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ABSTRACT: In this effort, we report the compatibilization of biomass-derived lignin polymer
in acrylonitrile butadiene styrene (ABS) thermoplastic matrix without loss of mechanical
properties via poly(ethylene oxide) (PEO)-mediated macromolecular self-assembly. ABS was

blended with lignin in different concentrations, and blends with 10 wt. % PEO (relative to lignin)
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were prepared. The relative tensile strength improved slightly at low lignin content but
diminished rapidly as the lignin content was increased. However, the inclusion of PEO as an
interfacial adhesion promoter helped avoid deleterious effects. Dynamic mechanical analysis
showed that PEO plasticized the hard phase and thus lowered the activation energy (E,) for its
relaxation but caused stiffening of the soft phase and increased its E£,. Microscopy revealed that
incorporating lignin in ABS led to the statistical dispersion of discrete lignin domains (300—1000
nm) which, after PEO addition, were reduced to smaller interconnected particles (200—500 nm).
The lignin-extended partially renewable ABS resins showed shear-thinning behavior and reduced
viscosity compared to neat ABS. The preferred lignin-loaded compositions reinforced with 20
vol. % chopped carbon fibers exhibited mechanical performances (77-80 MPa) equivalent to
those of reinforced ABS materials reportedly used in 3D printing applications. This approach

could lower the cost of ABS while reducing its carbon footprint.

INTRODUCTION

Thermoplastic composites are useful lightweight engineered materials. Factors such as
environmental issues, conservation of resources, and reduction of energy consumption during
materials processing and reuse have made recyclable thermoplastic composites consisting of
renewable components and readily available biomaterials with enhanced mechanical
performance highly desirable. High performance composites containing renewable materials will

find immediate applications in automotive, construction, and other emerging industries.

Outstanding impact resistance, high mechanical strength, good chemical resistance, and ease of

extrusion and molding are characteristics that make acrylonitrile butadiene styrene (ABS)



terpolymers widely used for polymer matrix composites.'* ABS composites modified with
natural fiber or renewable polymers have been successful both in terms of performance and
carbon emission reduction.” Even so, the association of Plastic Manufacturers of Europe has
recommended that at high fiber loading of natural fibers (>60 vol. %), such composites be used
for limited roles such as automotive side panels as a result of their inferior reinforcing
characteristics.” An efficient solution would be to use carbon fibers, instead, as the reinforcing
agent. Carbon fiber at relatively smaller quantities would yield composite parts with superior
mechanical properties at reduced mass and longer-term automotive fuel efficiency. Likewise,
negative environmental impacts could be further minimized by using renewable carbon fibers,

currently in development.®

. . . . 11 - .
Ongoing research on valorization of lignin, " if successful, can make sustainable

biomanufacturing initiatives a reality. Lignin-based thermoplastics can either be lignin—polymer
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alloys,'*" or functionalized lignin,'®"” or copolymers of lignin. Most polymers are not
miscible with lignin, and their blends usually exhibit deteriorated mechanical properties. Lignin
does not typically form a compatible blend with ABS matrix without being modified or with the
assistance of a compatibilizer. It has been reported that maleic anhydride grafted hydrogenated
styrene-butadiene-styrene block copolymer can enhance the compatibility of lignin in ABS."
Instead of using a cost-intensive functionalized derivative of hydrogenated block copolymer, we
have devised a simpler solution through self-assembly of a hydrogen bonded network of lignin
with polyethylene oxide (PEO)* in ABS matrix (Figure 1) for improved ductility and strength
compared to lignin-only-filled ABS matrix. In this work, our goal was to exploit lignin’s

miscibility with PEO to enhance the compatibility between lignin and ABS, and develop a melt-

extrudable, recyclable, partially renewable matrix with relatively high lignin content for



sustainable composite applications. These composites meet performance goals while achieving

favorable environmental impacts at low carbon fiber loadings.
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Figure 1. Schematic diagram of compositions of lignin-extended ABS resins and their fiber-

reinforced composites created from a blend modified with poly(ethylene oxide).

EXPERIMENTAL SECTION

Materials. Commercial-grade Terluran GP-35 ABS was obtained from BASF. An easy-flow
polymer designed for injection molding process, Terluran GP-35 has a melt volume flow rate of
3.4 cc/min at 220°C and 10 kg-force applied load. An experimental organosolv fractionated
softwood Kraft lignin (pine) was dried at 80°C overnight and used. The Kraft softwood lignin
was treated with methanol at room temperature to extract out the soluble fraction of lignin. The

detailed method for lignin extraction and characterization is reported elsewhere.”* The lignin



melts at 150°C and flows at 160°C. High-molecular-weight (M, = 5,000,000) PEO was obtained

from Aldrich, USA.

