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Abstract
The use of chemical additives (1- and 2-naphthol, formaldehyde) in hydrothermal pre-treatments of pine, birch, and willowwood
was evaluated to minimize lignin condensation reactions and consequently improve the saccharification of the pre-treated
materials. The residual hydrolysis lignins were then tested in the preparation of polylactic acid (PLA)-based composites. The
results showed that addition of 2-naphthol to the hydrothermal pre-treatment increased the saccharification of pine wood by
twofold compared to water-only experiments, but the sugar yield was only 50% of the carbohydrate content in the pre-treated
pine. The use of 2-naphthol and formaldehyde also improved somewhat the saccharification of bark-containing willow wood,
while the use of 1-naphthol had no effect on the saccharification of any of the pre-treated materials. In birch and willow (without
bark), almost complete saccharification could be achieved even without additives. Analyses of hydrolysis lignins from birch
revealed structural changes caused by the additives, which were consistent with a reduction of condensation reactions. Selected
lignins were successfully used at 20% loading in PLA/lignin composites; however, variation in mechanical properties among
composites prepared with different lignins was only minor. In general, the use of lignin decreased the strength and ductility of
PLA but increased the stiffness. Based on these results, the use of additives may only be beneficial in the pre-treatment of pine or
other softwoods to improve the sugar yields.
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1 Introduction

Hydrothermal treatments are one of the most common pre-
treatments applied to lignocellulosic biomass to overcome its
recalcitrance toward enzymatic saccharification. The main ad-
vantages of hydrothermal treatments over other pre-treatment
methods are the lower capital costs, the use of water as only
solvent, the potential recovery of hemicellulosic sugars, and
the low formation of inhibitory compounds that may hinder
the subsequent saccharification and/or fermentation process
[1, 2]. Hydrothermal pre-treatments of biomass extensively
dissolve the hemicelluloses, which increases the porosity in
the cell walls and enhances the accessibility of cellulose to

enzymes [3]. Lignin is also partially degraded during the hy-
drothermal treatment, although the extent of lignin removal is
strongly dependent on the particle size of the biomass and on
the process parameters [4, 5].

The removal of lignin prior to enzymatic hydrolysis is de-
sirable because, in addition to acting as a physical barrier to
cellulose, lignin can also inhibit saccharification by non-
productive binding and deactivation of cellulase enzymes,
particularly if the lignin has condensed structures [6, 7].
Lignin condensation during hydrothermal processing occurs
when lignin fragments, previously depolymerized through
cleavage of the β-O-4 bonds, are re-polymerized into the lig-
nin network by reacting with a carbonium ion and forming
stable C–C linkages [8]. Lignin condensation is enhanced
when hydrothermal treatments are performed under high se-
verities [9]. Lignin in softwoods is alsomore prone to undergo
condensation reactions because guaiacyl units, which are
abundant in softwoods, have a higher tendency to cross-link
than syringyl units, which are abundant in hardwoods.
Furthermore, lignin fragments already dissolved in the
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aqueous hydrolysate can condense and precipitate onto
the surface of lignocellulosic fibers during cooling of
the hydrolysate [3, 10].

The condensation of lignin during hydrothermal treatments
can be prevented (or minimized) by addition of chemical ad-
ditives, which act as carbonium ion scavengers. Wayman and
Lora (1978) investigated the effect of several aromatic com-
pounds during hydrothermal processing of aspen wood, and
found that 2-naphthol was the most effective additive in
preventing lignin condensation. Based on their pioneering
work, several other researchers have later used 2-naphthol
during hydrothermal pre-treatment of biomass, leading to im-
provements in delignification or saccharification of the pre-
treated solid residues [8, 11, 12]. Recently, the addition of
formaldehyde to a mixture of 1,4-dioxane and hydrochloric
acid was also suggested to hinder the formation of C–C link-
ages in the extracted (soluble) lignin, promoting high mono-
mer production after hydrogenolysis [13]. Preserving the na-
tive structure of lignin by avoiding condensation reactions
during biomass pre-treatments might also enhance the reactiv-
ity and/or performance of the lignin in composite material
applications. This is because condensed structures with strong
intramolecular bonds reduce the molecular mobility of the
lignin polymer and negatively affect its compatibility with
other polymers [14, 15]. Hydrolysis lignin is a term common-
ly applied to refer to the lignin-enriched solid residue left after
enzymatic hydrolysis of biomass. The economic viability of
saccharification and other biorefinery processes is strongly
influenced by the ability to further utilize the lignin side-
streams in the manufacture of materials and chemicals [16,
17]. One promising and potential high-volume application
for lignin is as filler in polymer composites. Lignin has been
studied in blends with polylactic acid (PLA), polypropylene,
polyethylene, polyurethane, and several other polymeric ma-
trices with and without fiber reinforcement [18–20]. The use
of lignin in composites may require that the lignin is chemi-
cally modified to improve the compatibility with the matrix,
although coupling agents and compatibilizers can also be uti-
lized for this purpose. Compared to synthetic polymers, the
bio-based origin of PLA makes it particularly appealing for
the preparation of biocomposites. In general, the addition of
lignin to PLA appears to decrease the tensile strength and
ductility, but the stiffness remains largely unaffected or even
increases up to about 20% lignin content [21–23]. Lignin can
also provide additional functionalities to the composites such
as antimicrobial, antibacterial, and antioxidant properties
[24–26]. Most of the work on lignin-based composites has
been done with lignins obtained from pulping processes, but
the use of hydrolysis lignins in PLA/lignin composites re-
mains barely unexplored.

