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Abstract

To reduce the dependence on fossil fuel, empty fruit bunch (EFB) lignin residue, a
waste material generated from second-generation lignocellulosic biomass was used
for the production of biopolyol and biopolyurethanes. The acid—base-catalyzed two-
step liquefaction process was carried out to drive residual lignin into value-added
products. The reaction condition for the second step (base-catalyzed liquefaction)
was optimized to reduce molecular weight and lower the acid number below 5 mg
KOH/g for preparing more suitable biopolyol. The optimal condition was deter-
mined at 2 wt% of catalyst loading and 130 °C reaction temperature for a reaction
time of 60 min. By employing the upgraded two-step liquefaction process, biopolyol
with a molecular weight of 4724 g/mol, a viscosity of 1.14 Pa s and a hydroxyl num-
ber of 816 mg KOH/g was obtained from low-grade lignin. The resulting biopolyol
was converted to biopolyurethane elastomer and biopolyurethane foam with p-TDI
and p-MDI as isocyanate, respectively. The biopolyurethane elastomer exhibited a
high temperature at 10% weight loss T, of 318 °C and temperature at 50% weight
loss Tyso of 386 °C. Besides, the biopolyurethane foam possesses a compressive
strength and density of 99 kPa and 24.8 kg/m®, which are properties comparable
with petroleum-derived polyurethane.

Introduction
Nowadays, environmental problems such as global warming become a critical issue

because there has been an increased reliance on petroleum with increasing petro-
leum consumption. To address these environmental issues, many efforts have been
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made to utilize renewable resources as alternatives to petroleum resources (Lin and
Hsieh 1997; Mohanty et al. 2002; Naik et al. 2010). Among the various renewable
resources, particular interest in second-generation biomass has steadily increased.
Lignin, as a waste byproduct generated from the pretreatment of second-generation
biomass for biosugar production, has many advantages as valuable bioresource
because it is the second abundant renewable biomass with low price. It is recognized
as a promising feedstock in replacing petroleum resources for producing various
biochemicals such as aromatics (Lucia 2008; Watkins et al. 2015).

To produce value-added products from lignin, many thermal conversions and
chemical modifications have been studied and reported such as pyrolysis, liquefac-
tion, oxypropylation, epoxidation, hydroxymethylation. Among these methods, lig-
uefaction is one of the most widely known and used methods due to its outstanding
performance for generating chemicals and materials from various wastes (Tran and
Lee 2018). Fundamentally, liquefaction is a method to decompose the macromole-
cules of biomass into smaller molecules with increased functionality in the presence
of polyhydric alcohol as solvent with an acid or base catalyst (Liang et al. 2006;
Maldas and Shiraishi 1996). In general, acid-catalyzed liquefaction has been mainly
studied because it can produce biopolyol with low viscosity and also improve lique-
faction efficiency (Hu and Li 2014a). However, an unavoidable property of biopol-
yol produced from acid-catalyzed liquefaction is its high acid number, which might
make the subsequent bioplastic production more complex because it needs further
pretreatment (Hu and Li 2014a, b). To solve this problem, acid compounds were
eliminated by neutralization of the filtrate obtained after removing the residue that
was not liquefied through acid-catalyzed liquefaction. In addition, a base catalyst
known to lead to depolymerization of lignin was added to neutralized polyol to pro-
duce biopolyol with low molecular weight and viscosity (Erdocia et al. 2014). Yip
et al. (2009) mentioned that decreasing molecular weight of polyol via liquefaction
is an efficient and controllable method for the desired product. In addition, the vis-
cosity of polyol is known to greatly influence the processing efficiency of polyure-
thane production because using a polyol with relatively low viscosity could facilitate
polyurethane synthesis (Kong et al. 2012). Thus, low molecular weight and viscosity
of biopolyol are important factors for the preparation of biopolyurethane (Luo et al.
2013).