Blend Preparation. ABS/lignin blends (with 10, 20, 30 wt. % lignin) and corresponding blends
with 10 wt. % PEO (relative to lignin amounts) were prepared by melt mixing at 190°C using a
Brabender”™ polymer processing system equipped with a half-size mixer. The ABS pellets were
introduced into the mixer bowls at 10 rpm and allowed to melt, followed by addition of lignin
powder or lignin/PEO mixture (in the case of three-component blending) at 50 rpm. To avoid
lignin degradation during prolonged melt mixing, the blends were allowed to mix for 4 min after
introducing lignin into the mixing chamber. Compression molding was used to fabricate

rectangular test specimens at 190°C.

Thermal Analysis. Dynamic mechanical thermal analysis of the blends was performed in an
RSA (TA Instruments) using a three-point bending fixture. The specimen size was 34 mm x 9.35
mm x 2.75 mm. The measurements were completed in the temperature range —100°C to 150°C
and at frequencies of 0.1, 1, and 10 Hz. The heating rate was 2°C/min. Thermal degradation was
evaluated by thermogravimetric analysis (TGA) using a TA Q500 from 30°C to 800°C at a

heating rate of 10°C/min under nitrogen flow.

Tensile Testing and Morphology Analysis. Rectangular specimens for tensile testing were
prepared by compression molding. The specimens were cut to dog-bone shape and tested on a
TA tensile machine at a rate of 0.001 in./s. The reported results are the average data of six
different measurements. The tensile and cryogenically fractured surfaces of specimens were
evaluated by SEM (Hitachi S4800). The surfaces were coated with a thin carbon layer before

SEM imaging. To characterize blend morphology, specimens were cut at —70°C with a Leica



ultramicrotome equipped with a cryochamber and a diamond knife. The thin sections were
picked up on lacey carbon copper grids (Electron Microscopy Science) and then analyzed by

TEM (Zeiss Libra 120) at an operating voltage of 120 kV.

Rheological Properties. Melt viscosity was measured with a capillary rheometer (Instron
CEASJ SR50) at 190°C, 200°C, and 210°C for neat ABS and all other blends over a range of

shear rates. The L/D ratio of the 1 mm diameter die was 20.
RESULTS AND DISCUSSION

Tensile Properties. Performance is important for a soft matrix and its filled derivatives.
Empirically, the performance of filled materials is evaluated from the ratio of the mechanical
properties [tensile strength (o), modulus (E), elongation (g)] of the derived compositions (c) to
that of neat matrix (m). Figure 2 shows performance indices in terms of relative tensile strength
(6c/om), modulus (E./E,), and elongation at break (e./en) of the lignin-extended ABS prepared by
melt mixing at different lignin concentrations. The performance index improves slightly at low
lignin content but diminishes rapidly as the lignin content is increased. Due to the poor
interaction between the lignin molecules and ABS macromolecules, dispersed lignin domains
coalesce at higher lignin concentrations to form large brittle inclusions. The deleterious effects of
lignin loading in polyolefin matrix can be overcome by incorporating ethylene—vinyl acetate
copolymer as a surfactant or an adhesion promoter.* In the present work, incorporation of high-
molecular-weight PEO (at 10 wt. % loading of lignin content) in lignin/ABS blends has a
pronounced effect on the mechanical properties and reduces the deleterious effects at high lignin

loadings.
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Figure 2. Ratios of tensile strength (a), tensile modulus (b), and ultimate elongation (c) of lignin-

loaded matrices over those of neat ABS at different lignin concentrations.



Compared with lignin molecules, the PEO has 3 orders of magnitude higher molecular weight
and can act as a tie molecule between the lignin droplets in the ABS matrix through hydrogen
bonding between the phenolic and aliphatic hydroxyl groups (of lignin) and ether linkages in
PEO. The presence of PEO at the interface of lignin domains prevents particle coalescence and
allows higher extensibility or elongation at failure. The presence or absence of PEO has no effect

on the tensile modulus of any composition.

Morphology Analysis by SEM and TEM. The microstructures of the lignin-loaded ABS
matrices as observed on scanning electron micrographs (SEM) of cryogenically fractured and
tensile failed surfaces of the compositions (displayed in Figures S1 and S2, respectively, of
supporting information) indicate the role of PEO in improving interfacial adhesion between the
ABS matrix and lignin particles. A representative SEM image of the cryofractured surface of the
molded 70/30 (ABS/lignin) composition is shown in Figure 3a, and the corresponding PEO-
modified lignin formulation [i.e., 70/27/3 (ABS/lignin/PEO)] is shown in Figure 3b. The addition
of PEO causes formation of coated lignin particles (Figure 3b), which improves failure stress in
the ABS/lignin blends by inducing multiple crack lines and appreciable deformation of the

matrix (compared to control sample).

