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1. INTRODUCTION 

Polyurethane (PU) is the general term used for all 
substances with urethane bonds formed by the reaction 

of polyols with two or more hydroxyl groups and two 
or more isocyanate groups. The mechanical properties, 
such as hardness and flexibility, can be adjusted by 
varying the ratio of the polyol and isocyanate groups. In 
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ABSTRACT

Lignin, a prominent constituent of woody biomass, is abundant in nature, cost-effective, and contains various functional 
groups, including hydroxyl groups. Owing to these characteristics, they have the potential to replace petroleum-based polyols 
in the polyurethane industry, offering a solution to environmental problems linked to resource depletion and CO2 emissions. 
However, the structural complexity and low reactivity of lignin present challenges for its direct application in polyurethane 
materials. In this study, Kraft lignin (KL), a representative technical lignin, was fractionated with ethanol, an eco-friendly 
solvent, and mixed with conventional polyols in varying proportions to produce polyurethane films. The results of ethanol 
fractionation showed that the polydispersity of ethanol-soluble lignin (ESL) decreased from 3.71 to 2.72 and the hydroxyl 
content of ESL increased from 4.20 mmol/g to 5.49 mmol/g. Consequently, the polyurethane prepared by adding ESL was 
superior to the KL-based film, exhibiting improved miscibility with petrochemical-based polyols and reactivity with isocyanate 
groups. Consequently, the films using ESL as the polyol exhibited reduced shrinkage and a more uniform structure. Optical 
microscope and scanning electron microscope observations confirmed that lignin aggregation was lower in polyurethane with 
ESL than in that with KL. When the hydrophobicity of the samples was measured using the water contact angle, the addition 
of ESL resulted in higher hydrophobicity. In addition, as the amount of ESL added increased, an increase of 7.4% in the 
residual char was observed, and a 4.04% increase in Tmax the thermal stability of the produced polyurethane was effectively 
improved.
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addition, owing to its excellent durability, toughness, 
and chemical resistance, it is used in various industrial 
fields such as coatings, adhesives, foams, films, textiles, 
and medical care (Das and Mahanwar, 2020; Kim et al., 
2002; Lee and Oh, 2023; Li et al., 2017). However, 
both polyols and isocyanates, the main raw materials of 
PU, are manufactured in the petrochemical industry and 
use large amounts of energy in the production process, 
which leads to environmental pollution issues such as 
carbon dioxide emissions and resource depletion. There-
fore, there has been growing interest in the need for a 
variety of environmentally friendly materials to replace 
petrochemical-based materials (Akindoyo et al., 2016).

Lignin is the second most abundant natural biomass 
polymer on Earth and is a major by-product of the 
chemical treatment of wood fibers in the pulp industry 
(Bang et al., 2022; Hwang et al., 2021). It is an amor-
phous three-dimensional molecule formed by random 
radical cross-linking polymerization between phenyl-
propanoid monomers during biosynthesis (Kim et al., 
2019), with varying compositions of p-coumaryl alcohol 
(H-unit), coniferyl alcohol (G-unit), and synapyl alcohol 
(S-unit) depending on the plant source (Figueiredo et 
al., 2018; Zendrato et al., 2021). Lignin molecules con-
tain a variety of functional groups, including phenolic 
hydroxyl, carboxyl, methoxy, and aldehyde groups, indi-
cating their potential use as high-value added materials 
in various industrial fields (Hasan et al., 2023; Lee et 
al., 2021a). In particular, they have the potential to 
replace petrochemical-based polyols owing to their high 
hydroxyl content. In addition, they have various advan-
tages such as low cost, high thermal stability, biodegrad-
ability, UV protection, antioxidation, and thermal sta-
bility (Choi et al., 2021; Das and Mahanwar, 2020; Kim 
et al., 2023a), etc. However, most lignin is utilized only 
for energy recovery in the paper industry (Bang et al., 
2023; Kwak et al., 2016), and the technology has not 
been fully developed because of its low miscibility and 
reactivity (Park et al., 2023). In the biosynthesis of 

lignin, it has an irregular structure and a wide molecular 
weight distribution, making it difficult to introduce into 
raw polymer materials that require chemical reactions. 
This results in their aggregation and poor miscibility 
with other substances and solvents (Ajao et al., 2019; 
Jääskeläinen et al., 2017). Therefore, to incorporate 
lignin into the PU industry, it is essential to have a low 
molecular weight, good polydispersity (PDI), high hy-
droxyl group content, and high reactivity.

