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§ Introduction
• About NIMS
• Motivation – Sustainability Challenges for Polymers and Composites

§ Biomass Blends and Composites
• Fabrication of Polypropylene (PP) / Lignin Blends and Composites
• Fabrication of Polyamide (PA) / Lignin Blends and Composites
• Mechanical Recycling of PP/Lignin Blends

§ Functional Materials
• Highly Thermally Conductive Polymers and Nanocomposites
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About NIMS

§ National Institute for Materials Science (NIMS)
• Research institute devoted to the creation, characterization, and application of materials 

that support a sustainable society
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About NIMS

§ National Institute for Materials Science (NIMS)
• 7 Research Centers
• 473 Full-time researchers 
• 157 Postdoctoral/contract researchers
• 151 Graduate students
• 392 Technical staff
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Worldwide academic collaboration



About NIMS

§ National Institute for Materials Science (NIMS)
• Industry Collaboration – Centers of Excellence
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About NIMS

§ Research Centers
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Sustainability Challenges for Polymers and Composites

§ Composition of blends/composites is designed to meet target performance.
• Demanding applications: automotive, electrical/electronic, energy, aerospace

− Density, strength/modulus, heat resistance, electrical resistance, processability, energy storage

• Blend/composite for target performance
− Carbon fiber (CF), glass fiber (GF), silica, alumina, clay, BN, carbon black (CB), elastomer

10Reuse existing plastics  +  recover secondary materials



Sustainability Challenges for Polymers and Composites

§ The optimum recycling approach depends on the material(s) and application(s).
• PP, PA, PBT etc. in demanding applications are often mixed with other materials.

− Separation and purification can be difficult depending on waste stream.

• There is a spectrum in terms of efficiency vs quality/precision.
− 「Mechanical」grinding/pulverizing followed by molding.
− 「Physical」dissolution/precipitation followed by molding.
− 「Chemical」depolymerization, repolymerization followed by molding.
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Sustainability Challenges for Polymers and Composites

§ Both resource circularity and carbon neutrality must be goals for recycling.
• De-/re-polymerization yields a high-value product, but is still CO2-intensive.
• Various dissolution/precipitation technologies have been patented/reported.

− CreaSolv, STRAP, etc. use solubility predictions to select optimal solvents.
− A common drawback is relatively high temperature and long dissolution times.
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Waste Management 85 (2019) p.73
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Sustainability Challenges for Polymers and Composites

§ Utilizing renewables in high-performance materials is a promising intermediate. 
• Finding ways to reduce existing conventional plastics is an important step.

− Incorporation of biomass at production can reduce carbon emissions by substitution.

• Improving compatibility is crucial for maintaining high performance.
− Decrease in performance from the conventional material hinders implementation.
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Sustainability Challenges for Polymers and Composites

§ Poor compatibility remains an issue for many biomass blends/composites.
• Biomass (lignin) blends suffer from poor compatibility with polyolefins, nylons etc.

− Agglomerations lead to reduced mechanical properties.

• Chemical modification of lignin is only one part of the picture.
− Alkylation, acetylation etc. improve chemical compatibility.
− Melt-mixing conditions must ensure sub-micron level dispersion.
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blend with a maximum of 35% on addition of 10 wt%
alkylated lignin. A 15% increment of the impact strength
is observed even in the blend containing 40 wt% alky-
lated lignin. The dodecyl group improves the compatibil-
ity between the hydrophilic lignin and the PP matrix.

Dynamic mechanical properties such as the storage
modulus (E0) and tan d of PP and PP/lignin blends were
studied as a function of temperature. Figure 8a shows that
the storage modulus of the blends decreased as tempera-
ture increased. With a rise in temperature, the advantages
of the lignin reinforcement increase significantly. It is also
found that the storage moduli of the higher lignin contain-
ing blends are slightly higher than that of the neat PP.

