolute molar mass of birch AL and its fractions
is much higher than the data obtained from calibration with
polystyrene standards (Table 1). Notably, on the basis of these
two molar mass analysis methods, the ĐM of all the retrieved
lignin fractions was significantly narrower than that of the
initial birch AL, which proved that chemical solvent extraction
effectively fractionated and refined the lignin. In the aspect of
compositional characteristics of birch AL fractions, the Klason
lignin content increased as the MW of lignin increased (Table
S1). The carbohydrate and ash impurity contents as well
increased along the sequence of i-PrOH, EtOH, and MeOH
(Figure 1c). The birch AL had low carbohydrate content (1.5
wt %) in general, in which the predominant carbohydrate was
xylose that originates from lignin−carbohydrate complexes
(Table S1).44 All of the lignin fractions had largely reduced
carbohydrate contents compared with those of the initial birch
AL, except for the residue lignin, in which carbohydrates were
greatly enriched (8.4 wt %).
A high fractionation yield should be achieved when the

relative energy difference (RED) between the solvent and
lignin is less than 1 according to the theory of the Hansen
solubility parameter.11 A positive deviation from 1 usually

Table 1. Yield, Molar Mass Characteristics, Hydroxyl Group Distribution, and Structural Characterization of Birch AL
Fractions, Including Initial Birch AL and Residue Lignin

properties birch AL i-PrOH-s EtOH-s MeOH-s residue

yield (wt %) 100 18 50 13 12
molar mass characteristics

MW (g/mol)a 2900 1300 2400 4500 >15300c

ĐM
a 1.7 1.2 1.3 1.4 1.8

MW (g/mol)b 7100 3700 5000 8400 27800
ĐM

b 2.2 1.3 1.5 1.6 3.1
lignin hydroxyl groups-amount(mmol/g)

G phenolic−OH 0.74 0.84 0.79 0.69 0.60
C5-substituted phenolic−OH 2.56 2.98 2.64 2.32 1.76
total phenolic−OH 3.30 3.82 3.43 3.01 2.36
aliphatic−OH 1.14 1.00 1.12 1.41 1.31
carboxylic acid 0.56 0.86 0.66 0.39 0.31

lignin interunit linkages and end-groups-abundance (100 Ar)d

β-β′ (B) 1.8 1.2 3.0 2.6 1.1
aryl glycerol (AG) 3.3 3.0 4.1 2.8 0.9
S/G unit ratioe 3.1 3.3 3.0 2.5 1.7
DCf 21 27 34 40 52

aDetermined by GPC/LT-ELSD in THF/acetic acid eluent. bDetermined by GPC/MALS(IR) in DMSO/LiBr eluent. cUnderestimated MW due to
exclusion peak. dResults expressed per 100 aromatic (Ar) units. ePeak area ratio, evaluated by Py/GC−MS. fCalculated by the combination of Py/
GC−MS and quantitative 13C NMR.
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results in a gradual decrease in the solubility of lignin for a
given solvent, which is in agreement with the higher
fractionation yield of EtOH-s fraction (RED = 0.98, yield =
50 wt %) than i-PrOH-s fraction (RED = 1.06, yield = 18 wt

%), as reported in Table 1 (the RED values were calculated
and are listed in Table S2). It is interesting that the dissolution
of a higher MW lignin fraction in MeOH was still achieved with
a 13 wt % yield, despite its higher RED (1.07) than that of

Figure 2. HSQC spectra of (a−e) birch ALs and (f) phenolated i-PrOH-s (P-i-PrOH-s) lignin at the optimized phenolation condition; oxygenated
aliphatic region (upper right) and aromatic region (bottom left). The signals that were used for quantification are indicated with green filled points.
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EtOH. This behavior may be ascribed to the higher polarity
and hydrogen bonding capacity of MeOH (δP = 12.3,δH =
22.3) compared to those of EtOH (δP = 8.8,δH = 19.4), which
promoted the dissolution of lignin. In a general scenario, lignin
has sufficient ability to form hydrogen bonds due to the
abundance of hydroxyl and some carboxylic acid groups
present in its structure.45

