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Abstract: Cellulose and lignin are abundant biomass resources, but their low processability
and flexibility limit their use as thermoplastic materials. This review aims to address these
challenges by examining the structural characteristics of cellulose and lignin and exploring
various chemical and physical plasticization strategies. For cellulose, chemical modifica-
tions such as acetylation, esterification, and carboxymethylation can reduce hydrogen
bonding and enhance flexibility. Additionally, plasticizers like glycerol, ionic liquids (ILs),
and deep eutectic solvents (DES) further improve chain mobility. In the case of lignin, strat-
egies such as alkylation, acetylation, and copolymerization with polyesters or polyure-
thanes have been investigated to lower the glass transition temperature and achieve
thermoplasticity. By combining cellulose and lignin, we can create functional composites
that exhibit enhanced mechanical properties, thermal stability, and biodegradability, espe-
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Received June 30, 2025 designing ionic polymers and multifunctional nanocomposites to enhance performance
Revised July 27, 2025 and s.calability. .Collectively, cellulose and lignin have great potential as sustainable thermo-
Accepted August 11, 2025 plastic alternatives.
(©)2025 The Korean Fiber Society Keywords: cellulose, lignin, plasticization, thermoplasticity, sustainable materials
LA 2 & T2 o|FoH 2 AN 7AA A=5 YEtd
W, flade Hdz2d fFEA7F sk A" 33t
AER A (cellulose)} 2114 (lignin)e: AFAell 71 B U A TRE JbH 40 AR AT TS A4S
R 2 WA REAR, AL 4R Ao 2dth(Figure 1)[7). Leju} o]2jst w60 124 BAO
WSOl WAl A Bholth £ /FEE BAZ 2 I3 F a4 BE 4% BA 7 A5AG} e s
R A HolA o] F EYL AAXTA AAE §EHS Hol, Aol Ay nRAst gl §8 7
£ 7)RAQ) AHBo B R A% 7hsst AR RAS] A7t Fol oy T gae] RESTHE IAYS b glrHs-

WS ArHi-6) AERAE D-IRIA B HF A 101 ol AF HFHS] AAS Fusn AERAc el 1Y

183



184 | WAE - H57] - 44 - oA1E] . pEm . oje T

Textile Science and Engineering, 2025, 62, 183-199

L XA AR 851 9,]‘8} ;A Aeko s spa
SH(plasticization) A7} &3] AgP=| 1 Q). 7tash=
LA A5l 2% Fofoh e Rofol o
| L uisiel, ol F B ABRA0H 21U 7]
& A 7IeE ”E‘r’\E‘ = A 5= s e iXHEH
‘4 AL A3 4= Qri[11-14]. o] 3, AL
(alkylatlon)b]- O]'/‘ﬂai}(acetylatmn)g} 7o 3skza Wy
&l A FERE Frsstial felAlolR e (Tg)g RES
gl

RS Ao,

A 22Tl A4 AF ZAA), 95, 3D Y
Lehtle 5 chot Rofol A $-§ 7Fs S MolFal 9]
ou], o]t 7] Hho] @ Fet el (: PLA, PBAT $)0] 7k
A U= A, BAY W, B B A H1E Y
Ao e FET 4 Gl TiRFO A9 FRAS AAR)
[22,2427-29. % )3 oA AEE 0k o 242}
o Ferseal A ve], o5 BHutsle] 17l
A A7k 2SS A AT B A 9

OCH3

HOCH, OCHs
OCH,

HOH,C .

OCH;
HsCO \©\[ OCH,
H;CO {j\/

- -

CH,OH

Lignin structural features

HOCH, \%

&R Skt 15k ke Ao theFst 28 74
3 4sk2 98 sidslor & 14N AN s 2
HBLTL, FF A4 75 vfo] @ BekaE sl glo] Al
2220} 2] o] Yozt A WEgS AMEH: o %
o] glck,

3, A, A
_{\_ﬁig—_,,]- 7:17(4&40] l-—o]- _9-8— A |
Jhag 7Fgel oldthe 74 TS A olo] ke
WgRAg BIHOR Beatsisl] flg e de
o AAE] grom, ol sfaky WES Fab &
A, Beld e B8 s Ao U
a4 ook,