The objectives of this study were to investigate the effects
of chemical additives in the hydrothermal pre-treatment of
various woods on their subsequent saccharification, and to

demonstrate the applicability of residual hydrolysis lignins
as filler in PLA/lignin biocomposites with acceptable mechan-
ical properties. The chemical additives 2-naphthol and form-
aldehyde were selected based on previous literature studies
that report their positive effect on preventing condensation
reactions in lignin. The additive 1-naphthol, an isomer of 2-
naphthol, was used for comparison purposes, because 1-
naphthol was not expected to prevent lignin condensation as
repolymerization reactions through the additive are still pos-
sible [27]. To our knowledge, 1- or 2-naphthol is not utilized
in industrial biorefinery processes, but formaldehyde is one of
the key additives in the biomass fractionation process com-
mercialized by the startup company Bloom Biorenewables
(Switzerland). Industrially relevant wood species in the
Nordic countries such as pine and birch as well as alternative
emerging species like willow were selected as lignocellulosic
raw materials. The effects of chemical additives on the sac-
charification of hydrothermally pre-treated woods and on the
properties of hydrolysis lignins are here reported. Selected
hydrolysis lignins are then used for the preparation of PLA/
lignin composites, and the mechanical properties of the com-
posites are compared.

2 Experimental

2.1 Materials

Industrial wood chips from birch (Betula spp.) and Scots
pine (Pinus sylvestris) were delivered by Stora Enso
(Finland). Stems from 2-year-old willow of the variety
Tordis ((S. schwerinii × S. viminalis) × S. viminalis)
were delivered by Carbons Finland (Finland). Some of
the willow stems were manually debarked with a knife.
The wood materials were ground and sieved to obtain
wood meal with a particle size between 0.5 and 1 mm
(< 0.5 mm for debarked willow). Softwood hydrolysis
lignin as residue from biofuel production in pilot scale
was provided by St1 (Finland), and softwood kraft lig-
nin was purchased from UPM Biochemicals (Finland).

The chemicals 1-naphthol (99% purity), 2-naphthol
(99% purity), and formalin were purchased from
Sigma-Aldrich (Germany). Formalin is a saturated aque-
ous solution containing 37% formaldehyde and 10–15%
methanol. Poly(lactic acid) (PLA) for injection molding
(3052D grade) was purchased from NatureWorks
(USA), epoxidized linseed oil (Lankroflex L ELO) was
purchased from Valtris Specialty Chemicals (USA),
Vinnex 2525 was purchased from Wacker (Germany),
and Dynasylan GLYMO was purchased from Evonik
(Germany). Vinnex and Dynasylan are polyvinyl acetate
(PVAc) and silane-based additives, respectively.
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2.2 Hydrothermal pre-treatments

Hydrothermal pre-treatments of woodmeal were conducted in
a rotating air-bath digester containing 1-L volume autoclaves
(200 mL for the experiments with formaldehyde). Measured
amounts of wood, chemical additive, and water were loaded
into each autoclave, reaching a liquid-to-wood ratio of 10:1
L/kg. The charge of 1- and 2-naphthol was 4.7% on dry wood
mass, while the charge of formaldehyde was 37% on dry
wood mass; these charges were selected based on previous
studies [12, 13]. A series of water-only experiments, i.e., with-
out chemical additives, were also performed as reference.
After loading, the autoclaves were purged three times with
nitrogen in order to remove oxygen from the system.
The temperature was then raised to 200 °C, and there-
after, it was kept constant for 10 to 320 min. The pre-
treatment intensity including the pre-heating time was
calculated with the severity factor R0 [28].

Hydrothermal treatments (water-only) of pine, birch, and
willow wood were scaled up in a 40-L-volume reactor
equipped with a mechanical stirrer. Hydrothermal treatment
of pine wood with 2-naphthol as additive was also scaled up.
Similar to the small-scale trials, the charge of 2-naphthol was
4.7% on wood, the reaction temperature was 200 °C, and the
liquid-to-wood ratio was 10:1 L/kg.

After the hydrothermal pre-treatments, the aqueous hydro-
lysates were separated by filtration and the pre-treated solids
were thoroughly washed with water. The yield of the pre-
treated wood materials was calculated on a dry mass basis.

2.3 Enzymatic hydrolysis

Enzymatic hydrolysis of the pre-treated solids was carried out
in Erlenmeyer flasks with a reaction volume of 100 mL and a
consistency of 5%, in 50 mM Na-acetate buffer (pH 5), using
the commercial cellulase mixture Cellic CTec2 (Novozymes)
at a dosage of 20 mg of enzyme protein (10.6 filter paper units
(FPU) of cellulase activity) per dry gram of pre-treated solid.
Na-azide was added to a concentration of 0.2 mg/mL in order
to prevent microbial contamination. The flasks were incubated
on a shaker (150 rpm) at 45 °C for 72 h. The hydrolysates
were filtered through filter paper (Whatman 4, GEHealthcare)
and collected, and the filtered solids (i.e., hydrolysis lignins)
were washed with excess water and freeze-dried. The sugar
content in the hydrolysate was determined by colorimetric
analysis using the dinitrosalicylic acid essay [29]. The degree
of saccharification was then calculated as the ratio of
(anhydro) sugars in the hydrolysate to the carbohydrates in
the pre-treated solids. In a few cases, the saccharification
values were limited to 100% as the calculated values slightly
exceeded this amount.

