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Lignin, a renewable biopolymer recovered from the chemical processing of woody biomass, has potential to
enhance the mechanical properties of epoxy resins with the added benefit of reduced contents of non-renewable
petroleum-based polymers. Lignin-based epoxy resins were prepared by employing a carboxylated lignin as a co-
hardener using a “one-pot” method. The effect of lignin content and preparation method on mechanical prop-
erties, apparent morphology, and thermodynamic properties of the resulting epoxy resins were then studied. The

results showed that elongation at break increased from 2.2 to 5.7%, and flexural strength increased from 23.3 to
101 MPa, with the addition of lignin up to 20 wt%. The highest increase in tensile strength was obtained for the
lignin-based resin having a lignin content of 10 wt%. The incorporation of carboxylated lignin at an appropriate
amount demonstrated simultaneous reinforcing and toughening effects on the epoxy resin, which can be
attributed to the rigid and highly-branched structure of lignin.

1. Introduction

Biobased polymers are under development as substitutes for
petroleum-based polymers because they are renewable and usually have
lower environmental impacts for production and/or use [1,2]. Greater
heat resistance, higher mechanical strength properties, and preferred
electrical performance properties in biobased epoxy resins containing
lignin are attributed to the lignin aromatic ring structure [3]. Briefly,
lignin is the renewable aromatic polymer found in land plants,
comprising up to 15-35 wt% of woody biomass [4]. It is generally
viewed as a three-dimensional and highly-branched polymer of mono-
meric phenylpropanoid units mainly linked by ether bonds [5,6].
Although lignin is the most abundant phenolic substance found in na-
ture, only a small amount of lignin extracted by industrial processing is
converted into products such as dispersants and fillers [7]. The bulk of
the lignin recovered by the pulp and paper industry is burned as fuel to
recover its energy value. This is due to its complex and variable struc-
ture, high polydispersity, and immiscibility with many polymer matrices
[8-10].

Currently, epoxy resins represent a major class of thermosetting

resins widely used in coatings and adhesives industries, with global
production estimated to be 2 million tons in 2010 [11]. The develop-
ment of partial or fully biobased epoxy resins has been studied, with
lignin receiving attention as a component [11-13]. Lignin can be used in
epoxy resins as so-called lignin-based epoxy monomers [11], with the
reactive phenolic and aliphatic hydroxyl groups in lignin being chemi-
cally modified. Epoxy monomers from lignin have been obtained
through the epoxidation reaction of the lignin hydroxyl groups with
either epichlorohydrin or diglycidyl ether. Organosolv lignins and
partially depolymerized industrial lignins are the preferred feedstocks
because of their solubility in organic solvents and higher hydroxyl
contents [14]. Alternatively, lignin can be used in epoxy resins as a
hardener. Although lignin phenolic groups can react with epoxy
monomers, the introduction of carboxylic acid or amino groups can
enhance the miscibility of lignin with the epoxy monomers. For
example, carboxylic acid functionalized lignin can be synthesized by
ozonating lignin aromatic rings in the presence of NaOH, or esterifing
lignin hydroxyl groups with an anhydride [15].

The use of lignin-based epoxy monomers or hardeners often results in
unsatisfactory mechanical properties for the resulting epoxy composites,
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Fig. 1. Synthesis route for the lignin-based epoxy resin.

especially with high lignin contents [16]; however, with only limited
additions of lignin (usually less than 10 wt%), the mechanical properties
of epoxy resins can be enhanced [17,18]. It is still a challenge to prepare
lignin-containing epoxy resins with improved mechanical properties by
using lignin-based hardeners at high lignin contents. In some cases,
epoxy resins have been prepared with lignin as a co-curing agent (i.e. co-
hardener) along with an amine curing agent [19,20]. The development
of biobased curing agents is also a research need for renewable epoxy
materials; thus far, biobased anhydride hardeners (e.g. succinic anhy-
dride) need higher hardening temperatures and the resulting epoxy
resins often have poor mechanical properties.