Figure 8b shows that the tan d of the blends. The tan d
peaks are shifted toward slightly higher temperatures
when compared with the neat PP. The stress field sur-
rounding the particles induces the shift in the Tg. The
area under the tan d curve becomes smaller for blends
with respect to that of the neat PP, as the polymer content
is decreased to the same extent and only the amorphous
phase of the partially crystalline PP is involved in the
glass transition. Moreover, the area of tan d peak is lower

for the blends than for the neat PP, because chain move-
ments are also restricted by the presence of lignin par-
ticles. Regarding the width of blends’ tan d peaks, they
also become broader than that of the neat matrix. The

FIG. 5. Tensile strengths and moduli of PP/alkylated lignin blends.

FIG. 6. Flexural strengths and moduli of PP/alkylated lignin blends.

FIG. 7. Impact strength of PP/alkylated lignin blends.

FIG. 8. Temperature scans of (a) storage modulus, E0 and (b) tan d of

neat PP and PP/alkylated lignin blends.

DOI 10.1002/pc POLYMER COMPOSITES—-2011 1023

3 | RESULTS AND DISCUSSION

3.1 | Chemical analysis of lignin

The total carbon, nitrogen, and sulfur content in the lignin powder are

presented in Table 1. According to the results, the sulfur content in

SBL is higher than SKL, whereas the metals are present mostly in

SKL. The presence of sulfur and impurities may influence the mechan-

ical and physical characteristics of the composites hindering the

spinning ability of the lignin‐based carbon fiber materials.41

3.2 | Tensile properties

Tensile properties of composites are shown inTable 2. It was observed

that the tensile strength of the composites decreased with lignin load-

ing. The tensile strength of composites also decreased with increasing

filler content in thermoplastics,42 and in biodegradable polymers such

as PLA43,44 and PBS.10,45 Interestingly, both lignin imparted similar

effect on the mechanical properties of the composites. In addition,

the tensile strength decreased more significantly with increasing lignin

content in the absence of coupling agent. This result was attributed to

the weak adhesion between the lignin and the polymer matrix.10,45

According to Table 2, 10% of lignin decreased by about 30% of the

tensile strength and threefold less strength with a 50% addition of

lignin in the absence of MAPP. However, both modulus and strength

were improved by the incorporation of the MAPP coupling agent.

Bozsódi et al22 obtained fragile materials at high loading of lignin

which restricts their applicability on large scale. In this present study,

the compatibilizing agent played an important key role in increasing

the tensile strength. In terms of Young's modulus, there was slight

effect on the elastic property of the composite. However, at high

lignin content, the tensile modulus increased significantly. According

to Sallem‐Idrissi et al32 and Gordobil et al,43 lignin is a particle with a

high modulus of stiffness, and consequently it affects the stretchabil-

ity of the composite material.22,43

3.3 | Flexural properties

Flexural properties of composites are shown in Table 2. In this study,

there were no significant differences between the composites with

SBL and SKL in terms of bending properties. The results indicate that

the incorporation of lignin slightly decreased the flexural strength of

the composites at 10% lignin content. Interestingly, with 30% lignin

content, the flexural strength was similar to that observed in neat

PP. However, at high concentration of lignin (50%), the flexural

strength of the composites deteriorated significantly. The increases

in the flexural strength of lignin composites indicate the reinforcing

effect of the lignin, which is ascribed to the affinity in the solubility

parameter of polymer matrix and lignin, as well as the adhesive nature

of lignin.10 With regard to stiffness, composites containing high lignin

content exhibited up to four times higher flexural modulus than that of

neat PP. This property is particularly important in high‐performance

automotive parts.46 According to the results, some of lignin/PP com-

posites met the requirements for application in the automotive sector

with similar specifications of polyamide/fiberglass materials, and min-

eral filled PP composites for engine room used in the automotive

industry.47 Interestingly, commercial mineral‐filled PP had lower

bending modulus47 than lignin‐based composites fabricated in this

present study. As reported by Sahoo et al,10 the flexural modulus

increased around 500% after lignin addition into PBS. As expected,

the compatibilizing agent contributed to increases in the mechanical

properties, mostly with lower lignin content composites. The

TABLE 1 Results of the elemental analysis of the lignin powder

Lignin C (%) H (%) N (%) S (g. kg−1) Na (g. kg−1) Ca (mg. kg‐1) Mg (mg. kg−1)