For the pre-treated solids obtained in the large-scale trials,
the enzymatic hydrolysis was carried out in a 10-L stirred

reactor following the procedure described above with some
modifications. In these trials, the consistency was increased to
10%, and instead of using Na-azide to provide aseptic condi-
tions, a heat treatment was performed instead. The heat treat-
ment consisted in raising the temperature to 90 °C and then
lowering it to below 50 °C before adding the enzymes. The
hydrolysates were collected by filtration, and the residual hy-
drolysis lignins were washed with water. The yield of hydro-
lysis lignin was determined on a dry mass basis, and the sugar
yield was calculated by difference and used to determine the
degree of saccharification.

2.4 Composition of initial and pre-treated woods

The carbohydrates and lignin content of the initial wood ma-
terials were determined after a two-stage acid hydrolysis.
Neutral monosaccharides were quantified by high-
performance anion exchange chromatography with pulse am-
perometric detection (HPAEC-PAD) in a Dionex ICS-3000
(Thermo Fisher Scientific, Waltham, MA, USA) instrument
equipped with a CarboPac PA1 column. Losses by degrada-
tion of monosaccharides during the two-stage acid hydrolysis
were not considered. The acetate content was determined by
capillary electrophoresis according to Rovio et al. [30]. The
amount of Klason lignin was quantified gravimetrically, and
the amount of acid-soluble lignin (ASL) was determined by
UV-spectrometry at 215 and 280 nm, using the Goldschmid
equation [31]. The extractive content of the starting wood
material was determined after extraction with heptane, and
the ash content was determined gravimetrically after combus-
tion of the lignin samples at 550 °C for 23 h (including heating
time). The identified chemical composition of the wood ma-
terials is shown in Table 1.

The lignin content of the wood residues from the hydro-
thermal pre-treatments was determined as the sum of Klason
and ASL after a two-stage acid hydrolysis. The carbohydrate
content was estimated by subtracting the lignin content from
the total mass of pre-treated solids.

2.5 Analyses of pre-hydrolysates

The pH of the aqueous hydrolysates obtained in the
hydrothermal pre-treatments was determined after centri-
fugation to remove insoluble particles. For selected sam-
ples, the content of furfural and hydroxymethylfurfural
(HMF) was determined by high-performance liquid
chromatography in a PerkinElmer Flexar (Waltham,
MA, USA) instrument equipped with a Bio-Rad
Aminex HPX-87 column, and the total carbohydrate
content was determined by HPAEC-PAD after an acid
hydrolysis stage.
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2.6 Analyses of hydrolysis lignins

The chemical composition was determined by HPAEC-PAD
after a two-stage acid hydrolysis, similarly as for the chemical
composition of the initial and pre-treated wood materials. The
molar mass distribution of hydrolysis lignins was determined
by size-exclusion chromatography (SEC) in PSS (Polymer
Standards Service GmbH, Mainz, Germany) MCX columns
(1000 and 100,000 Å) with pre-column, using 0.1MNaOH as
eluent (pH 13, 0.5 mL/min, temperature 25 C). The molar
mass distribution, weight average molar mass (Mw), and num-
ber average molar mass (Mn) were calculated against polysty-
rene sulfonate standards (8 × PSS, 3 420–148 500 g/mol)
using Waters Empower 3 software. The polydispersity (PD)
was calculated as the ratio of Mw to Mn.

Phenolic hydroxyls, aliphatic hydroxyls, and carboxylic
acids in the hydrolysis lignins were determined by 31P nuclear
magnetic resonance (NMR) in a Bruker 500 MHz (Billerica,
MA, USA) spectrometer, according to the method developed
by Granata and Argyropoulos [32].

2.7 Preparation of PLA/lignin composites

The hydrolysis lignins from pine, birch, and willow wood
obtained in the large-scale trials were used in the preparation
of PLA/lignin composites at 20% lignin loading. Hydrolysis
lignin from pilot scale provided by St1 and industrial-kraft
lignin were used as reference lignin materials. Chemi-
thermomechanical pulp (CTMP) fibers were used as

re inforcement (a t 15% loading) in a se lec ted
compounding trial. The addition of ELO, Vinnex, and
Dynasylan as coupling agents and compatibilizers (at
1.5–3% loading) was also tested.

The composites were first compounded using a mini-scale
co-rotating twin-screw extruder (Xplore Instruments BV
MC15, 15 cm3), and thenmolded using a mini injection mold-
ing machine (Thermo-Haake MiniJet type 557-2270) to small
dog bone–shaped specimens according to ISO 3167. The
compounding conditions were 190 °C, 100 rpm, and
2 min mixing time, and the injection molding conditions
were temperature at the cylinder, 190 °C; temperature at
the mold, 40 °C; injection pressure, 450 bars (5 s); post
pressure 220 bars (10s).

2.8 Properties of the composites

Thermogravimetric analyses of the PLA/lignin composites
were performed with a differential scanning calorimeter
(DSC 204 F1 Phoenix, Netzsch) to observe the transition tem-
peratures and crystallinities of the materials. During the
DSC measurements, heating and cooling runs were car-
ried out twice from 0 to 190 °C with a heating/cooling
rate of 10 K/min.

The morphology of the composites was studied by micros-
copy using a JEOL JSM-6360LV scanning electron micro-
scope (SEM). The scanning was made on cross-cut surfaces,
and the surface of the samples was coated with gold to prevent
surface charging.