In this study, lignin-based epoxy resins with high lignin contents
were prepared by employing a carboxylated lignin as a co-hardener with
succinic anhydride, and not an amine, as the curing agent. The lignin
was extracted from poplar wood by the organosolv process to achieve a
lower molecular weight and better solubility in organic solvents
compared to alkali lignins [21]. The organosolv lignin was carboxylated
by reacting with an excess of succinic anhydride. Remaining succinic
anhydride was then available to cure the epoxy resin. A small amount of
1-methylimidazole (1-MI) was added to the mixture at the beginning of
the reaction to catalyze the esterification reaction between succinic
anhydride and lignin hydroxyl groups; this reagent also functioned as
initiator in the subsequent curing process [22]. The mechanical prop-
erties of neat epoxy resin (no lignin) and lignin-based epoxy resins with
two preparation processes were compared. Lignin functional groups
changes were investigated by 'H NMR and FT-IR analysis. Differences in
mechanical properties, apparent morphology, and thermodynamic
properties between the lignin-based epoxy resins and the neat epoxy
resin (control) were explored by mechanical testing, FT-IR spectroscopy,
scanning electron microscopy (SEM), and thermal analyses (TGA, DMA).

2. Materials & methods
2.1. Materials

Poplar wood chips were obtained from a wood processing facility
near Nanjing, China. All chemicals used in this study, including sulfuric
acid, methanol, ethylene glycol, dioxane, acetone, and succinic anhy-
dride were of analytical grade, commercially available, and ready for
use. 1-Methylimidazole (1-MI) and zinc acetylacetonate (Zn(acac),)
were purchased from TCI Chemicals Co. Ltd. (Shanghai, China). The
epoxy resin (DER 332) was purchased from the Dow Chemical Company
(Midland, Michigan, USA) and had an epoxy equivalent weight of
171-175 g/eq.

2.2. Isolation of organosolve lignin

An organosolv lignin (OSL) isolated from poplar wood was used for
the current study since it would have improved solubility over com-
mercial lignin products (e.g. kraft lignin). The ethylene glycol/dioxane
binary solvent system used to prepare the OSL was based on our pre-
vious study in which the OSL had desired properties of low molecular
weight and high solubility [21]. In brief, poplar wood chips were ground
in a Wiley mill to obtain particles that passed through an 80-mesh sieve.
The wood particles were then dried in an oven at 105 °C for 24 h before
use. For the extraction of the lignin, the wood particles (6 g) were added
to ethylene glycol/dioxane mixture (2/1, w/w, 59.4 g) in a 350 ml
pressure tube with a magnetic stir bar. A small amount (0.981 g) of
concentrated sulfuric acid (98%) was then added as a catalyst. After
heating at 140 °C for 40 min, with continuous stirring (500 r/min), the
reaction mixture was filtered and the residue rinsed with 20 ml dioxane,
followed by 50 ml methanol. The dioxane and methanol in the filtrate
were removed using a rotary evaporator. The concentrated viscous
liquid was added dropwise to an excess of deionized water (500 ml) to
precipitate the lignin, which was vacuum filtered in a sand core funnel
and washed repeatedly until the filtrate pH was neutral. The lignin was
then collected and freeze-dried. The resultant lignin powder was stored
in a tightly sealed container until needed. The procedure was repeated to
obtain enough material to prepare a modified lignin and the lignin-
based epoxy resins. The yield of the lignin powder (OSL) was 65 wt%
based on the mass percentage of lignin in the poplar wood. The number-
average (Mn) and weight-average (Mw) molecular weights of the OSL
powder were 701 and 1135 g/mol, respectively, based on an analysis
method provided in literature [23].

2.3. Preparation of carboxylated lignin

The carboxylation of OSL was performed following a modified
method in literature [24]. Briefly, 415 mg OSL and 2.6 g succinic an-
hydride were dissolved with 100 ml acetone in a pressure tube, with
0.05 g 1-MI then added as catalyst. The mixture was heated at 60 °C for
6 h, and then cooled to room temperature before being added drop wise
to an excess of deionized water (250 ml). The precipitate was vacuum
filtered in a sand core funnel, collected, and freeze dried to obtain the
carboxylated OSL (labeled as L-COOH) as a powder.

2.4. Preparation of lignin-based epoxy resin

The “one-pot/one-step” method to prepare lignin-based epoxy resin
is schematically displayed in Fig. 1. Upon the end of carboxylation of
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Table 1

Formulation and labeling of lignin-based epoxy resins.
Resin DER 332 Lignin® Succinic 1-MI Zn(acac)2h
sample ® (€3] anhydride (g) (€3] ®
Neat epoxy 53 - 26 0.5 0.80
Lep5 53 4.15 26 0.5 0.84
Lepl0 53 8.78 26 0.5 0.88
Lepl5 53 13.94 26 0.5 0.93
Lep20 53 19.75 26 0.5 0.99
Lep10- 53 8.78 26 0.5 0.88

control*

2 The mass of L-COOH accounts for 0, 5, 10, 15, and 20 wt% of total reaction
system.

 The mass of Zn(acac), accounts for 1 wt% of the total reaction system.