SKL 61.37 5.62 0.52 2.37 8.50 54.2 41.5

SBL 58.37 5.54 0.12 5.46 14.8 12.7 3.80

TABLE 2 Mechanical properties of the composites

Specimen
Label

Tensile Strength,
MPa

Tensile Modulus,
GPa

Elongation at
Yield, %

Flexural Strength,
MPa

Flexural Modulus,
GPa

Impact Strength,
J/m

Hardness,
Shore D

10SBL 16.79 ± 0.61 0.92 ± 0.12 1.47 ± 0.37 32.23 ± 3.33 1.75 ± 0.30 38.45 ± 2.99 72.2 ± 1.1

30SBL 15.49 ± 1.75 0.97 ± 0.19 0.51 ± 0.26 33.32 ± 1.36 2.78 ± 0.10 25.29 ± 3.07 70.3 ± 1.1

50SBL 12.63 ± 0.54 1.15 ± 0.32 0.19 ± 0.06 27.23 ± 1.46 3.24 ± 0.50 15.36 ± 2.91 71.4 ± 0.9

10SBL/MAPP 19.11 ± 0.51 1.19 ± 0.17 2.64 ± 0.99 32.84 ± 2.14 3.70 ± 0.68 45.15 ± 4.86 72.6 ± 0.8

30SBL/MAPP 17.03 ± 1.19 1.03 ± 0.17 1.36 ± 0.38 37.88 ± 1.22 3.83 ± 0.45 25.16 ± 4.00 73.3 ± 1.7

50SBL/MAPP 17.35 ± 1.32 1.60 ± 0.32 0.32 ± 0.15 32.55 ± 2.78 4.11 ± 0.17 17.10 ± 4.10 75.3 ± 1.6

10SKL 19.02 ± 0.69 1.01 ± 0.12 1.82 ± 0.18 31.10 ± 1.35 2.13 ± 0.24 34.22 ± 3.30 73.4 ± 1.3

30SKL 17.03 ± 0.29 1.11 ± 0.16 0.46 ± 0.20 37.21 ± 1.13 2.82 ± 0.11 29.52 ± 3.91 73.6 ± 1.4

50SKL 12.28 ± 0.97 1.75 ± 0.16 0.24 ± 0.10 26.13 ± 1.99 3.63 ± 0.35 15.67 ± 2.92 76.6 ± 1.3

10SKL/MAPP 20.25 ± 0.68 1.04 ± 0.17 3.03 ± 0.25 32.05 ± 0.46 3.19 ± 0.25 41.41 ± 3.89 76.6 ± 1.3

30SKL/MAPP 20.23 ± 1.23 1.19 ± 0.18 0.84 ± 0.24 36.06 ± 1.71 3.00 ± 0.53 28.09 ± 2.97 74.8 ± 1.4

50SKL/MAPP 16.36 ± 2.37 1.76 ± 0.33 0.33 ± 0.20 29.80 ± 1.66 4.11 ± 0.54 21.11 ± 3.39 76.0 ± 1.6

PP 24.87 ± 0.52 1.24 ± 0.11 9.52 ± 0.70 36.19 ± 1.89 1.09 ± 0.15 49.52 ± 4.81 70.8 ± 0.9
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PP/lignin blended at 
180ºC in the literature
→Poor dispersibility

behavior of the composites. Interestingly, all composites showed neg-

ligible deterioration within 400°C. The percentage of carbonized resi-

due left at 600°C of the composites was higher than neat PP due to

the presence of high ratio of aromatic structures in lignin (Figure 4).