The production of biopolyol from lignin is the center of attention in the polyu-
rethane industry (Luo et al. 2013; Xiao et al. 2013). Polyurethane is widely used
in various fields depending on its physical and chemical properties such as furni-
ture, insulation panel, transportation parts, elastomer, adhesives, coating and sealing
(Levin et al. 1985; Saunders 1988; Kwon et al. 2007). Among the different forms
of polyurethane, polyurethane foam is the most commonly used material in a wide
range of applications such as insulation, packaging, light goods. Although polyure-
thane is widely used in the plastics industry thanks to its good mechanical proper-
ties, there still remain many problems that need to be solved from the environmental
and economic point of view because it is mainly produced from petroleum-derived
polyol and diisocyanate (El-Shekeil et al. 2012; Tan et al. 2011). Therefore, many
efforts have concentrated on producing biopolyol from liquefaction of biomass (El-
barbary and Shukry 2008; Ye et al. 2014; Yu et al. 2006).
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To synthesize high-performance biopolyurethanes, this study aimed to produce low
molecular weight biopolyol without acid compounds via acid—base-catalyzed two-step
liquefaction. Although the two-step liquefaction has been studied in another report, the
authors mainly investigated the effects of crude glycerol impurities (Hu et al. 2014a).
Therefore, this work can be recognized as the first report to reduce the molecular
weight of polyol and remove the acid compounds via acid—base-catalyzed two-step lig-
uefaction. Reaction parameters such as reaction time, base catalyst loading and reac-
tion temperature were optimized for the second-step liquefaction via measurement of
molecular weight, viscosity and hydroxyl number. Further, the properties of the result-
ing biopolyol were compared with biopolyol obtained from one-step acid liquefaction.
In addition, different biopolyurethane forms were synthesized using p-TDI and p-MDI
as isocyanates. The synthesis of biopolyurethanes and their properties as bioplastics
were analyzed by Fourier transform infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA) and determination of compressive strength and density as the basic
mechanical properties. This acid—base-catalyzed two-step liquefaction of EFB lignin
would be a promising and feasible approach for biopolyol production from lignin waste
such as EFB lignin residue.

Materials and methods
Materials

Empty fruit bunch (EFB) lignin residue was kindly provided from the Research Institute
of Chemical Technology in Korea. Polyethylene glycol #300 (PEG300) and glycerol
used as solvent were purchased from Dae-Jung Co. (Gyeonggi, South Korea). The 98%
sulfuric acid (Sam-Chun Co., Seoul, South Korea) and 1 N standard sodium hydrox-
ide bead (Dae-Jung Co., Gyeonggi, South Korea) were used as acid and base catalysts,
respectively. Acetone and 1 N standard sodium hydroxide solution used for fractiona-
tion and neutralization of biopolyols were purchased from Dae-Jung Co. (Gyeonggi,
South Korea). To measure the acid and hydroxyl numbers of the biopolyols, pyridine,
phthalic anhydride and imidazole were obtained from Sam-Chun Co. (Seoul, South
Korea), TCI Co. (Tokyo, Japan) and Sigma-Aldrich Co. (St. Louis, Missouri, USA),
respectively. Ethyl alcohol and 0.1 N and 0.5 N standard sodium hydroxide solutions
were purchased from Dae-Jung Co. (Gyeonggi, South Korea). Poly(propylene glycol)
tolylene 2,4-diisocyanate terminated (p-TDI, Sigma-Aldrich Co., St. Louis, Missouri,
USA), 1,4-dioxane (Dae-Jung Co., Gyeonggi, South Korea), polymeric methylene
diphenyl diisocyanate (p-MDI, Dow Chemical Co., Midland, Michigan, USA) and pre-
resin mix (Piusys., Gyeonggi, South Korea) were used to prepare biopolyurethanes. All
common chemicals were of reagent grade.