¢ Prepared by “one-pot/two-step” method.

OSL described above, the reaction system was cooled to room temper-
ature before directly adding the desired amounts of epoxy resin (i.e. DER
332) and Zn(acac)y, the latter used as a catalyst for both curing and
dynamic transesterification [25]. The resultant mixture was placed in oil
bath heating at 80 °C for 30 min with continuous magnetic stirring (500
r/min). After cooling to room temperature, the acetone in the mixture
was removed using a rotary evaporator. The viscous lignin-based epoxy
resin was poured into steel molds and kept under vacuum until bubbling
ceased. All poured epoxy resin samples were cured in an oven using the
following temperature profile: 120 °C for 1 h, 160 °C for 3 h, and 180 °C
for 30 min. The final stoichiometric ratio of epoxy groups to anhydride
groups was 100:85. Three replicates of testing samples were prepared
from a same batch for each epoxy resin formulation; the detailed shapes
and sizes of the testing samples are shown in Fig. S1.

To compare the influence of L-COOH content on the properties of
resulting lignin-based epoxy resins, 4 lignin contents were selected to
prepare lignin-based epoxy resins, those being 5, 20, 15, and 20 wt%
based on the weight of the epoxy resin, and designated as Lep5, Lep10,
Lepl5, and Lep20, respectively. In addition, the effect of the preparation
method on the properties of the epoxy resin was also studied by
comparing the Lep10 resin with the Lep10-control resin. The latter was
prepared by a “one-pot/two-step” method. Briefly, the carboxylated
lignin was first separated from the carboxylation step and dried as L-
COOH powder. Then, the pre-obtained L-COOH powder was mixed
directly with the DER 332, acetone and Zn(acac), into a pressure tube
and reacted under the same conditions as Lep10. The curing process of
Lepl0-control is also the same as Lep10. The gel contents (by Soxhlet
extraction) showed that the Lepl0 and LeplO-control resins were
completely cured, evidenced by values of 98.72 and 97.94 wt%,
respectively. The formulations and designations for all prepared epoxy
resins are summarized in Table 1.

2.5. Characterization of lignin and epoxy resins

The hydroxyl content of the OSL sample and the carboxyl content of
L-COOH sample were determined by 'H NMR according to a method in
literature [17]. Firstly, the hydroxyl groups of OSL sample was acety-
lated and converted to acetoxy groups with acetic anhydride and pyri-
dine. Briefly, a 200 mg of OSL sample was dissolved in 8 ml of acetic
anhydride/pyridine mixture (1/1, v/v) and stirred for 48 h at room
temperature. The reaction solution was added dropwise to cold water
and the resultant precipitate then vacuum filtered in a sand core funnel.
After complete removal of acetic acid by repeatedly washing with water,
the acetylated sample was vacuum dried at 40 °C and stored in a
desiccator. Acetylated OSL and L-COOH (20 mg each) were prepared for
'H NMR analysis by dissolving in DMSO-ds (0.6 ml) with 10 mg of p-
nitrobenzaldehyde added as an internal standard. The original OSL
sample was also subjected to 'H NMR analysis. All 'H NMR spectra were
collected on an AVANCE III HD 600 MHz spectrometer (Bruker Biospin,
Switzerland).
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Fig. 2. FT-IR spectra of OSL and carboxylated OSL (L-COOH).

All resin and lignin samples (OSL and L-COOH) were each mixed
with KBr powder and pressed into pellets for FT-IR analysis using a
Nicolet 380 spectrometer (Thermo Fisher Scientific, USA). At least 32
scans were taken with a resolution of 2 cm ™! between the regions of 400
and 4000 cm L.

Thermal gravimetric analyses (TGA) of lignin and resin samples were
performed using a TA-60H thermogravimetric analyzer (Shimadzu
Corporation, Japan) under air atmosphere. The analysis was carried
over a temperature range of 30-800 °C at 5 °C/min heating rates.