Solvent fractionation is the most efficient method to 
improve the uniformity of lignin, offering the flexibility 
to obtain the desired lignin molecular weight based on 
solvent selection (Kim et al., 2017; Lee et al., 2021b; 
Park et al., 2018, 2020). Moreover, solvent fractionation 
is less expensive than other methods and can be easily 
combined with other processes (Kang et al., 2013; Pang 
et al., 2021; Watumlawar and Park, 2023). Solvent frac-
tionation can also increase lignin purity. Because lignin 
and hemicellulose are strongly bound to each other in 
the lignin-carbohydrate complex (Fatriasari et al., 2020), 
solvent fractionation can remove hemicellulose, which is 
strongly bound to some of the lignin (Gigli and Crestini, 
2020). Ethanol is a popular solvent for the solvent frac-
tionation of lignin. Because it is a polar protic solvent, 
it can induce the demethylation of lignin, which is fa-
vorable for increasing the hydroxyl content (Ponnuchamy 
et al., 2021). In addition, it is inexpensive and eco- 
friendly compared with other organic solvents, and its 
low boiling point makes it more reusable than other 
solvents (Tekin et al., 2018). Therefore, in this study, 
ethanol was selected as the solvent for lignin fractiona-
tion.

In this study, kraft lignin (KL), the most commonly 
used technical lignin for lignin applications, was used. 
The lignin was fractionated using ethanol, which is an 
eco-friendly solvent, so that it could have suitable pro-
perties to replace petroleum-based polyols. Additionally, 
PU films were prepared using KL and ethanol-fractiona-
ted lignin as biopolyols with 4,4'-diphenylmethane diiso-
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cyanate (MDI), and their physicochemical properties 
were evaluated.

2. MATRERIALS and METHODS

2.1. Materials

KL was kindly provided by Moorim P&P (Ulsan, 
Korea). The KL was dried in an oven for 24 h before 
use. Polyethylene glycol (PEG, Mn = 400) and ethanol 
(99%) were purchased from SamChun Chemical (Seoul, 
Korea); MDI (NCO% = 33.6) and Tetrahydrofuran (THF, 
99%) were purchased from Daejung Chemicals & Metals 
(Siheung, Korea); and dibutyltin dilaurate (DBTDL) was 
purchased from Junsei Chemical (Tokyo, Japan). 
2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane 
(TMDP), pyridine, deuterated chloroform (CDCl3), cy-
clohexanol, and chromium acetylacetonate were purcha-
sed from Sigma Aldrich (Yongin, Korea).

2.2. Ethanol fractionation of kraft lignin

To obtain ethanol-soluble lignin (ESL), dried KL was 
added to 200 mL ethanol and stirred at room temperature 
for 24 h (400 rpm). Subsequently, ESL and ethanol- 
insoluble lignin (EIL) were separated using a vacuum 
filter with a 3 µm pore size filter paper. The ESL solu-
tion was obtained through rotary evaporation, and EIL 
was dried in a 60℃ oven for 24 hours. The filtered EIL 
solid was dried in an oven using filter paper. The ESL 
yield was calculated based on the weights of the dried 
EIL. The ESL yield was calculated using Equation (1):

  

   
× (1)

Where χ0 is the weight of the dried KL before 
fractionation and χpaper is the weight of the filter paper. 
χEIL is the weight of the dried EIL sample (Lee et al., 
2021b; Park et al., 2018).

2.3. Preparation of base lignin and 
fractionated lignin-based polyurethane 
films

Lignin-based PU films were prepared using a solvent 
casting method (Wang et al., 2019). First, PEG and MDI 
were added to THF (40 mL) in appropriate ratios, 
followed by the addition of 5 wt% DBTDL as a 
catalyst. MDI provides isocyanate groups that react with 
hydroxyl groups to form urethane bonds. The mixture 
was stirred at 60℃ for 30 min to prepare a prepolymer 
(400 rpm). KL and ESL were then added, and the 
resulting mixture was stirred again at 60℃ for 30 min. 
The mixed solution was sonicated to remove the 
residual bubbles. The solution was poured onto a Teflon 
plate with a diameter of 10 cm, and the solvent was 
evaporated in a hood for 24 h. The films were then 
cured at 60℃ in an oven for 48 h. The ratios of the 
films are listed in Table 1.