Liquefaction process description and experiment

The schematic diagram of the two-step liquefaction of EFB lignin residue is pre-
sented in Fig. 1. During the acid-catalyzed liquefaction, macromolecules of biomass
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were decomposed into smaller molecules with increased functionality. The lique-
fied product is usually assigned as biopolyol due to the presence of more than two
hydroxyl functional groups per molecule. However, the use of acid catalyst might
result in the liquefied product with a high acid number, which is considered not suit-
able for further application to the preparation of biopolyurethane. Therefore, the lig-
uefied biopolyol product was neutralized using NaOH solution. After neutralization,
acetone was used for washing and fractionation of the product. The biopolyol was
completely dissolved in the acetone medium, while the unreacted lignin and residual
biomass were insoluble and subsequently removed from the liquefied product by fil-
tration. After rotary evaporation, acetone was removed and the biopolyol product
was obtained and subjected to second liquefaction using a base catalyst. The use of
base catalyst was reported to produce biopolyol with low molecular weight and vis-
cosity, which facilitates its further utilization in biopolyurethane.

The two-step liquefaction of EFB lignin residue was conducted in a 500-mL
three-neck flask and heating mantle equipped with a thermometer and mechanical
stirrer (Thermo Electron Corp., Madison, WI). In total, 5 g of EFB lignin residue
was added into the flask with 50 g of PEG 300 and glycerol (6/4) and the mixture
was preheated for 60 min at 170 °C. After preheating, 98% sulfuric acid (1 wt%) was
added, and then, acid-catalyzed liquefaction was primarily performed for 60 min.
Upon the termination of acid-catalyzed liquefaction, the flask was separated from
the heating mantle and the obtained polyol was neutralized using 1 N NaOH solution
based on the acid number. Then, the residue was removed via fractionation using
acetone and filter paper (Whatman #4). After acetone evaporated from the mixture,
the flask was again preheated by the heating mantle for 60 min to the desired tem-
perature (110-190 °C) and, then, the effects of time and base catalyst loading on the
base-catalyzed liquefaction step were optimized within the limit of 10—-180 min and
0.5-3 wt%, respectively. After the completion of second base-catalyzed liquefaction,
the heating mantle was removed immediately and the flask was cooled down.

GPC analysis

The molecular weights (M,,) of biopolyols were confirmed using Waters 2795 sepa-
ration modules equipped with a Waters 2414 refractive index detector and Styragel®
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Fig. 1 Schematic representation of two-step liquefaction of EFB lignin residue
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columns, namely Styragel HR 6 DMF, Styragel HR 4E and Styragel HR 5E DMF
(7.8 X300 mm, Waters, Ireland). N, N-dimethylformamide (99.8%) was used as sol-
vent for GPC analysis. The inject volume was 50 pl, and the flow rate was 1 ml/min.

Viscosity determination

Viscometric measurements for biopolyol were taken using a Brookfield laboratory
viscometer with an SC4-21 spindle (Model RVT) at 60 rpm.

Acid and hydroxyl number determination

To neutralize the biopolyol that was liquefied using acid catalyst, the acid number
was measured according to ASTM D4662-08. In total 2 g of biopolyol was dis-
solved into 50 ml of ethanol and titrated to pH 8.0 using a 0.1 N NaOH solution.
The hydroxyl number of the resulting biopolyols from acid-base-catalyzed two-step
liquefaction was measured in accordance with ASTM D4274-05D. One gram of
biopolyol was added to 25 mL of the esterification reagent and dissolved completely
at 100 °C by stirring for 15 min. After heating, the mixture was cooled down to
room temperature and, then, the reaction mixture was titrated using 0.5 NaOH solu-
tion by a digital pH meter (PH 200L, Istek). All measurements were conducted in
duplicates.