The tensile mechanical properties of the composites were
tested in an Instron 4505 Universal Tensile Tester (Instron
Corp., Canton, MA, USA), using a 2 mm/min cross-head
speed. Five specimens were tested for each sample ma-
terial to obtain the average values of the tensile proper-
ties. The test specimens were kept in standard condi-
tions (23 °C, 50% relative humidity) for at least five
days prior to mechanical testing.

3 Results and discussion

3.1 Hydrothermal pre-treatments of wood

Woodmeal from pine, birch, and willowwas hydrothermally pre-
treated at 200 °C with and without addition of chemical additives
(i.e., 1-naphthol, 2-naphthol, and formaldehyde). The yields of
pre-treated solid as a function of pre-treatment severity are shown
in Fig. 1. In the water-only experiments, the solid yield for pine
and willow wood was between 60 and 70%, while the solid yield
for birch was between 50 and 60%. The lower yield for birch
wood may be partly explained by its higher xylan content (see
Table 1), because xylan is extensively removed during hydrother-
mal treatments at elevated temperatures [33]. In willow, similar

Table 1 Identified chemical composition of the wood materials used in
this study. Values shown as % of dry wood

Pine Birch Willow (no bark) Willow
(with bark)

Glucosea 40.0 35.1 34.7 34.0

Mannosea 11.5 1.7 1.6 1.7

Xylosea 4.2 18.6 14.7 12.6

Galactosea 1.7 0.7 0.6 0.9

Arabinosea 1.4 0.4 0.4 0.7

Rhamnosea 0.1 0.4 0.0 0.0

Subtotal sugars 58.9 56.9 51.9 50.0

Klason lignin 27.3 20.5 23.0 27.7

ASL 0.2 2.3 2.5 2.4

Subtotal lignin 27.5 22.8 25.5 30.1

Acetate 1.3 2.8 3.2 2.7

Extractives 1.9 0.8 1.4 0.8

Ash 0.3 0.3 0.6 1.2

Total 89.8 83.6 82.5 84.8

aMonosugars are shown as anhydrosugars; sugar losses during acid hy-
drolysis are not considered
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yields were obtained for wood meal with bark (particle size 0.5–1
mm) and without bark (particle size < 0.5 mm). Compared to
water-only experiments, the wood yields after hydrothermal pre-
treatments with the addition of chemical additives were about 5–
10% higher for pine and birch, and about 5% higher for willow
(Fig. 1). These higher yields appeared to confirm that the additives
were incorporated to some extent into the wood structure.

The pH of the aqueous hydrolysates from the pre-
treatments of pine and birch wood with only water or with
addition of naphthols was mostly between 3 and 3.5
(Figure S1), which is within the acidity range typically report-
ed for hydrothermal treatment of woods under similar condi-
tions [5, 34]. Interestingly, the pH of the hydrolysates from
willow wood was roughly ~ 0.5 units higher, between 3.5 and
4, and the presence of bark in willow barely had an effect on
the acidity of the hydrolysates. Since the amount of acetate in
pinewas lower than that in birch, and the amounts of acetate in
birch and willow were rather similar (see Table 1), any differ-
ences in pH cannot be explained by differences in the forma-
tion of acetic acid following the hydrolytic cleavage of acetate
groups. The formation of other carboxylic acids as degrada-
tion products frommonosugars might partly explain the lower
pH in hydrolysates from pine and birch [35]. For all woods,
the addition of formaldehyde resulted in hydrolysates with
lower pH (up to 0.5 units) than in the case of water-only or
naphthol experiments, most likely due to the oxidation of
formaldehyde into formic acid.

3.2 Enzymatic saccharification of pre-treated woods

The wood residues from the hydrothermal pre-treatments
were thoroughly washed and subjected to enzymatic hydroly-
sis. As shown in Fig. 2, the saccharification was strongly
dependent on the wood material and on the chemical additive
used in the hydrothermal pre-treatment. In pine wood, only
20–25% of the carbohydrates in the pre-treated solids could be
hydrolyzed after water-only experiments, but the addition of
2-naphthol increased the saccharification up to 50% (i.e.,
about 100% increase) after 320 min of pre-treatment time
(log R0 5.5). The improved saccharification by the addition
of 2-naphthol may be explained by a lower extent of lignin
condensation in the pre-treated wood, as condensed lignin
structures are known to promote non-productive binding of
the enzyme to the lignin [6, 7]. Previously, Pielhop et al. also
reported that the addition of 2-naphthol to the hydrothermal
pre-treatment of spruce wood prevented lignin condensation
and increased saccharification by 64% [12]; however, the de-
gree of saccharification in spruce wood was remarkably high,
nearly 100%, compared to the 50% observed in this study for
pine wood. On the other hand, the addition of 1-naphthol or
formaldehyde to the hydrothermal pre-treatment did not
improve the enzymatic hydrolysis of pine wood (Fig. 2).
It appears that, contrary to 2-naphthol, these two addi-
tives did not prevent nor minimize lignin condensation
reactions during the pre-treatment.
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Fig. 1 Solid yields after
hydrothermal pre-treatment of a
pine, b birch, and c willow milled
wood with/without chemical ad-
ditives. Water, water only; 1N, 1-
naphthol; 2N, 2-naphthol; FA,
formaldehyde. Willow wood was
treated with bark unless otherwise
specified
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In birch and willow wood, almost quantitative (> 90%)
saccharification could be achieved even after relatively mild
pre-treatment severities (log R0 4.4), and thus, the addition of
chemical additives had little effect on improving enzymatic
hydrolysis, even if lignin condensation was prevented by the
additives (Fig. 2). In willow, the presence of bark clearly
inhibited saccharification, but the addition of 2-naphthol or
formaldehyde increased it from 60–70% to about 90% at the
highest pre-treatment severity (log R0 5.5). As with pine, the
use of 1-naphthol in hydrothermal pre-treatments did not have
any effects on enzymatic hydrolysis compared to water-only
experiments, regardless of the wood material.