2.4. Characterization of kraft lignin, 
ethanol-soluble lignin and 
lignin-based polyurethane

The molecular weights of KL, ESL, and EIL were 
measured by gel permeation chromatography (GPC, 
LC-40, Shimadzu, Kyoto, Japan) with THF as the 
solvent. Additionally, the hydroxyl group content of each 
sample was measured using phosphorous-31 nuclear 
magnetic resonance (31P NMR; Advance 600 MHz high- 
resolution spectrometer, Bruker, Ettlingen, Germany). 
Each lignin sample was dried in an oven for 24 hours, 
followed by weighting 20–25 mg. Then 400, 150, and 
70 µL of solvent solution, mixture solution, and TMDP 
were added, respectively. The solvent solution was pre-
pared by mixing pyridine and CDCl3 at a 1.6:1 V/V 
ratio. The mixture was prepared by adding 100 mg of 
cyclohexanol and 90 mg of chromium acetylacetonate to 
25 mL of the prepared solvent solution.

Fourier transform infrared spectroscopy (FT-IR, Sum-
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mit, Thermo Fisher Scientific, Waltham, MA, USA) in 
attenuated total reflectance mode was performed to con-
firm the chemical bonding characteristics of the lignin- 
based PU. The range scanned was 4,000–525 cm–1, with 
a scan resolution of 4 cm–1. The surface and cross- 
section of the lignin-based PU were observed using an 
optical microscope (OM, ECLIPSE LV100ND, Nikon, 
Tokyo, Japan) and a field-emission scanning electron 
microscope (FE-SEM, SUPRA 55VP, Carl Zeiss, 
Oberkochen, Germany), respectively. The SEM samples 
were coated using a platinum sputter coater (EM 
SCD005, Leica, Wetzlar, Germany). The hydrophobicity 
of the lignin-based PU was analyzed using water contact 
angle measurements and a swelling ratio evaluation. For 
water contact angle analysis, ImageJ software (National 
Institutes of Health, Bethesda, MD, USA) was used. To 
evaluate the swelling ratio, all samples were dried in a 
60℃ oven for 24 hours. The dried samples were cut into 
1 cm × 1 cm pieces, placed in 20 mL of distilled water, 
removed after five days, and weighed after removing 
any remaining surface moisture. This value was calcula-
ted using Equation (2):

  

 
×  (2)

Where m0 is the weight of the dried sample and ms 
is the weight of the swollen sample.

The thermal behavior of KL and ESL and the thermal 
stability of the lignin-based PU were measured using 
thermogravimetric analysis (TGA, TA Instruments, New 
Castle, DE, USA) and derivative thermogravimetry 
(DTG). The samples were heated from room temperature 
to 800℃ at a heating rate of 10℃ min–1.

3. RESULTS and DISCUSSION

3.1. Chemical structure analysis of kraft 
lignin, ethanol-soluble lignin and 
ethanol-insoluble lignin

After lignin-ethanol fractionation, the mass yield of 
ESL was 72.4 wt% of the initial KL. These results are 
similar to those of a previous study (Ponnuchamy et al., 
2021). Fig. 1(a) shows the FT-IR spectra of lignin 
obtained after the ethanol fractionation of lignins (ESL 
and EIL) and the original KL. The broad peaks at 3,500
–3,000 cm–1 represent aliphatic and aromatic hydroxyl 
groups, whereas the peak at 2,940 cm–1 represents C-H 
symmetric vibrations. The peak at 1,700 cm–1 is attribu-
ted to the stretching of unconjugated carbonyl and con-
jugated ester bonds from phenolic acids, while the peaks 

Table 1. Chemical composition of PU samples

Variable PEG PEG1/KL1 PEG2/KL1 PEG3/KL1 PEG1/ESL1 PEG2/ESL1 PEG3/ESL1

PEG (wt%) 59.7 30.8 40.6 45.5 29.3 39.4 44.4

KL (wt%) . 30.8 20.3 15.2 . . .

ESL (wt%) . . . . 29.3 19.6 14.8

MDI (wt%) 37.3 35.4 36.1 36.4 38.5 38.1 37.9

DBTDL (wt%) 5 5 5 5 5 5 5

NCO index 100 118 120 112 118 109 108

NCO/OH ratio 1.0 1.0 1.0 1.0 1.0 1.0 1.0

PU: polyurethane, PEG: polyethylene glycol, KL: kraft lignin, ESL: ethanol-soluble lignin, MDI: 4,4'-diphenylmethane 
diisocyanate, DBTDL: dibutyltin dilaurate.