2 FoM= MEREAY ZetAEIE 23 8 A
T 7HA] SHollA A elstarzt gheh WA 2.8 0 A= oM E
3}, of| 2B SH(esterification), 7 |2-A] W 2 $}(carboxymethylation)
T AEEA0 Po|EEA(-0OH)7| A2k Hhe-& FAe =2
3l 3}tz W3k AEge A5k, o)E &I driag B
of MAYUFE gttt 2280 = 22| E(glycerol),
0] 24 o A]| (ionic liquid, IL), A% 7B € 81l (deep eutectic
solvents, DES) & t}oFst E2|4 714A|Q] A71E Ea) A
S22 FAN TS A AES teEth A

OH
ﬂm =
(e} & fe)

(0]
OH n

Cellulose

—Zi
a
BN

[P

Hemicellulose example
(xylan)

Figure 1. Representative chemical structures of lignin, cellulose and hemicellulose [7].
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Table 1. Composition of the samples produced [31]

Cellulose

Sample acetate  /Macetin - Diacetin  Phthalate
(%) ) (%) )
CDA 100 Z - -
CDAS80TA20 80 20 _ B
CDA70TA30 70 30 - )
CDA70DA30 70 _ 0 }
CDA70TA15DA15 70 15 15 B
CDA70PH30 70 _ _ 30

Table 2. Mechanical properties of the prepared blends [31]

Elongation Tensile Young's
Sample at break strength modulus
(%) (MPa) (GPa)
CDA8O0TA20 83%3.1 58.3+4.7 3.1+0.1
CDA70TA30 11.6+£1.8 30.2+0.2 2.1+0.1
CDA70DA30 94+24 27.2+0.2 1.9£0.1
CDA70TA15DA15 11.0£0.1 24.7+0.2 1.7£0.1
CDA70PH30 16.8+0.4 304104 2.0+0.1
After 6 Months
CDA80TA20 9.9+4 57.2+0.8 3.3+0.1
CDA70TA30 13323 31515 22101
CDA70DA30 73+2.7 26.1+2.1 1.9+0.2
CDA70TA15DA15 11.9+0.7 25.8+0.2 1.9+0
CDA70PH30 244+10 32.0+0.25 22+0.1

Tensile properties were measured using a universal testing machine
(Instron 5544) at a crosshead speed of 5 mm/min. Film specimens
with a thickness of approximately 0.3-0.4 mm were tested under
ambient conditions (23 +£2 °C, 50 + 5% RH). Reported values represent
the average of five measurements.
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Table 3. Experimental and theoretical values of glass transition temperatures of GTA- and TEC- plasticized cellulose acetate as determined by DSC
measurements (second heating run) [32]

(e r— CA/PL-Ratio Tig Tig Tay A_]cp1 Tchompz TgKBcomPZ TgCKcompZ
(Wt%) Q) Q) Q) (Ug'K) 0 0 Q)
CA 100 1914 196.6 2016 0.233 - - -
85/15 1096 1228 137.1 0.143 1202 1120 984
80/20 108.1 130.7 1403 0.072 100.0 209 76.1
75/25 86.3 104.1 1226 0.150 818 722 57.1
CA/GTA
70/30 87.4 1024 115.8 0.107 652 555 50.7
65/35 634 857 926 0.063 50.1 407 264
60/40 737 847 934 0.114 364 273 138
GTA' 100 702 684 -66.3 0.777 - - -
85/15 1295 1425 1534 0.157 1188 109.5 889
80/20 111.2 1240 135.1 0.141 983 879 65.9
75/25 96.5 1156 1287 0.121 799 69.0 4638
CA/TEC
70/30 914 1083 121.1 0.193 632 522 305
65/35 90.1 100.0 1132 0.071 480 37.2 16.6
60/40 69.7 75.8 111.1 0.151 34.1 238 45
TEC? 100 -74.1 709 -67.8 0.890 - - -