Tensile deformation of ABS matrix leaves fibrillar structures on the failed surface, which is
indicative of ductility. But incorporating lignin gradually changes the failure pattern from ductile
failure (i.e., unidirectional extended fibrillar morphology containing microvoids or cavitation) to
brittle failure (i.e., fast crack line propagation showing no appreciable deformation). Further
incorporation of PEO in the ABS/lignin matrix, however, makes the tear paths wider with

multiple non-coplanar failed surfaces (Figure S2).



Figure 3. Scanning electron micrographs of the cryofractured surface of molded ABS/lignin

(70/30) (a) and the corresponding performance-enhanced blend of ABS/lignin/PEO (70/27/3)

(b).

The formation of clusters of interconnected lignin domains in the presence of high-molecular-
weight PEO molecules (at 10 wt. % loading of lignin) in ABS/lignin blends is evident from the
transmission electron microscopy (TEM) images of the compositions (Figure 4). The neat ABS
exhibits agglomerated irregularly shaped butadiene-containing rubbery domains in the
thermoplastic matrix of polystyrene-co-acrylonitrile (Figure 4a). Incorporation of lignin in ABS

leads to the formation of statistical dispersions of discrete 300—1000 nm sized lignin domains



(Figure 4b). Some of the lignin domains were dropped from the microtomed specimens, leaving
voids. In fact, during cryo-microtoming of thin specimens of ABS/lignin blend, a significant
quantity of lignin dust was produced. This also indicates poor adhesion between the lignin and
the ABS matrix. The lignin domain sizes, however, are smaller when PEO is added to the
composition. Further, the micrograph shows that the PEO modified lignin phase is enclosed with
well-dispersed rubbery domains in the plastic matrix (Figure 4c). Miscibility of PEO and lignin

through hydrogen bonding is well known in literature. »

In the presence of PEO, lignin domain sizes are reduced to 200—500 nm sized interconnected
particles. It may be noted here that the statistical root-mean-squared end-to-end distances of
PEO and ABS macromolecules are shorter than the dispersed lignin particles by at least an order
of magnitude. In the absence of PEO, large neat lignin domains dispersed in ABS exhibit poor
cohesive strength (due to the high brittleness of lignin oligomers) as well as poor adhesion to
ABS, particularly at high lignin loadings. Thus such a composition acts like an immiscible blend
of lignin and ABS. Incorporation of PEO in such a blend allows PEO to increase the adhesion
between lignin and ABS. Hydrogen bonding between (1) lignin and PEO, and (2) PEO and ABS
(through interaction between nitrogen of the —CN group in ABS and the hydroxyl end group of
PEO) allows improved adhesion between phases. Also, the interaction of PEO and lignin allows
the formation of a ductile lignin phase which, under shear, forms smaller domains that are well
adhered with ABS matrix. In other words, the interaction allows the formation of a self-assembly
of lignin (in the matrix) assisted by the hydrogen bonding between PEO and the components at
the interface, and stabilizes lignin dispersion in the matrix. This unique morphology was further

probed with dynamic mechanical analysis, and the results are discussed in a later section.
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Figure 4. Transmission electron micrographs of neat ABS (a), ABS/lignin (70/30) (b), and

ABS/lignin/PEO (70/27/3) (c) blends.
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Capillary Rheology Study. The plasticization effect from PEO is evident in the melt capillary
rheology data of the compositions shown in Figure 5. As expected, all compositions exhibit
power law shear thinning behavior. The low-shear viscosity plateau (1,) decreases with
incorporation of the low-molecular-weight lignin component. However, ABS/lignin
compositions tend to exhibit similar viscosity at very high shear rate regions (500—-1000 s™),
changing the power law index (see Figure S3). Incorporating PEO in the matrix helps to integrate
lignin in the rubbery domains and ultimately in the thermoplastic matrix through self-assembly,
as discussed earlier. The presence of PEO in ABS/lignin compositions lowers the matrix

viscosity and enhances the melt-processability of the blends at lower temperature.
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Figure 5. Capillary rheology data of neat ABS, its selected lignin-loaded compositions, and the

corresponding PEO loaded compatible formulation studied at 200°C.
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Effect of PEO on Thermal Degradation. Another advantage associated with using PEO is the
improvement of lignin’s thermal stability, through hydrogen bond formation. Lignin begins to
decompose at 180°C, which is detrimental to the mixing step and processing with ABS resin at
190°C. The addition of PEO slightly elevates the temperature associated with early mass loss
from the lignin phase. Early decomposition of lignin involves dehydration, which is retarded
through use of PEO. Thermogravimetric analysis of neat lignin and the lignin/10 wt. % PEO
mixture is shown in Figure S4. The derivative weight curves show the degradation temperature
rising from 346°C to 354°C in the presence of PEO. The decomposition temperature of PEO is
higher than that of lignin, so the compounded material has a higher net degradation temperature.
Thus, using PEO improves the potential recyclability of the compositions without significant

thermal degradation of the lignin phase.