J. Korean Wood Sci. Technol. 2024, 52(3): 221-233

- 225 -

observed at 1,599, 1,510 and 1,423 cm–1 are indicative 
of the vibrational frequencies of the aromatic backbones. 
It can be seen that all three types of lignin have a 
similar chemical structure, and the fractionation did not 
alter the structure. Fig. 1(b) and Table 2 show the 
hydroxyl content of each lignin obtained from the 
31P-NMR measurements. After ethanol fractionation, the 

amount of aliphatic OH increased from 0.38 mmol/g to 
1.59 mmol/g, while the aromatic hydroxyl content re-
mained almost unchanged. Consequently, the total hy-
droxyl group content increased more in ESL than in KL. 
Table 3 shows that Mn, Mw, and PDI all had lower ESL 
values than KL, decreasing from 840 Da to 490 Da, 
3,140 Da to 1,340 Da, and 3.71 to 2.72, respectively. 
Therefore, ethanol fractionation makes it possible to 
obtain low-molecular-weight lignin with a high hydroxyl 
content and improved molecular uniformity.

Fig. 1. Characterization of KL, ESL and EIL. (a) FT-IR spectra and (b) 31P-NMR spectra of KL, ESL and EIL. 
KL: kraft lignin, ESL: ethanol-soluble lignin, EIL: ethanol-insoluble lignin, FT-IR: Fourier transform infrared 
spectroscopy, 31P-NMR: phosphorous-31 nuclear magnetic resonance.

Table 2. 31P-NMR analysis of KL, ESL and EIL

Variable KL ESL EIL

Aliphatic OH 
(mmol/g) 0.38 1.59 0.93

COOH 
(mmol/g) 0.01 0.04 0.02

C5 condensed 
(mmol/g) 2.65 2.65 2.02

Guaiacyl OH 
(mmol/g) 1.16 1.12 0.80

Total OH 
(mmol/g) 4.20 5.49 3.77

31P-NMR: phosphorous-31 nuclear magnetic resonance, KL: 
kraft lignin, ESL: ethanol-soluble lignin, EIL: ethanol- 
insoluble lignin.

Table 3. Number-average molecular weight (Mn), 
weight-average molecular weight (Mw) and polydis-
persity (PDI) of KL, ESL and EIL determined by 
GPC

Variable KL ESL EIL

Mn (Da) 840 490 770

Mw (Da) 3,140 1,340 4,970

PDI 3.71 2.72 6.50

KL: kraft lignin, ESL: ethanol-soluble lignin, EIL: ethanol- 
insoluble lignin, GPC: gel permeation chromatography.
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3.2. Thermal properties of lignin and 
ethanol-fractionated lignin

The thermal properties of KL and ESL were con-
firmed using TGA, and the results are shown in Fig. 1. 
Both lignins showed similar thermal properties, with 
four main types of decomposition. The initial stage, 
which occurs up to approximately 120℃, is characterized 
by a loss in weight due to the evaporation of residual 
moisture. Subsequently, in the temperature range of 
120℃ to 400℃, the degradation is marked by the dis-
ruption of bonds with relatively low binding energy, en-
compassing processes such as dehydrogenation, hydroxyl 
cracking, and the cleavage of ether bonds. Following 
this, pyrolysis occurs within the temperature range of 
400℃ to 600℃, involving the breaking of β-O-4 and α- 
O-4 linkages, consequently leading to the generation of 
phenolic compounds. The final stage, observed between 
600℃ to 800℃, is defined by the fracture of aromatic 
rings within the lignin structure. At this stage, decompo-
sition of the functional groups within the lignin mole-
cule was facilitated, leading to the formation of new 
bonds between the side chains. This process ultimately 
resulted in the generation of char. The TGA and DTG 
graphs in Fig. 2 show that the differences in Tmax and 

residual char between KL and ESL were not significant. 
This suggests that ethanol fractionation did not markedly 
alter thermal characteristics.