Tig onset temperature, Ty,q: mid temperature, Te;: end temperature, Ac,: specific heat capacity, Tchc,mp: theoretical glass transition temperatures of

the compounds according to the Fox model,

Ty*® omp: theoretical glass transition temperatures of the compounds according to the Kelley-Bueche

model, TgCKcomp: theoretical glass transition temperatures of the compounds according to the Couchman-Karasz model, 1: transitions of the
plasticizers (first heating run), 2: theoretical values of the glass transition temperatures (calculated with the prior experimentally determined
values of the materials, not with the values from the technical datasheets).
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Figure 2. (a) Schematic illustration of the esterification of cellulose with C8 and C16 fatty acids and subsequent processing via twin-screw
compounding and injection molding, (b, ¢, d, e) mechanical properties of injection-molded cellulose C8 and C16 ester samples and their mixed

blends; (b) elastic modulus, (c) tensile strength,

(d) elongation at break, and (e) Charpy impact strength [34].
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Figure 3. (a) Stress-strain curves of cellulose esters and (b) average
tensile strength and elastic modulus of cellulose esters [35]. Tensile
tests were performed using a universal testing machine under
conditions (~23 °C, ~50% RH) at a crosshead speed of 5 mm/min.
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YIS DR RO T, U LA, YFE el T o] s]ofalek. oleh 2 felBte B 7E 3 oA, B
22 Q3] 7kl ARAL A nEAolc olejst 2l A4 WA, BAS B A A ATE JHHOR

2
A BRI AGAI A OR FUT BHL AN, B B ¥ Wt gasha, AA4du el wEEs ok
sh4 Wgol golgt el sy oS BAYIE TRSE TR B Losku Y 2UF FES Lhehiich o) 4}
T oglel AlJHOR FRd ARold WA AT thyol  ol=AQ mYOR Bxf fANel F/RIL, 44T 4
oh ZATE @y ved e olejet AlF A wok ofstsleAl el whelA) 7o) ol shAlE A

Figure 4. SEM images of agglomerated structure of lignin particles. I. Different heights of 0.2 g lignin samples in vials. Il. Color comparison of
lignin sampiles. (a) PAL (purified alkali lignin), (b) CAL, (crude alkylated lignin, t=2 h), (c) CAL¢, (crude alkylated lignin, T=90 °C), (d) CALpq10
(crude alkylated lignin, D=0.10 mmol/g), () CALpo30/1701s (Crude alkylated lignin, D=0.30 mmol/g, T=70 °C, t=4 h), and (f) CALp,¢ (crude
alkylated lignin, D=0.60 mmol/g) [15].
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Figure 5. Catalytic mechanism of esterification; (a) activation of acid anhydride by pyridine, (b) acetylation of aromatic of alcohol, and
(c) acetylation of aliphatic of alcohol [18].
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300 pm
i

Figure 6. SEM micrographs of selected samples: (a, d) neat lignin (X100 and x2000) and (c, f) acetylated 72 h (x100 and x2000) [18].

Table 4. Thermal characteristic parameters of neat lignin and
acetylated samples obtained by TGA and DSC analysis [18]

Tsy, T AT Residue T

Sample w0 ) (O
Neat lignin 171 268/341 358 36.9 144.6
1h 185 199/350 330 56.3 108.0

3h 198 198/370 314 59.2 104.6
6h 205 198/370 306 60.7 94.8
12h 223 228/382 297 58.8 789
24h 220 235/382 286 60.0 984

48 h 221 231/378 297 60.9 88.7
72h 222 235/381 292 59.6 80.3
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Table 5. Flexural test values for neat PBS and PBS-lignin copolymers
[42]

Flexural strength Flexural modulus

Formulation (MPa) (MPa)

BO 29.9+32° 705+98°2
B10 352+2.8° 906+114°
B20 373+25°¢ 1025493 ¢
B30 326+18% 1125+50°¢
B45 304+29° 1486+150¢
RO 30.7+26° 727+84%2
R10 346+3.7% 864+104%°
R20 36.2+3.9°¢ 961+135°
R30 41.1+53°¢ 1213+167°¢
R45 2954252 1482+228¢

®Values are meanzstandard deviation. Where necessary, the
standard deviation has been rounded up to the mean’s reported
precision. ° Statistical differences in the results were measured via
Tukey test (p-value < 0.05) and are shown by superscript letters(a-d).
Sample codes refer to the type and content of lignin used in the
formulation: “B” denotes bio-oil-derived lignin, while “R” denotes
reductively fractionated lignin. The number indicates the weight
percentage of lignin incorporated in the PLA matrix.
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Figure 7. Flow curves (n* versus frequency) of blended and
crosslinked PBS-lignin copolymers [42]. Rheological measurements
were conducted using a parallel plate rheometer (Bohlin CVO 100
NF) with 25 mm diameter plates at 140 °C. Frequency sweeps were
performed from 0.01 to 100 Hz at 0.025% strain on disc specimens
(25 mmx2.0 mm).