Hydroxyl Groups and Constituent Pattern Analyses
of Birch AL Fractions. Detailed quantitative 31P NMR
analyses of all birch AL fractions are shown in Table 1. No
phenolic hydroxyl groups belonging to H units were detected
in the 31P NMR spectra, which is consistent with the typical
structural feature of hardwood lignin.46 Notably, the total
amount of phenolic hydroxyl groups (for both C5-substituted
and noncondensed G phenolic−OH form) in birch AL
fractions sequentially decreased along the fractionation
sequence, i.e., i-PrOH-s > EtOH-s > MeOH-s > residue
lignin. The tuning of functional group contents by solvent
fractionation was also reflected in the distribution of aliphatic
hydroxyl (aliphatic−OH) and carboxylic acid groups. The
amount of carboxylic acid decreased with increasing MW of
lignin, whereas the amount of aliphatic−OH increased. The
trends of functional group contents directly correlated with the
molar mass of the lignin fraction are in agreement with the
results of solvent extraction of lignin reported in the
literature.10,47 Similar trends were also apparent and reported
during lignin fractionation efforts using gradient precipita-
tion13,14 and ultrafiltration.17,18

The interunit linkages and substructures in the birch AL
fractions were derived by a combination of HSQC and
quantitative 13C NMR. The diagnostic 13C−1H correlation
peaks and subsequent linkage quantification were assigned by
comparison with the published literature (Table S3)30 and
follow eq S1.48 The saturated aliphatic region (δC/δH 10−50/
2.7−6.0 ppm) of birch ALs shows signals that were not yet
assigned and will not be discussed herein. In our previous
work, the structural pattern of birch (Betula pendula) milled
wood lignin (MWL) was reported.30 The dominant interunit
linkage in birch MWL was the arylglycerol-β-aryl ether link (β-
O-4′, 50% Ar), followed by pinoresinol (β−β′, 12% Ar) and
minor amounts of phenylcoumaran (β-5′, 3% Ar) and
spirodienone (2% Ar), together with cinnamyl alcohol (2%
Ar) end-groups.30 The structural alterations in birch ALs upon
the alkaline pulping process were obvious with respect to the
birch MWL; all β-O-4′ linkages were cleaved, with
concomitant formation of (AG) aryl glycerol end-groups,49

and only (B) pinoresinol (β−β′) substructures with stubborn
carbon−carbon linkages survived the alkaline treatment
(Figure 2a). Recent reports pertaining to lignin fractionation
have proposed a molar-mass-dependent profile of interunit
linkage pattern that the low molar mass fractions presented less
abundant of linkages with respect to the high molar mass
ones.10,22 However, no obvious trend of linkage abundance
was delineated in birch ALs by the combination of HSQC and
quantitative 13C NMR. The carbohydrate signals in i-PrOH-s
fraction were largely absent in the HSQC spectrum (Figure
2b) and gradually enriched in the residue lignin (Figure 2e),
which was aligned well with the composition analysis data in
Table S1. The strong correlation signals at δC/δH 58.4−61.7/
3.0−3.9 have been proven to contain also methoxyl (−OCH3)
groups with substitutions on both of its ortho aromatic carbons
as previously reported, denoted as −OCH3 (condensed).