In this present study, charred residue slightly increased with the use

of compatibilizer as reported by Sahoo et al.10 According to Sailaja

and Deepthi,48 the amount of carbonized residues increased as a

consequence of better interaction between the matrix and lignin

particle acquired after MAPP addition. Furthermore, the carbonized

yield is associated with the flame‐retardant capacity of the material.10

In this sense, the flame‐retardant ability of lignin has been investigated

as a potential green agent for polymer blends.35,61

3.8 | Differential scanning calorimetry (DSC) analyses

The glass transition temperature (Tg) and melting temperature (Tm) of

lignin, PP, and all composites were obtained from the DSC curves as

shown in Figure 5. The addition of lignin had minimal effect on the

Tm of the biopolymer, as found by Sahoo et al.10 Some studies

reported that incorporation of lignin may contribute to the nucleation

activity of the polymer.10,62 The significant shift of the Tg of the com-

posites indicates strong interactions between the matrix and lignin.63

This effect likely occurs due the synergistic interaction in a highly

associated state of the PP and the lignin, created by the formation

of an amorphous regions in the composite structure, reducing the free

FIGURE 7 SEM micrographs of SBL‐based composites at different concentration

FIGURE 8 SEM micrographs of SKL‐based composites at different concentration and with and without MAPP

6 DIAS ET AL.
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Polym. Compos. 32 (2011) p. 1019.

J. Appl. Polym. Sci. 134 (2017) p. 44669.

J. Ind. Eng. Chem. 31 (2015) p. 80.



Biomass Blends and Composites



Biomass Blends and Composites

§ Scalable Melt-Blending Method
• PEG-grafted glycol lignin shows excellent compatibility with a range of plastics

− Forms covalent bonds (reactive extrusion)
− Forms hydrogen bonds
− PA11: 230-240 ºC
− PA6I/6T: 250-270 ºC

• Mix at high temperature
− PP: 235-245 ºC
− PA6: 240-250 ºC
− PA11: 230-240 ºC
− PA6I/6T: 250-270 ºC
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Biomass Blends and Composites

§ PP/Lignin blends and composites
• Sub-micron lignin domains covalently grafted to MAH-g-PP

17
Tanks et al., Compos. Sci. Technol. 238 (2023) p. 110030
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Biomass Blends and Composites

§ PP/Lignin blends and composites
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Tanks et al., Compos. Sci. Technol. 238 (2023) p. 110030
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Biomass Blends and Composites

§ PA/Lignin blends and composites
• Highly dispersed lignin can make PAs (even

bio-based PA11) achieve PEEK-like properties.

19
Tanks et al. under review (2025)

PEEK-GF30

0
10

20
30

0

20

40

60

80

100

120

140

160

0102030
GL Content (wt%)

Te
ns

ile
 S

tr
en

gt
h 

(M
Pa

)
CF Content (wt%)

PEEK-GF30

100 nm

1 μm

275 325 375 425

In
te

ns
ity

 (a
u)

 
Energy Loss (eV)

GL PA

OH

OH

OH

HO

O N H

O

N
H

O

N
H

O

NH

Lignin
PEG
PA

H-bond

OCH3

OH

OOOH
n ≈ 8

O
LigninOH

N
O H

x

改質リグニンからＦＲＰ用コンパウンドを開発

研究コンソーシアム
⾼機能リグニン事務局

lignin-info@ml.affrc.go.jp

担当︓国⽴研究開発法⼈ 物質・材料研究機構
株式会社 天童⽊⼯

【開発⽬標】

【種々の熱可塑性樹脂コンパウンド】

【⼒学特性評価・界⾯親和性解析】

無⽔マレイン酸変性PP(mPP)系コンパウンドの⼒学
特性︓リグニン／ＣＦ相互作⽤効果による物性向上
が確認された。

(a) (b)               (c)