Preparation of polyurethane elastomer and foam

The biopolyurethane elastomer was produced from polymerization between biopol-
yol obtained under optimal conditions and p-TDI with 1,4-dioxane. One gram of
biopolyol and 5 mL of 1,4-dioxane were put into a 100-mL beaker. The amount of
biopolyol and p-TDI was set based on the 1:1.1 molar ratio of biopolyl to p-TDIL
In total, 18.39 g of p-TDI was added to the mixture and the reaction was continued
at room temperature by stirring. Once gelation of mixture began, the mixture was
poured into a mold and cured overnight in an oven at 105 °C.

The biopolyurethane foam was produced from biopolyol, pre-resin mix and
p-MDI. The amount of biopolyol and pre-resin mix was set based on the biopolyol
to pre-resin mix of 1:9 (weight ratio), and the amount of mixed polyol and p-MDI
was set at 1:1 based on the weight ratio of mixed polyol and p-MDI. The mixture
was mixed under 900 rpm for about 20-25 s. After finishing of the biopolyurethane
foam synthesis, the final product was kept at room temperature, and then, it was
cured overnight in an oven at 105 °C. For comparison, petroleum-derived polyure-
thane foam was also synthesized without the addition of biopolyol.

Thermogravimetric analysis
The thermal stability of biopolyurethane was confirmed using an SDT Q600 (TA

Instrument). The samples were heated from 20 to 900 °C at a heating rate of 20 °C/
min under a nitrogen atmosphere.
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FTIR analysis

Fourier transform infrared spectroscopy was conducted using a Spectrum One sys-
tem (Perkin-Elmer) to analyze the presence of functional groups of biopolyurethane.
The FTIR spectra were obtained in attenuated total reflectance (ATR) mode in a
frequency range from 4000 to 450 cm™'.

Measurement of compressive strength

The compressive strength of petroleum-derived polyurethane foam and biopolyure-
thane foam was measured according to ISO 844. At least five samples were tested
for measurement of compressive strength, and the average value was presented.

Measurement of density

The density of petroleum-derived polyurethane foam and biopolyurethane foam was
measured according to ISO 845. For each test, at least five foam samples were tested
and the average value was reported.

Results and discussion
Comparison of two-step liquefaction with acid and base catalysts

As a one-step liquefaction, acid-catalyzed liquefaction of EFB lignin and other
lignin residues has been performed and herein the optimized reaction condition for
the first step of acid-catalyzed liquefaction was set based on previous studies (Lee
and Lee 2017; Jo et al. 2015; Jung et al. 2018). The acid-catalyzed liquefaction pro-
duces biopolyol with a high acid number, which might give a negative effect on the
subsequent polyurethane synthesis. Thus, the liquefied product obtained after one-
step acid-catalyzed liquefaction of EFB lignin (named as polyol-A) was subjected
to a second liquefaction in order to increase the biopolyol quality. To understand the
effect of adding various catalysts on recondensation and depolymerization reaction
of the liquefied products obtained after the first liquefaction followed by neutraliza-
tion, acid and base catalysts were used in the second liquefaction step.

Figure 2 shows the molecular weight, viscosity and acid number of biopolyols
obtained from two-step liquefaction using H,SO, or NaOH as the second cata-
lyst (named as polyol-AA, polyol-AB, respectively) at 190 °C for 60 min, com-
pared with polyol-A. When H,SO, was used as the second catalyst, the molecular
weight and viscosity of the resulting polyol (polyol-AA) increased from 15,161
to 15,811 g/mol and from 2.63 to 3.51 Pa s, respectively, due to recondensation
of degraded fragments (Table 1). On the other hand, the addition of NaOH as the
second catalyst gave significantly lower molecular weight (7178 g/mol) and vis-
cosity (0.69 Pa s) of the resulting polyol (polyol-AB). The decrease in molecular
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Fig.2 Effect of catalysts on second-step liquefaction. Polyol-A, -AA and -AB refer to fractionated pol-
yols produced from one-step acid catalyzed liquefaction, two-step acid-acid-catalyzed liquefaction and
two-step acid—base-catalyzed liquefaction, respectively. Residue was removed after one-step acid-cata-
lyzed liquefaction