30,50

These structures were not discerned in birch MWL,30 as they

could be formed by the condensation reaction of native birch
lignin during alkaline pulping, which occurred at S2,6 or G2 in
biphenyl or condensed G units.50 The differences in
constituent units of birch ALs were revealed by Py/GC−MS.
The i-PrOH-s fraction had the highest S/G unit ratio (3.3),
which decreased along the fractionation sequence, with the G
units thus tending to be enriched in higher MW lignin fractions.
With the result from 31P NMR measurements, i.e., the
phenolic−OH in G units being lower in the higher MW lignin
fractions (Table 1), it is suggested that the phenolic−OH
groups of G units are etherified to a higher degree in high MW
birch AL fractions. On the contrary, S units tended to be
pronounced in low MW ones. The −OCH3 groups in S3 and S5
positions would protect lignin from condensation. Therefore,
the enrichment of S units would provide flexibility to the lignin
macromolecular structure by counteracting condensation. The
degree of condensation (DC, in % Ar) that emerged from the
aromatic substitution pattern was estimated by the combina-
tion of S/G/H unit ratio (Py/GC−MS) and aromatic methine
carbons (CAr−H, δC 125−103 ppm) integrated from the
quantitative 13C NMR, following eq S2.41,51 The calculated
DC% of the birch AL fractions (Table 1), i.e., i-PrOH-s (DC =
27% Ar) < EtOH-s (DC = 34% Ar) < MeOH-s (DC = 40%
Ar) < residue lignin (DC = 52% Ar), showed increased
accumulation of condensed structures (at S2,6, G2, and G5)
along the solvent extraction sequence, particularly strong in the
residue lignin. The progressively weakened CAr−H contour
intensity at S2,6, G2, G5, and G6 positions from Figure 2b−e
supports the DC% results as well. Generally, in reactions
involving reactive sites of lignin, condensed lignin is associated
with higher steric hindrance, increased chemical inaccessibility,
and resulting decreased reactivity, compared to less condensed
counterparts.52

On the basis of these results, we can establish a correlation
between molar mass characteristics of the obtained lignin
fractions, impurity contents, functionalities, and their chemical
structure features. Birch AL fractions with low MW and narrow
ĐM, e.g., i-PrOH-s and EtOH-s fractions, contain less impurity
(carbohydrate and ash) contents, more noncondensed
phenolic−OH groups, and lower degree of condensation
than MeOH-s fraction or residue lignin. These molar-mass-
dependent differences of birch AL fractions turned out to be of
high relevance for the bonding strength performance of the
corresponding LPF wood adhesives.

Synthesis and Characterization of LPF Adhesives. For
the LPF adhesive synthesis, the nonsubstituted ortho and para
positions of the phenolic−OH group in birch ALs are regarded
as the reactive sites where formaldehyde could react and cause
hydroxymethylation, also as the reactive sites for subsequent
polymerization and thermal curing. According to Jiang et al.,
due to the electron-donating effect of the −OCH3 group,
besides the G5 position, even the G6 and S2,6 positions are
nucleophilic and can react with formaldehyde.50 To effectively
covalently integrate the lignin macromolecular backbone into
the PF adhesive, lignin fractions were first activated by
phenolation in a mild alkaline medium. Both alkali charge and
L/P mass ratio were optimized to maximize the reactive sites
(Table S4, the corresponding 31P NMR spectra are shown in
Figure S2). The appearance of H unit-type resonances (H2,6)
in the HSQC spectrum of P-i-PrOH-s (Figure 2f) and the
characteristic phenolic−OH peaks of H units in its
corresponding 31P NMR spectra (Figure S2) corroborated
successful phenolation of the i-PrOH-s fraction under alkaline
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conditions, which provided more reactive sites of non-
substituted and electrophilic aromatic positions for cross-
linking in the LPF adhesive preparation. A pH 9.4 and a L/P
mass ratio of 2/5 were implemented as the optimized
phenolation parameters to derive a series of phenolated lignin
fractions, with their molar mass and reactive sites for LPF
adhesive synthesis being compared in Table S5 (the
corresponding 31P NMR spectra are shown in Figure S3).
The given alkali charge and L/P mass ratio had only a small
effect on the birch AL fractions, as indicated by a slightly
higher MW after phenolation. The intensity of CH-α signals in
(B) β-β′ linkages and (AG) aryl glycerol substructures of P-i-
PrOH-s lignin decreased compared to that of the i-PrOH-s
fraction, concomitantly with enhanced cross-peaks at δC/δH
54.0/3.7 (α-Ar, such as α-5′).53 This indicates that cleavage of
lignin side-chain and/or phenolation at CH-α position, which
are known to occur in lignin phenolation under acid catalysis,50

might also have occurred under alkaline conditions. The
increased amount of reactive sites in the phenolated lignin,
generated with the introduced phenol, are expected to increase
with decreasing MW of the corresponding nonphenolated
lignin fractions; meanwhile, combined with its molar-mass-
dependent profile of noncondensed phenolic−OH content, the
amount of reactive sites is the highest in the P-i-PrOH-s lignin
(1.65 mmol/g) and lowest in the phenolated MeOH-s (P-
MeOH-s) lignin (1.25 mmol/g). It is hypothesized that the
low MW birch AL fraction in addition to higher reactive sites
has better steric accessibility and facilitates the diffusion of
phenol into the lignin macromolecular structure. High Mw
lignin fractions, by contrast, such as MeOH-s or residue lignin,
show recalcitrance toward covalent integration into the PF
adhesive.
A series of thermosetting LPF adhesives was successfully