3.3 Sugar yields from integrated pre-treatment and
saccharification

The sugar yields obtained by enzymatic saccharification of
selected pre-treated woods are shown in Table 2. Despite the
significant increase in saccharification of pine wood by the
addition of 2-naphthol to the hydrothermal pre-treatment (at
log R0 5.5), the sugar yield was only 16% on initial dry wood,
or about 27% of the total carbohydrate content in wood. Low
sugar yields are typically obtained from pine wood without
addition of acidic catalysts to the pre-treatment prior to sac-
charification [36, 37]. The difficulties in obtaining high mo-
nomeric sugars yields from softwoods and particularly from

pine are often ascribed to their rigid structure and their high
lignin content [38]. The inhibitory affinity between lignin and
cellulolytic enzymes is known to correlate with the pre-
treatment severity and the resulting condensed lignin struc-
tures, which are particularly abundant in softwoods [39].

The enzymatic sugar yields from birch and willow were
about 35–40% on dry wood without addition of chemical
additives (Table 2), which corresponded to 60–75% of the
total carbohydrate content in wood. These sugar yields were
slightly higher than the glucose content in birch and willow
wood shown in Table 1, but as mentioned before, sugar losses
during acidic hydrolysis of wood for the determination of the
carbohydrate content were not considered, and thus, the glu-
cose contents in Table 1 are somewhat underestimated.
Moreover, the sugar yields shown in Table 2 may also include
small amounts of other monosugars than glucose. In willow
with bark, the addition of 2-naphthol or formaldehyde to the
hydrothermal pre-treatment (at log R0 5.5) increased the sugar
yield from 20 to 25–30% on dry wood, still lower than the
40% obtained for willow without bark and without additives.
Therefore, the use of willowwood for the sugar route seems to
be justified if suitable debarking methods are developed.

The sugar yields obtained in the hydrothermal pre-
treatment are also listed in Table 2 to show the potential re-
covery of sugars along the integrated pre-treatment and sac-
charification process. Moreover, sugar-based products such as
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Fig. 2 Enzymatic
saccharification after
hydrothermal pre-treatment of a
pine, b birch, and c willow milled
wood with/without chemical ad-
ditives. Water, water only; 1N, 1-
naphthol; 2N, 2-naphthol; FA,
formaldehyde. Willow wood was
treated with bark unless otherwise
specified. The saccharification
was calculated with respect to the
carbohydrate fraction in the pre-
treated materials, and was limited
to 100% even if some values
slightly exceeded this amount
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furfural and HMF in the pre-hydrolysates were also quantified
because these furanic compounds, formed by dehydration of
C5 and C6 monosugars, respectively, are valuable building
blocks used in the production of chemicals, plastics, and other
industrial applications [40]. In the case of pine and willow
with bark, sugar yields lower than 2% were obtained after
320 min at 200 °C (log R0 5.5), with glucose being the main
monosugar identified (Table S1). This low sugar recovery was
obviously due to the harsh pre-treatment conditions used,
which caused severe degradation of the dissolved sugars [9,
41]. The degradation of sugars was further confirmed by the
relatively high amount of HMF (~ 3%) formed by dehydration
of C6 sugars (i.e., glucose, mannose) present in glucomannan,
the main hemicellulose in pine wood.

In the case of birch and willow (no bark), 8–12% of sugars
was found in the aqueous pre-hydrolysates after 20 min of
reaction time (log R0 4.4; Table 2). As expected, xylose was
the main sugar identified (Table S1). The recovery of xylose
from birch was slightly higher than from willow, probably
related to the higher xylan content in birch wood (18% vs
15% on dry wood). About 4% of furfural was also found in
the pre-hydrolysates from birch, which indicated that consid-
erable degradation of xylose occurred under such pre-
treatment conditions. It is likely that a wide range of low-
molar-mass carboxylic acids was also formed by hydrother-
mal degradation of sugars. However, except for acetic acid,
their amount is typically lower than 2% on dry wood [35].

To summarize, the use of chemical additives did not affect
the yield of sugar and sugar-based compounds obtained in the
hydrothermal pre-treatment of pine, birch, and willow wood.
The use of 2-naphthol, however, increased the enzymatic

saccharification of pine by twofold after severe pre-treatment
conditions (log R0 5.5), probably because lignin condensation
in the pre-treated woodwas prevented by the additive. Despite
the improved saccharification, the sugar yield was only 16%
on initial dry wood (or 27% of the carbohydrate content).
Therefore, the addition of an acidic catalyst to the pre-
treatment is still needed to overcome the recalcitrance of pine
wood to enzymatic hydrolysis. It is worth considering, how-
ever, that if severe pre-treatment conditions are needed for
effective saccharification, the potential gain in sugar yield by
enzymatic hydrolysis may be offset by the loss in sugar yield
by hydrothermal pre-treatment. With respect to the other
woods tested in this study, the use of 2-naphthol as well as
formaldehyde in the hydrothermal pre-treatment also en-
hanced the saccharification of bark-containing willow wood,
while chemical additives had only a negligible effect on the
saccharification of birch and willow without bark, and thus,
their use would not be justified.