weight of polyol-AB when using NaOH as the second catalyst might be due to
the presence of nucleophilic reactive functionalities such as —OH groups, which
could cleave not only lignin monomer linkages such as C—O-C groups but also
other chemical groups such as methoxy groups (Fiori et al. 2000; Xu et al. 2014,
2012). With respect to acid number, polyol-AA showed the highest acid number
of 13.7 mg KOH/g due to the addition of acid catalyst, while polyol-AB had zero
acid number. Generally, a high acid number of polyol impedes properties of pol-
yurethane because it causes early hardness when preparing polyurethane (Fiori
et al. 2000). Based on the above results, NaOH was selected as a second catalyst
for the two-step catalyzed liquefaction.

Table 1 Properties of biopolyols produced by liquefaction process under acid and base catalysts

Polyol properties Polyol-A Polyol-AA Polyol-AB
Molecular weight (g/mol) 15,161 +604 15,811 +623 7178 +562
Viscosity (Pa s) 2.63 3.5 0.69

Acid number (mg KOH/g) 4.98+0.02 13.7+0.03 0
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Two-step liquefaction process optimization
Effect of reaction time

First, the reaction time was optimized to achieve efficient two-step liquefaction
of EFB lignin residue because time is an important factor related to the economic
aspect of the production process. Figure 3(a) shows the molecular weight and vis-
cosity of liquefied biopolyols at various reaction times. Chen and Lu (2009) reported
that degradation and recondensation reactions occurring during the liquefaction pro-
cess have a decisive effect on the molecular weight of the material. The molecular
weight of biopolyols decreased from 8692 to 7178 g/mol, because degradation reac-
tion was dominant in the range of 10—60 min and then it increased slightly due to the
competing recondensation reaction. Next, the viscosity of biopolyols was analyzed.
Viscosity is known as an important parameter of a polyol because it is associated
with molecular weight. In addition, viscosity is an indicator of how well a polyol
mixes with an isocyanate in the polymerization reaction to produce polyurethane
(D’Souza et al. 2016). When reaction time increased from 10 to 60 min, the viscos-
ity of biopolyol decreased from 0.79 to 0.69 Pa s, because polymeric compounds
remaining after the first-step acid-catalyzed liquefaction degraded into various low
molecular weight fragments including phenolic products and polyhydroxy poly-
ols. After 60 min, the viscosity and molecular weight of biopolyol increased due
to the predominant recondensation of degraded lignin intermediates and the forma-
tion of C—C bonds in the range of 60—180 min (Roberts et al. 2011). In Fig. 3(b),
the hydroxyl numbers of biopolyols showed similar values between 766 and 811 mg
KOH/g. Li and Ragauskas (2012) mentioned that a suitable hydroxyl number for
polyurethane preparation is between 300 and 800 mg KOH/g. Therefore, the
obtained biopolyol is suitable for biopolyurethane synthesis. Based on these results,
the optimal reaction time for the second-step liquefaction using NaOH catalyst was
60 min, producing a biopolyol with the lowest molecular weight of 7178 g/mol and
viscosity of 0.69 Pa s and a suitable hydroxyl number.