prepared by a one-pot bath polymerization method. The molar
ratio between formaldehyde and reactive sites in phenol and
lignin was set as 0.6:1. Formaldehyde (CH2O) exists primarily
as hydrate (CH2(OH)2) in alkaline aqueous solution, which
mainly reacts with the free ortho and para positions of the
phenolates during hydroxymethylation.42 The branched
polymer chains of the LPF adhesive were built by the faster
self-polymerization through introduced hydroxymethyl
(−CH2OH) groups and the slower polymerization of the
−CH2OH group with the free reactive sites in the aromatic
ring according to general LPF synthesis chemistry.26,42 The
residual phenol and formaldehyde contents in the resulted
adhesives were all below the standard limits (Table 2), which
confirmed that lignin, phenol, and formaldehyde were highly
engaged in the reaction and thus low-emission adhesives were
obtained through polymerization. The plywood (LPFP), glued
by LPF adhesive, was manufactured by hot-pressing, in which
the polymerization (or curing) of the LPF adhesive was
continued as an aforementioned mechanism. The form-
aldehyde emissions of the LPFPs were all below 0.5 mg/L,
which meets the requirement of E0-grade plywood. E0 grade is
the highest formaldehyde emission standard for plywood, and
the E0-grade plywood is allowed to be used in an interior
environment without additional treatment. The stoichiometric
molar ratio between formaldehyde and reactive sites in lignin
and phenol (0.6:1) could account for the low formaldehyde
emission, given that a certain amount of nonsubstituted
reactive sites remains after hydroxymethylation. These
remaining nucleophilic reactive sites facilitate the formation T
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of stable methylene bridges rather than the methylene ether
bonds during curing process.26

DSC analysis was used to investigate the thermal curing
process of the LPF adhesives, and activation energy and
enthalpy (exothermic heat) for the adhesive curing were
obtained. In general, the LPF adhesives show two distinctive
exothermic peaks, as illustrated in Figure 3. The first

exothermic peak that appeared at 126−128 °C resulted from
the additional reaction between the free reactive sites for
hydroxymethylation in the aromatic ring and residual form-
aldehyde in the resoles.42 The second exothermic peak (150−
160 °C) is attributed to the polymerization reaction through
the formation of methylene linkages during the thermal curing
process.42,54 The second exothermic peak could overlap with
the first exothermic peak in Figure 3b,d. It is worth noting that
the resoles containing low MW lignin fractions, e.g., i-PrOH-PF
and EtOH-PF, have a lower activation energy (the
corresponding DSC thermograms are shown in Figure S5
and the detailed calculation procedure is listed in Table S6)
and higher curing exothermic heat than those containing high
MW lignin fractions (Table 2). This indicates once more that

birch AL fractions of low MW and DC% allow for higher
chemical accessibility and/or lower steric hindrance in the
corresponding resole polymerization/curing reaction. More
curing heat release is suggestive of more reactive sites for
adhesive curing; the fact that P-i-PrOH-s and P-EtOH-s have a
higher amount of reactive sites for adhesive curing than P-
MeOH-s and P-residue lignin has already been confirmed by
31P NMR.
The testing procedure for characterizing the wet bonding