Tensile and flexural tests were performed using a SANS CMT4000
Series universal testing machine (MTS Systems, China) with a 5 kN load
cell at a crosshead speed of 2 mm min~'. Dog-bone-shaped tensile test
samples (Fig. Sla) and cuboid-shaped flexural test samples (Fig. S1b)
were prepared according to Chinese National Standard GB/T 2567-
2008. For each test, at least 3 samples were prepared for testing and
the average value was taken as the report value.

Morphological features of the fracture surfaces from tensile tests
were characterized using a field-emission scanning electron microscope
(SEM), model JSM-7600F (JEOL, Japan). Dynamic mechanical analyses
(DMA) were performed using a Q800 dynamic mechanical analyzer (TA
Instruments, USA). The test conditions used as follow: heating rate, 3 °C
min~}; frequency, 1 Hz; air atmosphere. The shape of test samples was

cuboid with dimensions of 65 x 10 x 3.5 mm®.

3. Results & discussion
3.1. FT-IR spectroscopy of lignins

To provide a qualitative assessment of OSL carboxylation with suc-
cinic anhydride, FT-IR spectra of OSL and L-COOH samples were
collected (Fig. 2). The characteristic peaks of lignin, such as 1587, 1508,
and 1459 cm™!, assigned to aromatic skeletal vibrations, and 1028
em™!, corresponding to aromatic in plane G—H deformations, were
observed in the spectrum of the OSL [26]. Evidence of esterification
appears in the spectrum of the L-COOH sample with a strong signal at
1740 cm™! assigned to C=O0 stretch (aromatic and aliphatic) in ester
groups. The increase in peak intensity at 1740 cm™! coincided with
decreasing absorption intensities of the peaks between 3000 and 3650
cm ™}, together being indicative of the esterification of hydroxyl groups
[26]. Elemental analysis results provided in Table S2 were similar to
those reported by Li et al. [27] for an organosolv lignin and its car-
boxymethylated derivative. Altogether, the data demonstrated the
esterification reaction between the lignin hydroxyls and succinic anhy-
dride proceeded under the reaction conditions used.
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Fig. 3. 'H NMR spectra of OSL, acetylated and carboxylated OSL (L-COOH).

Table 2
Mechanical properties of neat epoxy and lignin-based epoxy resins.
Resin Lignin Tensile Elongation at Flexural
sample content (%) strength break (%) strength (MPa)
(MPa)
Neat 0 45.42 + 2.33 2.1 £0.20 23.30 £ 3.2
€poxy
Lep5 5 65.27 + 1.45 4.4 £+ 0.42 47.42 £ 4.7
Lepl0 10 68.62 + 2.67 4.6 +0.33 64.53 + 6.2
Lepl5 15 63.78 £+ 2.29 5.1 £0.54 93.23 £ 3.4
Lep20 20 60.63 + 3.02 5.7 + 0.42 101.47 £ 4.5
Lepl0- 10 36.39 + 4.10 1.5+ 0.58 31.22 +5.2
control

3.2. 1H NMR spectroscopy of lignins

The key reactive sites of lignin functionalization are the phenolic and
aliphatic hydroxyl groups [28]. The total hydroxyl concentration in the
OSL was determined by 'H NMR analysis, using the proton resonance
integrals of acetoxy groups (1.5-2.4 ppm) and p-nitrobenzaldehyde
(8.10, 8.38 ppm) as the internal standard [29]. The 'H NMR spectra of
acetylated OSL is shown in Fig. 3; the calculation results are provided in
Table S1. The total hydroxyl group content of the OSL was 4.65 mmol/g.
A broad proton resonance at 12.2 ppm in the 'HNMR spectrum for the L-
COOH gave a calculated carboxylic acid group content of 2.28 mmol/g.
This result also confirms that the OSL had been successfully carboxyl-
ated under the reaction conditions used. Similar results were obtained
by Scarica et al. [24] when modifying a commercial lignin (Indulin AT)
with succinic anhydride.