3.4 Composition and structure of hydrolysis lignins

The hydrolysis lignins obtained as residue from enzymatic
hydrolysis of wood, pre-treated with a severity factor of log
R0 4.4 (for birch and willow without bark) or log R0 5.5 (for
pine and willow with bark), were analyzed to identify any
potential differences in their composition and structure de-
rived from the use of chemical additives (Table S2). In gener-
al, the lignin content in the hydrolysis lignins was the highest
for birch, followed by willow without bark, willow with bark,
and finally the pine lignins. The chemical composition of the
hydrolysis lignins was obviously related to the efficiency of

Table 2 Yield of sugars, furfural, and HMF obtained during hydrothermal pre-treatment (HT) and enzymatic saccharification of wood for selected pre-
treatment intensities. Values are shown as % on initial dry wood

Wood material Chemical additive HT severity factor (log R0) Sugars, enzymatic (%) Sugars, HT (%) Furfural, HT (%) HMF, HT (%)

Pine – 5.5 7.6 1.1 1.1 3.2

Pine 2N 5.5 16.2 1.1 1.0 3.2

Pine 1N 5.5 6.2 1.0 0.9 2.6

Pine FA 5.5 6.4 1.9 0.9 3.1

Birch – 4.4 35.6 11.6 4.0 0.4

Birch 2N 4.4 38.7 11.6 3.7 0.4

Birch 1N 4.4 41.8 10.4 4.0 0.3

Birch FA 4.4 32.8 8.7 3.1 0.3

Willow – 4.4 39.5 8.0 na na

Willow 2N 4.4 39.0 8.1 na na

Willow (with bark) – 5.5 19.2 0.2 1.0 1.0

Willow (with bark) 2N 5.5 24.3 0.2 na na

Willow (with bark) 1N 5.5 20.4 0.2 na na

Willow (with bark) FA 5.5 28.0 0.2 na na

1N 1-naphthol, 2N 2-naphthol, FA formaldehyde, na not available
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saccharification for those materials under the selected pre-
treatment conditions (see Fig. 2). Unfortunately, most of the
hydrolysis lignins still contained a high amount of carbohy-
drates, up to 30–40% in the case of pine lignins, which hin-
dered sample dissolution for the analytical determination of
molar mass (by SEC) and lignin functionalities (by 31P-
NMR). For this reason, only the hydrolysis lignins obtained
by hydrothermal pre-treatment of birch without additives or
with addition of naphthols were further analyzed.

As shown in Table 3, the hydrolysis birch lignins obtained
from the experiments with 1- and 2-naphthol had a 10–15%
lower molar mass than the hydrolysis lignin from the water-
only experiments. The lower molar mass may be explained by
the incorporation of the naphthols to the lignin structure dur-
ing the hydrothermal pre-treatment, which prevented lignin
re-polymerization by cross-linking (condensation) reactions.
However, the more prominent effect of 1-naphthol on reduc-
ing the molar mass, compared to 2-naphthol, was somewhat
surprising because 1-naphthol was expected to allow partial
re-polymerization of lignin through the additive [27].
Moreover, the positive effect of 1-naphthol on preventing lig-
nin condensation in birch wood was not apparently replicated
in pine wood, at least based on the results from enzymatic
hydrolysis (see Fig. 2). It is possible that 1-naphthol did not
have the same reactivity with pine as with birch wood due to
their different lignin structure.

The lower extent of lignin condensation by the use of naph-
thols, as indicated by molar mass values, was also supported
by the lower amount of substituted C5 units (Table 3). On the
other hand, the use of 1-naphthol decreased the amount of
carboxylic acid groups, while 2-naphthol clearly increased
the amount of guaiacyl units. Signals from the naphthol at-
tached to lignin may, however, partly overlap with the lignin
guaiacyl units. The presence of free naphthol was also detect-
ed based on the sharp peaks in the p-hydroxyphenyl region,
whose assignment was confirmed by model compounds (see

Figure S2). The amounts of free 1- and 2-naphthol in the
hydrolysis lignins corresponded to about 0.43% and 0.85%
on initial dry wood, respectively.

3.5 Scale-up production of hydrolysis lignins

Selected pre-treatment and saccharification experiments were
scaled up to produce larger quantities of hydrolysis lignins, as
required for the preparation of PLA/lignin biocomposites.
Based on the results obtained in the small-scale trials, the
pre-treatments selected for scaling up were those correspond-
ing to the hydrothermal pre-treatment of pine with and without
addition of 2-naphthol (log R0 5.5), birch without additives
(log R0 4.4), and willow with bark and without additives
(log R0 5.5). The yield of pre-treated solids and the pH of
the hydrolysates were similar in the small- and large-scale
trials, confirming the reproducibility of the pre-treatment
(Table 4). However, the sugar yields after enzymatic hydroly-
sis were lower when the integrated pre-treatment and sacchar-
ification process was performed at a large scale. This effect
was particularly evident for pine wood pre-treated with 2-
naphthol and for willow wood (with bark). In pine wood,
contrary to the small-scale trials, the addition of 2-naphthol
did not improve the saccharification compared to water-only
experiments. The lower sugar yields in the large-scale trials
may be explained by the higher consistency (10% instead of
5%) used in the saccharification step, as previously observed
by other authors [42, 43]. It is also possible that differences in
sugar yields were related to the calculation method. In the
small-scale trials, the sugar yield was calculated using the
dinitrosalicylic acid essay, while in the large-scale trials, it
was calculated by the difference from the yield of hydrolysis
lignin. The lower sugar yields in the large-scale trials obvious-
ly resulted in higher yields of hydrolysis lignins, with an ac-
tual lignin content between 55 and 75% (Table 4). The purity
of the hydrolysis lignin from birch was considerably lower
than that in the small-scale experiments.