strength of the LPFPs is illustrated in Figure 4a−c. All LPFP
specimens could withstand the harsh 28 h boiling−drying−
boiling treatment, and the wet bonding strength can meet the
standard of an exterior-grade panel (I grade, 0.7 MPa) except
the residue-PFP, as listed in Table 2. The wet bonding strength
of the LPFPs increased with the decreasing MW and ĐM of the
birch AL fractions (Figure 4e), which confirmed that the molar
mass and/or molar-mass-dependent differences of birch AL
fractions, e.g., amount of noncondensed phenolic−OH groups,
degree of condensation, and/or chemical accessibility, played
important roles in determining the quality of the LPF wood
adhesive. Compared to a series of LPFs (50 wt % substitution
of phenol with lignin) that were manufactured with lignin
fractions from eucalyptus kraft black liquor (precipitated with
acid)27 or from pine kraft lignin (separated by ethanol-based
solvent fractionation),55 the bonding strength of the LPF wood
adhesive was not found to be strongly correlated with the
molar mass and amount of theoretical reactive sites of lignin, as
previously studied by Lourenco̧n et al. and Solt et al. Balakshin
and Capanema56 were the first to point out that lignin
structures, in particular molar mass characteristics and/or the
amount of reactive sites, may not necessarily correlate with the
bonding strength performance of derived lignin-PF adhesive
blends, based on evaluation of several hardwood and softwood
technical lignins. It was proposed that, apart from the above-
mentioned aspect of lignin structures, also other characteristics,
such as lignin molecular branching/cross-linking, and steric
effects should be taken into account in order to better
understand the structure−performance correlation. In our
work, only fractions that originated from the same parent
technical lignin were used to reduce the additional
heterogeneity of lignin structural features, which is caused by
different sources and isolation processes. Furthermore, an
increasing amount of reactive sites and steric/chemical
accessibility in the phenolated lignin fractions from the P-

Figure 3. DSC thermograms of the uncured LPF adhesives: (a)
uncured i-PrOH-PF, (b) uncured EtOH-PF, (c) uncured MeOH-PF,
and (d) uncured residue-PF.

Figure 4. Preparation process of LPFPs: (a) adhesive coating and (b) hot-pressing to obtain glued wood pieces. Workflow of wet bonding strength
test: (c) wet bonding strength test specimens after 28 h of boiling−drying−boiling pretreatment, (d) wood failure performance of the i-PrOH-PFP,
and (e) wet bonding strength of the LPFPs as a function of the lignin MW.
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MeOH-s to the P-i-PrOH-s ensured effective covalent
integration of the lignin macromolecular structure into the
LPF network, facilitating an increase of the cross-linking
density in the final wood adhesive.
As expected, the LPF adhesive prepared from the i-PrOH-s

fraction gave the highest bonding strength (2.16 MPa) among
the tested LPF adhesives. By contrast, the LPF adhesive
containing the MeOH-s fraction or the residue lignin afforded
only a bonding strength of 1.0 and 0.56 MPa, respectively, to
the glued plywood. It indicates that birch ALs with a higher
degree of condensation would cause high rigidity and poor
flexibility to the corresponding cured adhesive layer and thus
deteriorate the tensile bonding strength. Nevertheless, when
valorizing the spruce kraft lignin fraction as the backbone in
the synthesis of epoxy thermosets, the stiffer lignin fraction
integrated actually imparted improved thermo-mechanical
performance to the resulted epoxy resin, as the stiffer interunit
linkages in these fractions would reduce the mobility of the
polymer chain especially in high temperature and thus increase
the resistance ability to the external force.10 Wood failure was
seen to account for the specimen breaking-down in the tensile
strength tests of the i-PrOH-PFP (Figure 4d) and EtOH-PFP
(Figure S6a). On the contrary, the adhesive cohesive failure
was observed for the MeOH-PFP (Figure S6b) and residue-
PFP (Figure S6c). The LPF wood adhesive, having the highest
bonding strength, also possessed the lowest activation energy
for adhesive curing, which is in agreement with the correlation
between bonding strength performance and thermal cure
kinetic parameters of the LPF adhesive, as reported by Yang et
al.26 The LPF adhesive with a low activation energy cures more
completely and homogeneously than that having a higher
activation energy under the same curing conditions.
Other properties of birch ALs, such as the impurity contents,

especially carbohydrates, should also play a role regarding the
product properties. In our work, the water resistance capacity
of the cured LPF wood adhesive would deteriorate for the
residue-PFP, owing to the high hemicellulose content of 8.4 wt
% in the residue lignin.