3.3. FT-IR spectroscopy of epoxy resins

Fig. S2 shows the FT-IR spectra of neat epoxy and lignin-based epoxy
resins. Bands in common with the lignin samples can be observed at
3000-3650 cm ™~ (O—H stretch), 2800-2900 cm ™ (C—H stretch), and
1514 cm™! (aromatic skeletal vibrations). No epoxy group peak at 910
cm ! was found, indicating the complete conversion of epoxy groups
during curing [19,30,31]. The strong absorption band at 1745 cm™! in
the lignin-based epoxy resins is assigned to the carbonyl stretch of ester
groups formed by the reaction between the succinate carboxylic acid
moiety of the L-COOH and resin epoxy groups. Slightly greater peak
intensities of hydroxyl groups at 3400 cm ™! and the carbonyl stretch at
1745 cm ™! may be attributed to these functionalities that are inherent to
the OSL.
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3.4. Mechanical properties of epoxy resins

The lignin-based and neat epoxy resins were subjected to tensile and
flexural testing according to Chinese National Standard GB/T
2567-2008. The results are summarized in Table 2. Representative
stress/strain curves are shown in Fig. S3 (mechanical property results
are compared to literature values in Table S3). It can be seen that all
lignin-based epoxy resins exhibited improved mechanical properties
over the neat epoxy resin prepared using the same method. The highest
tensile strength was obtained with the Lepl0 resin, which was 51%
greater than that for the neat epoxy resin. The tensile strengths of the
Lep resins were slightly lower at lignin contents of 15% and 20%. Unlike
the tensile strength, the flexural strength and elongation at break of the
Lep resins both continued to increase with higher additions of lignin, up
to a lignin content of 20%. It is also worth noting that lignin-based epoxy
resin produced in the current study, with lignin contents up to 20%,
exhibited comparable tensile strengths to similarly-prepared lignin-
based epoxy resins reported in literature [18]; however, the lignin
contents they use were much lower. Altogether, we found that the
incorporation of carboxylated lignin can simultaneously impart rein-
forcing and toughening effects on the epoxy resin.

Since lignin has a rigid and highly-branched structure, it would be
expected that the incorporation of lignin in an epoxy resin would affect
mechanical performance [17]. The improvement in the tensile strength
of the Lep resins at lower lignin contents can be attributed to the
incorporation of rigid lignin segments into the epoxy network [32].
However, as a natural polymer, variability in lignin molecular structures
could be rationalized to impart lower tensile strengths to lignin-based
epoxy resins, especially at higher lignin contents. In a study on hyper-
branched epoxy resins as a toughening agent, the hyperbranched topo-
logical structure could have causes intramolecular defects in the epoxy
resin, resulting in improved toughness of the resultant epoxy resin due to
the free volume fraction effect [33]; however, such intramolecular de-
fects would have a negative effect on the tensile strength when they are
present in large amounts [34].

The preparation method showed significant effect on the mechanical
properties of the Lep resins listed in Table 1. The Lep10-control sample
prepared with “one-pot/two-step” method exhibited markedly lower
mechanical properties than its counterpart, Lepl0, prepared with the
one-step method. The inhomogeneous mixing of pre-obtained L-COOH
sample to a viscous epoxy resin could cause microphase separation in
the cured epoxy resin, causing the deterioration in mechanical perfor-
mance. The SEM image of Lepl0-control (Fig. 4f) confirms the inho-
mogeneous mixing of the “one-pot/two-step” method, where the
aggregations of lignin could be clearly observed.

3.5. Morphology of resin fracture surfaces

The fracture surfaces of the neat epoxy, Lepl0, and Lep10-control
resins after tensile testing were observed by SEM and representative
images are shown in Fig. 4. The neat epoxy resin shows relatively
smooth fracture surface except for some sweeping lines (Fig. 4a and b),
which is typical for brittle material without any ductility [18]. On the
other hand, the fracture surface of the Lep10 resin is rougher and shows
relatively bigger polymeric pullout than the neat epoxy, indicating a
larger plastic deformation during fracture [18] (Fig. 4c and d). The
plastic deformation means significant energy absorption during rupture
and therefore indicates that the incorporation of lignin makes the epoxy
resins more ductile. The neat resin (Fig. 4g and h) and Lepl0 resin
exhibit a relatively smooth surface (Fig. 4e) while the Lepl0-control
resin shows a rough surface with unevenly scattered particles (Fig. 4f).
The SEM results of the Lep resins are consistent with those from me-
chanical analysis. In other words, the incorporation of carboxylated
lignin improved the flexibility of the resultant epoxy resin. The “one-
pot/two-step” method is not only less cost-effective, but could also lead
to inhomogeneous distribution of lignin in epoxy matrix and resulted in
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Fig. 4. Fractured surface images of neat epoxy resin (a) x200, (b) x500 and Lep10 resin (c) x200, (d) x500; surface smoothness at x500 magnification for (e) Lep10

and (f) Lep10-control resins.

the deterioration of the mechanical properties.