Dynamic Mechanical Analysis. The loss tangent peaks associated with both soft and hard
phases of the compositions studied at different frequencies are summarized in Table 1.The
activation energies for relaxation of the phases were quantitatively evaluated by use of the
Arrhenius equation [Eq. (1)].

logf = —E,/(2.303RT) + log K (1)

where 7 is the absolute temperature at which the loss maximum is observed at frequency f, R is
the gas constant, K is an arbitrary constant, and E, is activation energy. The temperature
dependence of the loss tangent (tan d) data was applied to the Arrhenius equation, and the
activation energy for relaxation at the loss tangent was calculated for both hard and rubbery
phases. Table 1 reveals that incorporation of lignin lowers the activation energy (E,) associated
with the relaxation of both hard and soft phases. The extent of reduction of E, is greater at high

lignin loadings. Incorporating PEO slightly increases the E, associated with the rubbery phase
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and further lowers the E, associated with the hard phase (compared to that of the corresponding
ABS/lignin blends). This suggests that PEO (a soft linear macromolecule) enhances flexibility in
the hard phase (consisting of styrene-acrylonitrile segments along with loaded lignin domains).
Interestingly, PEO hinders flexibility in the soft rubbery segments of ABS/lignin blends due to
the integration of lignin domains in the rubbery phase through the hydrogen-bonded network of

PEO as described earlier.

Table 1. Temperatures corresponding to the loss tangent peak (T,) at different frequencies from
the dynamic mechanical analysis, and the activation energy (E,) associated with thermal

relaxation at Ty

Neat ABS 10% Lignin 10% Lignin-PEO 30% Lignin 30% Lignin-PEO
Tq Ea Tq Ea Tq Ea Tq Ea Tq Ea
log f(Hz) (°C) (KJ/mol) (°C) (KJ/mol) (°C) (KJ/mol) (°C) (KJ/mol) (°C) (KJ/mol)

-1 104 104 102 100 100

pl-rlgsde 0 108 543 108 466 106 449 106 422 106 396
1 114 114 114 116 114
1 82 84 82 82 82

R;‘rf’::ery 0 80 234 80 177 78 182 78 146 78 180
1 76 76 74 74 74

Representative temperature-dependent storage modulus data obtained from the dynamic
mechanical analysis at 1 Hz frequency are shown in Figure 6. It is apparent that incorporating
lignin increases the modulus at temperatures from 0 to 80°C. Plasticization occurs when PEO is
added to the composition, and the moduli are slightly lowered. Loss tangent peaks for the
rubbery phase and the glassy plastic phase at 1 Hz frequency are shown in Figures 7a-b. Rubbery
domains of neat ABS show a relaxation around —80°C (Figure 7a). Neat ABS also shows a tiny
broad peak around —40°C due to relaxation of the acrylonitrile-butadiene copolymer segments
present in ABS; however, such relaxation disappears when different quantities of lignin are

included in the matrix. This indicates a slight degree of interaction between lignin and ABS
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phases, which are mostly incompatible. Further, inclusion of PEO shifts the T, of the rubbery
phase slightly (from —80°C to —78°C at 10 wt. % lignin loading), indicating that the PEO phase
assists in reducing the flexibility of rubbery domains through their ability to bridge both rubbery
and lignin phases (see Figure 1 for hypothesized interaction between phases through PEO).
However, such a shift in T, was not discernible for high (30 wt. %) lignin loadings, where T, of

the rubbery phase was already shifted to a higher temperature (—74°C).
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Figure 6. Storage modulus data for neat ABS, ABS/lignin, and ABS/ (lignin/PEO) compositions

at 1 Hz frequency (inset figure show expanded storage modulus axis).
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Figure 7. Loss tangent peak of the rubbery phase (a) and of the hard phase (b) in different ABS

compositions at 1 Hz frequency.