3.6 PLA/lignin composites

The hydrolysis lignins from pine, birch, and willow wood
produced at a large scale were used in the preparation of
PLA/lignin composites at 20% loading. The hydrolysis lignins
differed from their carbohydrate content (see Table 4), and
presumably also in their structure due to the different wood
material and pre-treatment conditions. In addition to these
experimental lignin materials, a softwood hydrolysis lignin
from pilot-scale production of biofuels (~ 26% carbohydrate
content) and an industrial softwood kraft lignin (~ 2% carbo-
hydrate content) were also used as references.

The mechanical properties of the PLA/lignin composites
are shown in Table 5. The PLA/lignin composites exhibited
lower tensile strength and ductility but somewhat higher

Table 3 Chemical, molecular, and structural properties of hydrolysis
lignins from birch treated at 200 °C for 20 min (log R0 4.4)

Only water 1-Naphthol 2-Naphthol

Lignin (%) 91.4 87.6 99.0

Sugars (%) 5.2 9.4 2.4

Mw (g/mol) 7 900 6 700 7 100

Aliphatic OH (mmol/g) 2.22 2.37 2.14

COOH (mmol/g) 0.14 0.08 0.16

Phenolic OH (mmol/g) 2.18 2.16 2.55

Substituted C5 1.70 1.56 1.63

Guaiacyl 0.45 0.44 0.67

p-OH-phenyl 0.03 0.16 0.25

Total OH (mmol/g) 4.54 4.61 4.85

7498 Biomass Conv. Bioref. (2023) 13:7491–7503



stiffness compared to pure PLA, in agreement with previous
studies on the mechanical performance of PLA/lignin com-
posites with lignin contents above 5% [21, 22, 44]. The com-
posites prepared with hydrolysis lignins from pine appeared to
have a slightly higher stiffness, which may have been related
to the higher carbohydrate content of those lignins. On the
other hand, the addition of 2-naphthol to the hydrothermal
pre-treatment of pine had no effects on the mechanical perfor-
mance of the PLA/lignin composites, even if condensation
reactions during the hydrothermal pre-treatment were mini-
mized by the additive. The apparent irrelevance of the lignin
structure for the mechanical performance of PLA/lignin com-
posites was further supported by the properties of the compos-
ites prepared with kraft lignin. Despite the low carbohydrate
content and highly altered and condensed structure of kraft
lignin [45], the strength and stiffness of the kraft-based

composites were similar to those of the composites prepared
with hydrolysis lignin, and only the ductility was noticeably
higher (Table 5). In general, the variation in mechanical prop-
erties among composites prepared with different lignins was
only minor.

The tensile and impact strength of lignin-containing com-
posites typically decreases with increasing lignin loading,
resulting in brittle composite materials [46, 47]. The increased
brittleness is assumed to be largely caused by the poor com-
patibility between lignin and the more hydrophobic polymer
matrix [20]. For this reason, compatibilizers are often used to
improve the interactions between lignin and the matrix and
thus enhance the mechanical performance of the composites.
In this study, epoxidized linseed oil (ELO) was tested as a
novel and bio-based plasticizing coupling agent to improve
the lignin processability and to chemically connect lignin to

Table 4 Yield of hydrothermally pre-treated woods and yield and composition of hydrolysis lignins from small- and large-scale trials

Pine Pine 2N Birch Willow (with bark)

Scale of experiments Small Large Small Large Small Large Small Large

Log R0 5.5 5.5 5.5 5.5 4.4 4.4 5.5 5.5

Additive No No 2-Naphthol 2-Naphthol No No No No

Yield of pre-treated solid (% on wood) 66.2 64.7 69.7 65.8 56.8 57.7 61.3 60.3

pH hydrolysate 3.0 3.1 3.0 2.9 3.1 3.0 3.7 3.8

Enzymatic sugar yield (% on wood) 7.6 4.8 16.2 5.2 35.6 31.8 19.2 7.9

Yield of hydrolysis lignin (% on wood) 58.6 59.9 53.6 60.6 21.2 25.9 42.1 52.4

Sugar content (% on hydrolysis lignin) 35.6 35.9 28.1 30.2 5.2 20.0 24.6 28.1

Lignin content (% on hydrolysis lignin) 59.5 58.5 67.3 64.5 91.4 73.3 71.3 65.2

Table 5 Mechanical properties of PLA/lignin composites (20% lignin content), without or with compatibilizers (ELO, Vinnex, and GLYMO)

Sample PLA (%) Lignin (%) Other (%) Young’s modulus (GPa) Tensile strength (MPa) Ductility (%)