■ CONCLUSIONS
Sequential solvent fractionation (i-PrOH, EtOH, and MeOH)
produced rather homogeneous lignin fractions from an
industrial birch alkaline technical lignin with well-defined
characteristics in terms of the MW, ĐM, functional groups, and
lignin macromolecular structure. For all lignin fractions, the
covalent integration of lignin structure into the PF adhesive
was successfully achieved through a phenolation step.
Optimizing the lignin phenolation conditions and careful
setting-up of the stoichiometric molar ratio between form-
aldehyde and reactive sites in the phenolic compounds
(quantified by 31P NMR) guaranteed a low-emission and
low-toxicity LPF adhesive. The wet bonding strength of the
glued plywood can be tailored according to the molar-mass-
dependent differences of the integrated birch AL fractions, e.g.,
amount of reactive sites, degree of condensation, and impurity
content. For instance, it increased with decreasing MW and ĐM
as well as with decreasing degree of condensation and contents
of carbohydrates in the integrated lignin fraction, which is
attributed to higher reactivity due to better chemical
accessibility and lower steric hindrance. Overall, we demon-
strated the feasibility of fractionating industrial birch alkaline
technical lignin and using the fractions to establish structure−
property-application relationships. These achievements have

not previously been demonstrated for thermosetting PF wood
adhesive containing industrial hardwood technical lignin.
Taking both the high retrieved yield of the lignin fraction
(50 wt %) and good bonding strength of the LPF adhesive
glued wood product (1.95 MPa) into consideration, the
EtOH-s fraction from birch alkaline lignin is recommended for
the LPF adhesive production. Importantly, our study supports
the valorization potential of the “tricky” hardwood lignin in
LPF adhesive application, by demonstrating the products to
have excellent bonding strength performance, although hard-
wood lignin has often been regarded as nonpreferential, owing
to the high content of allegedly less reactive S units.
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Vaḧas̈alo, L.; Rahkila, J.; Kilpelaïnen, I.; Tamminen, T.; Willför, S.;
Eklund, P. Structural Characterization of Birch Lignin Isolated from a
Pressurized Hot Water Extraction and Mild Alkali Pulped Biorefinery
Process. Ind. Crops Prod. 2018, 111, 306−316.
(33) Korntner, P.; Sumerskii, I.; Bacher, M.; Rosenau, T.; Potthast,
A. Characterization of Technical Lignins by NMR Spectroscopy:
Optimization of Functional Group Analysis by 31P NMR Spectros-
copy. Holzforschung 2015, 69 (6), 807−814.
(34) Zinovyev, G.; Sulaeva, I.; Podzimek, S.; Rössner, D.;
Kilpelaïnen, I.; Sumerskii, I.; Rosenau, T.; Potthast, A. Getting Closer
to Absolute Molar Masses of Technical Lignins. ChemSusChem 2018,
11 (18), 3259−3268.
(35) Schwanninger, M.; Hinterstoisser, B. Klason Lignin:
Modifications to Improve the Precision of the Standardized
Determination. Holzforschung 2002, 56 (2), 161−166.
(36) Maekawa, E.; Ichizawa, T.; Koshijima, T. An Evaluation of the
Acid-Soluble Lignin Determination in Analyses of Lignin by the
Sulfuric Acid Method. J. Wood Chem. Technol. 1989, 9 (4), 549−567.
(37) Sundberg, A.; Sundberg, K.; Lillandt, C.; Holmhom, B.
Determination of Hemicelluloses and Pectins in Wood and Pulp
Fibres by Acid Methanolysis and Gas Chromatography. Nord. Pulp
Pap. Res. J. 1996, 11 (4), 216−219.
(38) Meng, X.; Crestini, C.; Ben, H.; Hao, N.; Pu, Y.; Ragauskas, A.
J.; Argyropoulos, D. S. Determination of Hydroxyl Groups in
Biorefinery Resources via Quantitative 31P NMR Spectroscopy.
Nat. Protoc. 2019, 14 (9), 2627−2647.
(39) Granata, A.; Argyropoulos, D. S. 2-Chloro-4,4,5,5-Tetramethyl-
1,3,2-Dioxaphospholane, a Reagent for the Accurate Determination of
the Uncondensed and Condensed Phenolic Moieties in Lignins. J.
Agric. Food Chem. 1995, 43 (6), 1538−1544.
(40) Zhang, L.; Gellerstedt, G. Quantitative 2D HSQC NMR
Determination of Polymer Structures by Selecting Suitable Internal
Standard References. Magn. Reson. Chem. 2007, 45 (1), 37−45.
(41) Balakshin, M. Y.; Capanema, E. A.; Santos, R. B.; Chang, H. M.;
Jameel, H. Structural Analysis of Hardwood Native Lignins by
Quantitative 13C NMR Spectroscopy. Holzforschung 2016, 70 (2),
95−108.
(42) Christiansen, A. W.; Gollob, L. Differential Scanning
Calorimetry of Phenol-Formaldehyde Resoles. J. Appl. Polym. Sci.
1985, 30 (6), 2279−2289.
(43) Park, B. D.; Riedl, B.; Hsu, E. W.; Shields, J. Differential
Scanning Calorimetry of Phenol-Formaldehyde Resins Cure-
Accelerated by Carbonates. Polymer 1999, 40 (7), 1689−1699.
(44) Giummarella, N.; Lawoko, M. Structural Basis for the
Formation and Regulation of Lignin-Xylan Bonds in Birch. ACS
Sustainable Chem. Eng. 2016, 4 (10), 5319−5326.
(45) Passoni, V.; Scarica, C.; Levi, M.; Turri, S.; Griffini, G.
Fractionation of Industrial Softwood Kraft Lignin: Solvent Selection
as a Tool for Tailored Material Properties. ACS Sustainable Chem.
Eng. 2016, 4 (4), 2232−2242.
(46) Li, C.; Zhao, X.; Wang, A.; Huber, G. W.; Zhang, T. Catalytic
Transformation of Lignin for the Production of Chemicals and Fuels.
Chem. Rev. 2015, 115 (21), 11559−11624.
(47) Tagami, A.; Gioia, C.; Lauberts, M.; Budnyak, T.; Moriana, R.;
Lindström, M. E.; Sevastyanova, O. Solvent Fractionation of
Softwood and Hardwood Kraft Lignins for More Efficient Uses:
Compositional, Structural, Thermal, Antioxidant and Adsorption
Properties. Ind. Crops Prod. 2019, 129, 123−134.
(48) Wen, J. L.; Sun, S. L.; Xue, B. L.; Sun, R. C. Recent Advances in
Characterization of Lignin Polymer by Solution-State Nuclear
Magnetic Resonance (NMR) Methodology. Materials 2013, 6 (1),
359−391.
(49) Zhao, C.; Li, S.; Zhang, H.; Yue, F.; Lu, F. Structural Insights
into the Alkali Lignins Involving the Formation and Transformation
of Arylglycerols and Enol Ethers. Int. J. Biol. Macromol. 2020, 152,
411−417.