Figure 7b shows the loss tangent spectra for the glassy phases of the compositions at 1 Hz
frequency. The T, of the neat ABS hard phase appears at 108°C. Inclusion of 10 wt. % lignin
does not affect the T,. However, addition of PEO in the 10 wt. % lignin lowers the T, of the
composition to 106°C. This further supports the observation that PEO interacts with the hard
phase of ABS (likely the styrene-acrylonitrile copolymer segment). At 30 wt. % lignin loadings,
however, there is no further reduction in the T, of the hard phase owing to PEO use. Therefore,
it must be noted that the compatibilization of the lignin and ABS by PEO is more pronounced at
low to moderate lignin loadings. The plasticization effect of PEO on the overall compositions

containing high lignin loading is demonstrated in the rheology data (Figure 5).

Therefore, on the basis of mechanical properties, TEM microscopy, rheology, and dynamic
mechanical analysis, it is apparent that the ultrahigh-molecular-weight PEO assists solvent-

extracted melt-processable lignin in dispersing well in both the hard and soft phases of the ABS
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matrix. The hydroxyl end groups of PEO can form hydrogen bonds with the nitrile group of the
ABS and the hydroxyl groups of the lignin. In the same way, oxygen-containing ether groups in

PEO also facilitate hydrogen bonding with hydroxyl groups in the lignin.

Carbon Fiber Composites. The ABS/lignin compositions and their PEO loaded compatible
derivatives were also used in carbon-fiber-reinforced composite fabrication and testing. The
tensile results of composites containing 20 vol. % untreated carbon fibers of the formulation
ABS/lignin/PEO (70/27/3) show slightly improved mechanical properties compared to the
ABS/lignin (70/30) formulation because of enhanced ductility in the matrix. The reduced
viscosity of ABS/lignin/PEO also led to less breakage of carbon fibers during shear mixing
through the plasticization effect of PEO. The former and the latter composite materials exhibit
tensile strength of 77-80 and 68—73 MPa, respectively, with nearly equivalent tensile modulus.
Such properties have the potential to qualify these composites for use as automotive parts and for

manufacturing by 3D printing.'

Even though we have demonstrated that solvent-extracted fractions from Kraft lignin can be used
to extend ABS matrix, its presence stimulates a strong olfactory response. This can be
detrimental for commercial adoption of the approach. Accordingly, we conducted similar
experiments with organosolv (Alcell) lignin in ABS; in both the presence and absence of PEO,
nearly identical trends in the mechanical properties of the compositions were observed. Details
of these mechanical properties are shown in supporting information (Figure S5). Alcell lignins
do not contain sulfur, which eliminates the unpleasant odor. Alternatively, one can use other
types of lignin, such as organosolv lignin, soda pulped lignin, and lignins from biorefinery
residues. All types of lignin containing hydroxyl groups and being melt-processable are expected

to work in the proposed compositions.
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CONCLUSION

We have successfully developed a path for loading a sustainable industrial co-product, lignin, to
a high performance engineering thermoplastic matrix without the usual deleterious effects on
mechanical properties. A thermoplastic ABS resin containing nearly 30 wt.% lignin was
formulated to exhibit properties similar to those of neat resin by incorporating 10 wt.% PEO
(with respect to lignin fractions). The ABS/lignin compositions exhibited poor interfacial
adhesion; however, their counterparts containing PEO showed improved adhesion of lignin in
both the rubbery domains and the thermoplastic matrix as shown by microscopy. The
formulations reinforced with short carbon fiber (without pretreatment) showed outstanding

mechanical properties that are acceptable for automotive use.

The proposed solution of modifying industrial resin (ABS) and its composite products by
incorporating a significant quantity of lignin offers to reduce the carbon footprint through the
direct use of these partially renewable plastics and the production of lighter weight automotive
materials for enhanced fuel economy. Therefore, the results shown here have significant

potential for beneficial economic and societal impacts.

ASSOCIATED CONTENT

Supporting Information

Additional scanning electron micrographs of the tensile fractured surfaces and cryofractured
surfaces of molded ABS/lignin and ABS/lignin-PEO, supplementary capillary rheology data at
200°C, and thermogravimetric analysis of neat lignin and lignin—PEO are available. This

material is available free of charge via Internet at http://pubs.acs.org.
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Poly(ethylene oxide)-Assisted Macromolecular Self-assembly of Lignin in ABS Matrix for
Sustainable Composite Applications

Kokouvi Akato, Chau D. Tran, Jihua Chen, and Amit K. Naskar*

We used lignin, a biomass-derived material, as an extender in acrylonitrile-butadiene-styrene
resin and its composites; in these mixtures, poly(ethylene oxide) enhanced phase compatibility
and improved mechanical properties.
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