PLA 100 – – 3.6a 61 ± 2 5.8 ± 1.7

PLA/HL birch 80 20 – 3.7 ± 0.1 51 ± 1 1.8 ± 0.3

PLA/HL willow 80 20 – 3.9 ± 0.2 54 ± 1 1.9 ± 0.1

PLA/HL pine 80 20 – 4.3 ± 0.3 56 ± 1 1.9 ± 0.2

PLA/HL pine 2N 80 20 – 4.2 ± 0.2 55 ± 2 1.9 ± 0.1

PLA/HL ref 80 20 – 3.8 ± 0.4 48 ± 5 1.5 ± 0.3

PLA/Kraft ref 80 20 – 3.5 ± 0.1 56 ± 1 3.3 ± 0.8

PLA/HL ref 0.75% ELO 79.25 20 0.75 4.1 ± 0.5 44 ± 1 1.5 ± 0.2

PLA/HL ref 1.5% ELO 78.5 20 1.5 4.2 ± 0.2 48 ± 1 1.6 ± 0.1

PLA/HL ref 1.5% Vinnex 78.5 20 1.5 3.8 ± 0.1 54 ± 2 1.8 ± 0.1

PLA/HL ref 1.5% Dynasylan 78.5 20 1.5 4.1 ± 0.3 49 ± 1 1.7 ± 0.1

PLA/HL ref 3% ELO 77 20 3 4.2 ± 0.4 46 ± 1 1.8 ± 0.1

PLA/Kraft 3% ELO 77 20 3 3.5 ± 0.2 52 ± 1 1.7 ± 0.0

PLA/HL ref CTMP 65 20 15 6.1 ± 0.7 48 ± 2 1.0 ± 0.0

a Value from manufacturer
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the PLA matrix. ELO has previously been shown to im-
prove the mechanical properties of PLA biocomposites
through better connection with pulp fibers [48, 49]. For
comparison, the commercial additives Vinnex and
Dynasylan were also tested, using the hydrolysis lignin
from pilot scale as reference lignin material.

As shown in Table 5, the addition of coupling agents and
compatibilizers had no beneficial effects on the tensile
strength nor strain of the composites. This was also observed
when kraft lignin was used, which had a higher content of
phenolic units available for coupling reactions. The tensile

strength could not be improved even with the use of CTMP
fibers (15% loading) as reinforcement, although the use of
fibers provided a pronounced increase in stiffness.
Nonetheless the small molecular size of the coupling agents
and compatibilizers plasticized both the lignin and PLA,
which clearly improved the processability. The composites
were easier to remove from the mold, and the post-cleaning
was also improved.

Scanning electron microscope (SEM) images of the
composites were taken to further elucidate the effect of
ELO on the compatibility between PLA and lignin. The

Table 6 DSC results from the
second heating cycle of PLA/
lignin composites (20% lignin
content), showing the glass tran-
sition temperature (Tg), crystalli-
zation temperature (Tc), melting
temperature (Tm), enthalpy of
cold crystallization (ΔHc) and
enthalpy of melting (ΔHm)

Sample Tg (°C) Tc (°C) Tm (°C) Tm2 (°C) ΔHc (J/g) ΔHm (J/g)

PLA 58.6 119.2 150.3 na 30.8 30.5

PLA/HL 58.2 126.7 150.7 na 12.1 12.0

PLA/HL ref 1.5% ELO 55.8 116.1 148.3 153.0 24.4 23.5

PLA/HL ref 3% ELO 53.6 116.9 147.8 152.9 27.8 27.1

na not available

Fig. 3 SEM images (×1000) of PLA and hydrolysis lignin (HL ref) composites at 20% lignin loading awithout compatibilizer, bwith 1.5% ELO, and c
with 3% ELO
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images revealed that the reference hydrolysis lignin was
not fully compatible with the PLA matrix, as phase
separation and a clear discontinuity in the matrix could
be seen between lignin and PLA (Fig. 3). However, the
lignin compatibility with PLA was clearly improved
with increasing the ELO content, thus confirming that
ELO acted as a plasticizer, improving the miscibility
and processability of the composites. Owing to the plas-
ticizing effect, a clear reduction of the glass transition
temperature of PLA from 58.6 °C up to 53.6 °C was
detected with increasing the ELO content (Table 6).
Moreover, the crystallization temperature of PLA (119
°C) increased with lignin (127 °C) but decreased again
with ELO (116 °C). The effect of ELO on the thermal
properties of composites is in line with previous studies
on PLA-based composites [48, 49]. Based on these re-
sults, the addition of various coupling agents in differ-
ent ratios and dosing protocols should still be tested,
and the mechanical performance of the composites
should also be confirmed at a larger scale by impact
strength measurements.

4 Conclusions

The chemical additives 1-naphthol, 2-naphthol, and
formaldehyde were used in hydrothermal pre-treatments
of wood to minimize lignin condensation reactions and
consequently improve the saccharification of the pre-
treated materials. From those additives, only 2-naphthol
may be used to improve the saccharification of pine
wood, provided that the cost of adding the additive in
the pre-treatment is compensated by the increase in sug-
ar yield. Moreover, from an environmental point of
view, an alternative bio-based phenolic compound with
similar effects as 2-naphthol should preferably be found.
The use of chemical additives is not justified in the pre-
treatment of hardwoods because quantitative saccharifi-
cation can be achieved after a water-only hydrothermal
pre-treatment. Willow is a suitable wood material for
the sugar route as long as debarking methods are devel-
oped, as the presence of bark partly inhibits saccharifi-
cation and probably hinders the subsequent fermentation
of released sugars. The residual hydrolysis lignins after
saccharification can be used as filler in the preparation
of PLA-based biocomposites, with up to 20% lignin
loading. Differences in lignin composition and structure
do not seem to affect the performance of the compos-
ites. In general, the addition of lignin to PLA slightly
decreases the strength but increases the stiffness, and
may also introduce relevant functionalities (i.e., antioxi-
dant activity) to the composites. The compatibility of
lignin with PLA can be enhanced by the addition of

bio-based coupling agents, which also improve the pro-
cessability. The use of lignin in biocomposites is a
promising valorization pathway to increase the profit-
ability of lignocellulosic biorefineries.
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