(50) Jiang, X.; Liu, J.; Du, X.; Hu, Z.; Chang, H. M.; Jameel, H.
Phenolation to Improve Lignin Reactivity toward Thermosets
Application. ACS Sustainable Chem. Eng. 2018, 6 (4), 5504−5512.
(51) Capanema, E. A.; Balakshin, M. Y.; Kadla, J. F. A
Comprehensive Approach for Quantitative Lignin Characterization
by NMR Spectroscopy. J. Agric. Food Chem. 2004, 52 (7), 1850−
1860.
(52) Balakshin, M.; Capanema, E. A.; Zhu, X.; Sulaeva, I.; Potthast,
A.; Rosenau, T.; Rojas, O. J. Spruce Milled Wood Lignin: Linear,
Branched or Cross-Linked? Green Chem. 2020, 22 (13), 3985−4001.
(53) Zhao, C.; Huang, J.; Yang, L.; Yue, F.; Lu, F. Revealing
Structural Differences between Alkaline and Kraft Lignins by HSQC
NMR. Ind. Eng. Chem. Res. 2019, 58 (14), 5707−5714.
(54) Kalami, S.; Chen, N.; Borazjani, H.; Nejad, M. Comparative
Analysis of Different Lignins as Phenol Replacement in Phenolic
Adhesive Formulations. Ind. Crops Prod. 2018, 125, 520−528.
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