Effect of base catalyst loading

Generally, alkali hydroxide is known to depolymerize lignin into smaller frag-
ments (Pandey and Kim 2011; Strassberger et al. 2014). To confirm how the NaOH
loading affects the chemical properties of biopolyol, optimization of catalyst load-
ing was conducted. As shown in Fig. 4(a), there was no significant change in the
molecular weight and the viscosity with increasing base catalyst loading from 0.5
to 1 wt%. On the other hand, the molecular weight decreased from 7178 g/mol to
5328 g/mol as the base catalyst loading increased from 1 to 2 wt%, and then, it was
almost unchanged. The reduction in molecular weight of biopolyol might be due
to the high catalytic activity of NaOH that accelerates the decomposition of lignin
units. For the viscosity, it rapidly increased from 0.69 to 2.74 Pa s with increasing
NaOH loading from 0.5% to 3% regardless of the molecular weight decrease. The
obtained biopolyol becoming more viscous when increasing the amount of base cat-
alyst might be explained by the slurry formation between the catalyst and reactants
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Fig. 3 Effect of time on second-step liquefaction to produce biopolyol. (a) Molecular weight and viscos-
ity and (b) hydroxyl number. Reaction conditions: liquefaction solvent, PEG 300 and glycerol; liquefac-
tion temperature, 190 °C; acid loading, 1 wt%. Symbols: <> molecular weight; 4 viscosity; ® hydroxyl
number

(Kim et al. 2004; Li et al. 2004). NaOH loading of 2 wt% was selected for produc-
ing low molecular weight polyol. The hydroxyl numbers of biopolyols are shown
in Fig. 4(b). It increased from 726 to 791 mg KOH/g polyol when the base loading
increased from 0.5 to 3 wt%. It is probably due to active cleavage of lignin units and
the introduction of hydroxyl groups into the reactant with increased NaOH load-
ing. The hydroxyl number of the biopolyol in the presence of 2 wt% NaOH catalyst
loading was 780 mg KOH/g, which is in the range of a suitable hydroxyl index for
polyurethane preparation.
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Effect of temperature

Figure 5 represents the effect of reaction temperature on EFB lignin residue-derived
biopolyol production under optimal conditions: liquefaction time of 60 min and base
catalyst loading of 2 wt%. Molecular weights of biopolyols decreased from 5328 to
4724 g/mol as temperature decreases from 190 (pre-set temperature in the previous
optimization experiment) to 130 °C (Fig. 5(a)). This result indicates that the depo-
lymerization of polyphenolic compounds is predominant during liquefaction with
decreasing reaction temperature (Hyon et al. 1997). In case of hydroxyl number of
biopolyols, it increased with decreasing molecular weight (Fig. 5 (b)). Accordingly,
the biopolyol obtained after second liquefaction at 130 °C had a relatively similar
hydroxyl value (816 mg KOH/g) compared with previous studies, indicating that it
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is suitable for polyurethane preparation (Lee and Lee 2017; Jung et al. 2018). Based
on the results, the optimal temperature was selected at 130 °C, where the result-
ing biopolyol possessed the lowest molecular weight of 4724 g/mol and viscosity of
1.14 Pas.

Chemical properties of biopolyurethane elastomer obtained using EFB lignin
residue-derived biopolyol

To evaluate the feasible applications of EFB lignin residue-derived biopolyol, the
produced biopolyol was simultaneously used for the preparation of biopolyurethane
elastomer and biopolyurethane foam using p-TDI and p-MDI as isocyanate, respec-
tively. First, a biopolyurethane elastomer was prepared, and then, thermogravimet-
ric analysis (TGA) was conducted to confirm whether the thermal stability of the
resulting biopolyurethane elastomer prepared with EFB lignin-derived polyol was
improved. Generally, polyurethane is known as thermally unstable plastic mate-
rial because urethane bonds are cleaved between 150 and 220 °C (Javni et al. 2000;
Damartzis et al. 2011). Thermal stabilities of EFB lignin residue and biopolyure-
thane elastomer were evaluated by Ty, (10% weight loss temperature) and Tys
(50% weight loss temperature). As shown in Fig. 6(a), Ty and Tgs, values of EFB
lignin residue were 238 °C and 371 °C, respectively, and biopolyurethane elastomer
showed improved T, of 318 °C and Ts, of 386 °C. The improved thermal stabil-
ity might be due to the increase in intramolecular hydrogen linkages and molecu-
lar weight by polymerization of biopolyurethane (Jena et al. 2007). FTIR analysis
was also performed to confirm the presence of characteristic functional groups of
biopolyol and the resulting biopolyurethane elastomer (Fig. 6(b)). In the biopol-
yol spectra, it was confirmed that -OH and —CH groups increased compared with
EFB lignin residue. It indicates that EFB lignin residue was liquefied successfully
via acid-base-catalyzed two-step liquefaction. The C-O groups (1115, 1048 cm™})
increased remarkably due to the ether group of PEG used as solvent. In the biopol-
yurethane elastomer spectra, intensity reduction of -OH peak was confirmed due to
urethane bond formation between —-NCO group of isocyanate and -OH group of the
biopolyol (Jena et al. 2007). The -C-O—C (1230 cm™!), -N-H (1540 cm™}), -C-N
(1600 cm™), and ~C=0 (1735 cm™') peaks attributed to urethane linkages were
also observed in the spectrum of the biopolyurethane. Based on the results, a ther-
mally stable biopolyurethane elastomer was synthesized successfully using EFB
lignin-derived biopolyol.