3.6. Dynamic mechanical analysis of epoxy resins

Dynamic mechanical analysis (DMA) was applied to investigate the
thermal dynamic properties of the neat epoxy and Lep resins. The curves
of the storage modulus (E'), loss modulus (E”), and tan § versus tem-
perature are given in Fig. 5, and the corresponding data are summarized
in Table 3. Compared with neat epoxy resin, lignin-based epoxy resins
show continuous improvement in storage modulus in the glassy region

(40 °C) coinciding with the increase in lignin content; the the opposite
trend was observed in the rubbery region (T + 30 °C). The increased
storage modulus in the glassy region may owe to the segmental motion
restriction imposed by the uniform dispersion of the rigid carboxylated
lignin in the epoxy matrix [30]. Similar results were reported by other
researchers [18]. The cross-linking density (p) of a cured epoxy network
is directly proportional to its storage modulus in the rubbery region
according to the theory of rubber elasticity, which can be calculated by
Eq. (1) [30,35]:

p=E /3RT 1)
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Fig. 5. DMA plots for (a) storage modulus, (b) loss modulus, (c) tan § for the
neat epoxy resin and lignin-based epoxy (Lep5 thru Lep20) resins by the one-
pot method; control epoxy resin (Lepl0-control) prepared by direct addition
of carboxylated lignin (L-COOH).

where R is the gas constant, E’ and T is the storage modulus and absolute
temperature at Ty + 30 °C, respectively. The calculated results of the
cross-linking density (p) shows, comparing to the neat epoxy resin, that
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the cross-linking densities of the Lep resins steadily decrease with the
increase in lignin content (Table 3). It is expected that natural lignin,
even that which is modified, is less reactive than commercial epoxy resin
during the curing process. This would result in less complete cross-
linking, and therefore, lower the cross-linking density. In addition, the
curing reaction of bulk lignin can also be restricted by steric hindrance
[17]. The decreasing storage modulus in the rubbery plateau with
increasing lignin content can also be attributed to decreasing cross-
linking densities in the cured Lep resins [36]. A significantly lower
cross-linking density for the LeplO-control substantiates its inferior
mechanical properties compared to its counterpart, Lepl0O, and is
attributed to the unevenly dispersed lignin significantly hindering the
cross-linking reaction.

The loss modulus (E”) represents the energy dissipation caused by
the internal friction associated with the motion of polymer chains. As
shown in Table 3, the maximum loss modulus increases continuously
from 141 to 295 MPa as the lignin content increased from 0 to 20 wt%,
indicating that the introducing of lignin into the epoxy resin increases
the mobility of its polymer chains during the glass transition process.
This result can also be explained by the decreased cross-linking densities
with increased lignin contents in Lep resins [37]. The glass-transition
temperature (Tg) is defined as the peak of the tan & versus tempera-
ture curve, where Tan § is the ratio of the loss modulus to the storage
modulus [15,38]. As shown in Fig. 5c, all of the epoxy resin samples
except the Lep10-control have a smooth a-relaxation peak correspond-
ing to the glass transition [39,40]. In the tan § diagram of the Lep10-
control resin, two peaks were observed, indicating the phase-separated
nature of the Lep10-control sample. It is believed that two constituent
domains in Ty demonstrate a common phenomenon in the immiscible
polymer blend systems [40]. As suggested by the SEM analysis, aggre-
gated L-COOH particles were embedded and scattered in the epoxy
matrix (Fig. 4f). Therefore, the first T at 71.04 °C should be assigned to
the less cross-linked epoxy matrix while the second Ty around 140 °C is
likely attributed to the lignin moiety, which has a glass-transition tem-
perature ranging from 130 °C to 190 °C depending on its origin or
separation methods [41]. The Ty values of lignin-based epoxy resins
were all lower than that of neat epoxy resin (111 °C) and gradually
decreased as the lignin content increased in the Lep resins. This result is
believed to correlate to the low cross-linking densities of lignin-based
epoxy resins [17]. It is also noted that broad shoulders appeared on
the tan & peaks of most Lep samples. This phenomenon indicates het-
erogeneous and broadly-distributed cross-linked structures, namely,
different cross-linking densities in the cured matrix [13]. Based on the
above results, it could be inferred that the carboxylated lignin was
covalently incorporated in the epoxy matrix and introduced heteroge-
neity to the homogenous matrix at the same time. Nevertheless, the
combination of the rigid structure and the lower cross-linking density
induced from the heterogeneous structure of lignin somehow exhibited a
simultaneous reinforcing and toughening effect on the resultant epoxy
resins [34].