改質リグニン20wt%含有熱可塑性樹脂コンパウンド
(a) PP/CF強化系、(b)PA6/GF強化系、(c)PA11/CF強化系

本研究では改質リグニン(GL)と
各種熱可塑性樹脂のコンパウン
ドを溶融混練プロセスにより製
造する。⾃動⾞部材など、実⽤
化に向けた⾼性能バイオマスコ
ンポジットの開発を⾏う。

様々な応⽤を念頭に各種熱可塑性樹脂／改質
リグニン／強化繊維系コンパウンド開発を進
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Scission

Biomass Blends and Composites

§ Mechanical recycling of PP/lignin blends
• Polymers like PP are highly susceptible to oxidative degradation through backbone attack.

− Radicals created by heat or UV turn oxygen into highly reactive radical species.

• Degradation makes plastics more difficult to effectively recycle.
− Oxidative reaction products are highly variable (non-uniform).
− Recycled material exhibits reduced performance compared to virgin material.
− Incorporation of oxidation products via mechanical recycling

may increase risk of other forms of degradation.
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Biomass Blends and Composites

§ Mechanical recycling of PP/lignin blends
• Lignin can act as a simultaneous UV absorber, radical scavenger, and reinforcement.

− Mimics melanin in the human skin.

• Non-toxic alternative to conventional stabilizers (Irganox, Tinuvin etc).
− Moderate molecular weight and polymer interaction prevent migration.
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Biomass Blends and Composites

§ Mechanical recycling of PP/lignin blends
• PP/lignin blends show superior UV resistance compared to conventional materials.
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Biomass Blends and Composites

§ Mechanical recycling of PP/lignin blends
• Lignin limits chain scission to the surface of the bulk specimen.

− Chain scission progresses through the thickness of neat PP.
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Biomass Blends and Composites

§ Mechanical recycling of PP/lignin blends
• Lignin suppresses crack growth to the surface of the bulk specimen.

− Crack density increases while crack depth decreases, and toughness increases.

24
Tanks et al., J. Mater. Chem. A 12 (2024) p. 3014

Neat Polyolefin

σ∞

PP

Smooth fracture 
surface
→ brittle failure

GL Blend

σ∞

GL-20wt%

Fibrillated fracture 
surface
→ local yielding
→ grafted lignin

σ N
(M

Pa
)

0

15

30

45

PP
0

15

30

45

GL-10wt%

0

15

30

45

10-1 101 103

GL-30wt%

Crack depth, dc (μm)

0

15

30

45

GL-20wt%

10-1 101 103

σ N
(M

Pa
)

0

15

30

45

PP
0

15

30

45

GL-10wt%

0

15

30

45

10-1 101 103

GL-30wt%

Crack depth, dc (μm)

0

15

30

45

GL-20wt%

10-1 101 103

σ N
(M

Pa
)

0

15

30

45

PP
0

15

30

45

GL-10wt%

0

15

30

45

10-1 101 103

GL-30wt%

Crack depth, dc (μm)

0

15

30

45

GL-20wt%

10-1 101 103

σ N
(M

Pa
)

0

15

30

45

PP
0

15

30

45

GL-10wt%

0

15

30

45

10-1 101 103

GL-30wt%

Crack depth, dc (μm)

0

15

30

45

GL-20wt%

10-1 101 103



Biomass Blends and Composites

§ Mechanical recycling of PP/lignin blends
• Fully closed-loop recycling is possible with lignin blends.

− Improved durability limits the degree of degradation.
− Removal of degraded layer completely recovers performance.
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Biomass Blends and Composites

§ Current/future research on biomass blends and composites:
• Precise control over lignin dispersion and blend morphology.
• Using lignin to turn waste plastics into high-performance vitrimers.
• Upcycling of the oxidation products removed from waste materials during recycling.
• All-biomass high-performance composites by controlling interfaces.
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