Table 6. Complex viscosity (n*) of the formulations at 1 Hz and 30 Hz
and 140°C, and the power-law fitted model equations with
parameters K and n [42]

n* (kPa-s)
Formulation ~ 1Hz 30Hz  K(kPa.s) n R? values
BO 1.81 0.364 1.53 0.636 0.927
B10 1.1 0.358 0.931 0.777 0910
B20 0.573 0.279 0.509 0.867 0.896
B30 0.458 0.235 0430 0.851 0.956
B45 0422 0.205 0.466 0.740 0.986
RO 2.08 0.152 242 0.118 0.954
R10 0.989 0.282 0.840 0.737 0.947
R20 0.543 0.227 0479 0.834 0.939
R30 0.898 0.379 0.832 0.764 0.977
R45 0.979 0423 1.06 0.698 0.967
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Figure 8. (a) Schematic showing the 2-step process for producing the polybutylene-succinate/succinamide prepolymer and lignin-copolyester/
amides (lignin-copolybutylene-succinate/succinamide), X-ray diffractograms of (b) BS0.8T-0-50%lignin copolymers and (c) BA1-20%lignin
copolymer showing peak fitting, (d) DSC thermograms (1st heating cycle) of BA1-0-50%lignin copolymers (endotherm down) and (e) plot of
glass transition temperature (Tg;) versus lignin content for BA1, BAO.8T, BAO.9T lignin-copolymer [43]. BA1 refers to the butyric acid ester of
cellulose without thiol modification. BA0.9T and BAQ.8T denote thiolated cellulose esters in which approximately 10% and 20% of the hydroxyl
groups in BAT, respectively, have been replaced with thiol (-SH) groups.
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Table 7. Crystallinity determined by XRD of the various lignin-co-polyester/amides [43]

Lignin content (%) BAO.8T BA0.9OT BA1 BS0.8T BS0.9T BS1 BSu0.8T BSu0.9T BSu1
0 22 42 48 48 42 46 30 28 63
10 21 34 18 39 30 41 19 26 69
20 14 16 16 32 27 25 20 15 43
30 8 1 13 12 22 1 1 19 29
40 0 6 8 12 12 10 7 8 13
50 0 3 2 5 4 3 2 1 1

Sample codes indicate the cellulose ester type and thiolation level: BA, BS, and BSu refer to cellulose esters of butyric acid, butyric acid with sulfur,
and butyric-succinic mixed esters, respectively. The number (e.g., 0.8T, 0.9T) denotes the extent of thiol (-SH) substitution, while 1 represents the
unmodified (non-thiolated) form. Measurements were conducted with Cu Ka radiation (\=1.54 A) from 5 °to 40 ° (26) at 1 */min.

Table 8. Thermal transitions (T, and T,) for the various lignin-copolymers determined by DSC [43]

Lignin content BAO.8T BA0.9T BA1 BS0.8T BS0.9T BS1 BSu0.8T BSu0.9T BSu1
Ty1 (C)
0% -49.5 -524 -54.6 -25.7 -233 -26.5 -45.7 -24.2
10% -46.3 -41.5 -46.6 -31.1 -19.0 -23.7 -24.2 -23.1
20% -23.5 -49.6 -21.0 -28.8 -28.7 -23.8 -24.7 -55.0 -24.1
30% -230 -40.0 -55 -5.8 -24.8 -256 -27.5 -494
40% -5.2 -219 -230 -1.2 -7.2 -23.2 -24.2 -23.7 -23.7
50% 19.6 -4.1 43 139 228 10.2 83 -6.3 -239
T (°Q)
0% 273 34.1 40.0 103.8 105.6 103.3 325 453 44.7
10% 27.2 319 393 80.3 964 104.7 415 415 456
20% 30.0 340 353 825 826 1014 40.6 412 44.2
30% 299 371 39.7 416
T,,(C)
10% 126.0 125.0 1229 128.5 1213 120.7
20% 1229 119.7 127.2 125.2 1244 1184
30% 123.6 1214 1214 122.7 131.0 124.6 122.0 1264 119.2
40% 122.0 120.6 1259 1233 1264 1238 1258 123.6
50% 116.1 123.7 1249 123.0 1234 126.6 121.9 1244
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