Table 3

DMA results for neat epoxy resin and lignin-based epoxy (Lep5 thru Lep20) resins having 5, 10, 15, and 20 wt% lignin contents.
Resin sample Storage modulus (MPa) Maximum loss modulus (MPa) p” (mmol/cm®) Ty (°C)

Glassy region a (at 40 °C) Rubbery region b (at T, + 30 °C)

Neat resin 1500 60.0 141 6.26 111.20
Lep5 1949 28.0 176 2.95 107.46
Lepl0 1952 24.6 198 2.67 95.91
Lepl5 2125 19.9 219 2.20 90.11
Lep20 2275 18.0 295 2.00 88.36
Lep10-control 1760 10.2 179 1.09 71.04

4 p = E'/3RT, R = 8.314.



Y. Zhang et al.

100
80
2 60-
=
e Neat epoxy resin
[} i X 1
3 40 Lep5
Lepl0
— — = Lepl0-control
20+ Lepl5
Lep20
LCOOH \
04 ——OSL ~‘--,~_,¥Unfa
0 100 200 300 400 500 600 700 800

Temp (°C)

Fig. 6. TGA curves of OSL, L-COOH, neat epoxy resin, lignin-based epoxy (Lep5
thru Lep20) resins by the one-pot method, and control epoxy resin (Lepl0-
control) prepared by direct addition of carboxylated lignin (L-COOH).

Table 4

TGA results for OSL, L-COOH, neat epoxy resin, lignin-based
epoxy (Lep5 thru Lep20) resins by the one-pot method; con-
trol epoxy resin (Lep10-control) prepared by direct addition of
carboxylated lignin (L-COOH).

Lignin and resin samples T45% (°C)

OSL 145
L-COOH 177
Neat epoxy 312
Lep5 320
Lepl0 310
Lepl5 316
Lep20 298
Lep10-control 270

3.7. TGA analysis of epoxy resins

The thermal stabilities of the lignin and lignin-based epoxy resins
were measured under air atmosphere (Fig. 6). Only the two lignin
samples (OSL and L-COOH) exhibited a significant weight loss below
120 °C, which can be attributed to water volatilization and thereby
confirming their highly hydrophilic character [26]. The TGA traces of
the neat epoxy and lignin-based epoxy resins show two degradation
stages around 350 °C and 550 °C (Fig. 6), which represented the
degradation of aliphatic and aromatic components in epoxy matrices,
respectively [42]. The 5% decomposition temperatures (T45%) of the
lignin and lignin-based epoxy resins are shown in Table 4. It can be seen
that the T45% of neat epoxy and Lep resins (except for Lep10-control)
with lignin contents less than 20% are close, ranging from 310 to
320 °C, and indicating that in general terms, our incorporation of
carboxylated lignin had no significant effect on the thermal stability of
the epoxy resin. When the lignin content reaches 20%, the T45% of
lignin-based epoxy resin decreased to 298 °C. Also, the Lep10-control
resin showed significantly lower thermal stability than the other Lep
resins. Altoghether, the low thermal stabilities of the Lep20 and Lep10-
control resins can be attributed to their low degree of crosslinking
density, especially for the Lep10-control sample.

4. Conclusions

In this study, an organosolv lignin from poplar wood was modified
with succinic anhydride in a one-pot method to prepare lignin-based
epoxy (Lep) resin with lignin contents up to 20%. Tensile strength,
elongation at break and flexural strength properties of the Lep resins
were all improved over that for the neat epoxy resin. The highest
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increase in tensile strength (51%) was obtained for the Lep10 resin, with
10 wt% lignin content. Elongation at break increased from 2.2 to 5.7%,
and flexural strength increased from 23.3 MPa to 101 MPa, with the
increase of lignin content from 0 to 20 wt%. Microscopic observations of
the fracture surfaces further confirm the toughening effect of the func-
tionalized lignin. Combining the results of FT-IR, SEM, DMA, and TGA it
appears that a carboxylated lignin can be covalently incorporated in an
epoxy resin. The rigid and highly-branched structure of lignin imparted
both reinforcing and toughening effects on the resultant lignin-based
epoxy resins.
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