3.3. Morphology characterization of lignin 
and fractionated lignin-based 
bio-polyurethanes

By manufacturing lignin-based PU via solvent casting 
(Fig. 3), a film with a more stable structure was ob-
tained when ESL was used than when KL was used. In 
particular, the KL-added PU film exhibited a wrinkled 
form and strong shrinkage as the addition ratio of KL 
increased, whereas such shrinkage and wrinkle forma-
tion were not observed in the ESL-applied film. The 
morphological characteristics of the PU films prepared 
using the lignin-based biopolyol were analyzed using 
OM (Fig. 4) and SEM (Fig. 5). Fig. 4 shows the OM 
image of the lignin-based PU film. In the case of the 
PU film containing KL, lignin aggregates were obser-
ved; as the ratio of KL increased, the size of the 
aggregates also increased. Meanwhile, in the case of the 
PU film to which ESL was applied, the formation of 
aggregates was suppressed, and the size of the produced 
aggregates was smaller than that of KL. Fig. 5 shows an 

Fig. 2. Thermal properties of KL and ESL. (a) TGA graph and (b) DTG graph of KL and ESL. KL: kraft lignin, 
ESL: ethanol-soluble lignin, TGA: thermogravimetric analysis, DTG: derivative thermogravimetry.
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SEM image of the fractured surface of a PU film treated 
with lignin as a biopolyol. Similar to the OM results, in 
the case of the PU film containing KL, lignin aggregates 
were observed on the fracture surface. The aggregation 
of these lignin molecular structures can be attributed to 

enhanced intermolecular interactions such as π-π in-
teractions, hydrogen bonds, and dispersion force as the 
molecular size of lignin increases (Kim et al., 2023b). 
This strong aggregation of the lignin molecules ultima-
tely causes shrinkage of the resulting PU film. In addi-

Fig. 3. Digital images of lignin-based PU films prepared by solvent casting (bar = 500 mm). PEG: polyethylene 
glycol, KL: kraft lignin, ESL: ethanol-soluble lignin, PU: polyurethane.

Fig. 4. OM images of lignin-based PU films (bar = 100 μm). PEG: polyethylene glycol, KL: kraft lignin, ESL: 
ethanol-soluble lignin, OM: optical microscope, PU: polyurethane.
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tion, the complex structure of the original lignin reduced 
the extent to which the hydroxyl groups in the molecule 
reacted with isocyanate. This causes the unreacted lignin 
to aggregate during polymerization. Meanwhile, in the 
case of PU with ESL, no aggregates were observed on 
the fracture surface, and small voids were observed, 
which is a general phenomenon that occurs in solvent 
casting. ESL has a higher hydroxyl group content and a 
less complex structure than KL, allowing it to react well 
with MDI to form a continuous network and effectively 
replace PEG, a traditional petrochemical-based polyol 
(Haridevan et al., 2022). In addition, as shown in Table 
2, ethanol fractionation resulted in a higher hydroxyl 
content, which increased the number of active hydroxyl 
groups and made them more reactive (Ding et al., 2018).

3.4. Chemical structure analysis of 
bio-polyurethane films

The FT-IR spectra of the lignin-based PU films are 
shown in Fig. 6. As shown in Fig. 4, the FT-IR spectra 
of lignin-based PU films with different proportions of 
lignin were similar. First, the disappearance of the peaks 

around 3,600–3,000 cm–1 corresponding to the hydroxyl 
group and 2,270 cm–1 corresponding to the isocyanate 
group indicates that both functional groups participated 
in the urethane bonding reaction. As the lignin content 
increased, the 1,700 cm–1 peak corresponding to the 
carbonyl group (C = O) decreased because the hydroxyl 
group density and reactivity of aromatic lignin were 
lower than those of chain-type PEG. Compared to the 
KL-based film, the carbonyl group (C = O) peak reduc-
tion phenomenon of the ESL-based urethane film was 
relatively weak. This means that as the molecular weight 
of lignin decreases and the hydroxyl group content per 
unit mass increases during the ethanol fractionation 
process, it becomes easier to participate in the urethane 
bond. The FT-IR results show that ESL has good reac-
tivity and more hydroxyl groups than KL in the PU 
films, and thus has a high potential to replace conven-
tional petrochemical-based polyols.

3.5. Hydrophobicity of bio-based 
polyurethane

Lignin is synthesized by random radical polymeriza-

Fig. 5. SEM images of the fracture surfaces of lignin-based PU films (bar = 2 μm). PEG: polyethylene glycol, 
KL: kraft lignin, ESL: ethanol-soluble lignin, SEM: scanning electron microscope, PU: polyurethane.



J. Korean Wood Sci. Technol. 2024, 52(3): 221-233

- 229 -

tion during biosynthesis, resulting in a complex, three- 
dimensional heterogeneous structure and an abundance 
of benzene rings, which form a solid structure that 
prevents water and insects from entering the wood. 
Thus, lignin is responsible for the hydrophobicity of 
wood (Bang et al., 2022; Novo-Uzal et al., 2012). It is 
expected that using lignin as a polyol can impart 
hydrophobicity to PU films. Fig. 7(a–g) show the water 
contact angles of the PU films prepared with different 
PEG/lignin ratios. The contact angle of PU with lignin 
as the biopolyol is larger than that of PU with PEG 
only. This means that when lignin is introduced into PU 
films, the hydrophobic properties of lignin are imparted 
to the films. Also, the contact angle of the PU film 
using ESL polyol was larger than that of KL. Fig. 7(h) 
shows the swelling ratios of the PU films. The films 
with KL showed a larger swelling ratio than the petro-
chemical-based PU, whereas the films with ESL showed 
a smaller value. It can also be seen that the contact 
angle decreased significantly and the swelling ratio 
increased significantly as the amount of added KL 
increased. However, the contact angles and swelling 
ratios did not change significantly with the amount of 
ESL added to the films. This reason can be interpreted 
as the miscibility of lignin, and as shown in Figs. 4 and 
5, ESL with a small molecular weight and high hydroxyl 
group content has better miscibility with petrochemical- 

based polyols, reacts well with isocyanate groups and 
can better form urethane bonds than KL. Therefore, be-
cause the hydrophobicity of the film is caused by lignin, 
the ESL-based films with well-dispersed lignin exhibited 
pronounced hydrophobicity.

3.6. Thermal property of bio-based 
polyurethanes

TGA was performed to evaluate the thermal stability 
of the PU films using lignin-based polyols. The TGA 
and DTG results for lignin-based PU are shown in Fig. 
6(a) and (b), respectively. The thermal degradation 
behavior of petroleum-based PU can be divided into 
three main phases. The initial trace heat loss was attri-
buted to the evaporation of residual solvents and water. 
The subsequent pyrolysis behavior seen around 250℃ is 
caused by the degradation of unstable urethane bonds 
(Wang et al., 2013). Finally, it can be seen that the 
amount of residue above 500℃ rises with increasing 
lignin addition. The TGA results showed that PEG2/ 
KL1 and PEG2/ESL1, which had relatively low lignin 
polyol contents, showed initial thermal decomposition 
behavior similar to that of PU using only PEG polyol, 
but the residual amount of char was low. This is due to 
the presence of unstable urethane linkages in lignin- 
based polyols. Meanwhile, in the case of PEG1/ESL1, 

Fig. 6. The FT-IR spectrum of lignin-based PU films. PEG: polyethylene glycol, ESL: ethanol-soluble lignin, 
KL: kraft lignin, FT-IR: Fourier transform infrared spectroscopy, PU: polyurethane.
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which had a high lignin content, the residual char 
amount was 7.4% higher than that of PU using existing 
PEG. This is because ESL was well incorporated into 
the PU network structure to stably form urethane bonds, 
which improved the conversion rate to polyaromatic 
hydrocarbons (PAH) by adding lignin. This indicates 
that the thermal properties of the prepared PU can be 
improved by purifying the lignin and controlling the 
PEG/lignin polyol content (Fig. 8).

4. CONCLUSIONS

In this study, PU films with KL and ESL were pre-
pared to explore the possibility of utilizing lignin as a 
replacement for polyols in petrochemically based PU. 
First, KL and ESL were compared, and the molecular 
weight of ESL was found to be lower than that of KL, 
whereas the hydroxyl content of ESL was higher than 
that of KL, confirming the potential of ESL to replace 

Fig. 7. Hydrophobic properties of lignin-based PU films. (a–g) Water contact angle and (h) swelling ratio of 
the PU film prepared at different PEG/lignin ratio of polyol. (a) PEG1/KL1, (b) PEG2/KL1, (c) PEG3/KL1, 
(d) PEG1/ESL1, (e) PEG2/ESL1, (f) PEG3/ESL1, and (g) PEG1. PEG: polyethylene glycol, ESL: ethanol-soluble 
lignin, KL: kraft lignin, PU: polyurethane.
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petrochemical-based polyols. PU films were prepared 
with each type of lignin, and the results showed that 
lignin aggregation was minimized when ESL was added. 
This is due to the high miscibility of ESL with petro-
chemical-based PEG polyols and, thus, their improved 
reactivity with isocyanate groups. It was confirmed that 
the addition of the ESL increased the contact angle and 
lowered the swelling ratio, thereby providing hydropho-
bicity. Finally, the TGA results showed that a large 
amount of PAH residue was obtained in the ESL-based 
PU compared to the petrochemical-based PU, indicating 
that the addition of lignin polyols can impart thermal 
stability to the prepared PU materials.
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