Chemical and mechanical properties of EFB lignin residue-derived
biopolyurethane foam

The thermal stability, compressive strength and density of biopolyurethane foam
produced from the resulting biopolyol were compared with those of petroleum-
derived polyurethane foam. In case of TGA analysis, thermal stabilities were com-
pared based on Ty, and Tys, values, representing the temperature at 10 and 50%
mass loss, respectively (Fig. 7). Petroleum-derived polyurethane foam showed T,
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of 295 °C and Ts, of 351 °C. On the other hand, the Ty, and Tgs, values of biopol-
yurethane foam were 287 °C and 339 °C, respectively, showing the thermal stabil-
ity of biopolyurethane foam was almost similar to petroleum-derived polyurethane
foam.

The compressive strength and density were measured to analyze the basic
mechanical properties of biopolyurethane foam (Table 2). Compressive strength
and density are important factors that affect the physical properties of rigid pol-
yurethane foam as a material for insulator (Thirumal et al. 2008). Compressive
strength and density of the petroleum-derived polyurethane foam were 94 kPa
and 25 kg/m?, respectively. On the other hand, biopolyurethane foam showed
a compressive strength of 99 kPa and density of 24.8 kg/m®. This indicates the
biopolyurethane has comparable mechanical properties to the petroleum-derived
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one. The present biopolyurethane foam has a higher compressive strength than
another biopolyurethane foam reported in a previous study (Luo et al. 2013).

Conclusion

Biopolyol was successfully obtained from EFB lignin residue using acid-base-
catalyzed two-step liquefaction with sulfuric acid and sodium hydroxide as the
catalysts. The molecular weight, viscosity and hydroxyl number of the resulting
biopolyol were 4724 g/mol, 1.14 Pa s and 816 mg KOH/g, respectively, which
are suitable for biopolyurethane preparation. Moreover, the acid compounds that
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might decrease the physical properties of biopolyurethane foam were completely
removed by the neutralization process. The resulting biopolyol was used for the
production of biopolyurethane elastomer and foam with p-TDI and p-MDI as iso-
cyanate, respectively. The biopolyurethane elastomer showed a high T, value of
318 °C and Tys value of 386 °C. The biopolyurethane foam showed similar ther-
mal stability to petroleum-derived polyurethane foam. The compressive strength
and density of biopolyurethane foam were 99 kPa and 24.8 kg/m?, respectively,
and are comparable mechanical properties to petroleum-derived polyurethane
foam. The advantage of this technology is that it is simple and can be directly
applied to waste lignin, which is usually considered a low-grade byproduct with
a denatured chemical structure obtained from the processing of lignocellulosic
biomass.

100 -
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200 400 600 800
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Fig.7 Thermal analysis of petroleum-derived polyurethane foam (a) and biopolyurethane foam (b)

Table 2 Mechanical properties
of petroleum-derived
polyurethane foam and
biopolyurethane foam

Foam property Compressive strength  Density
(at 10% strain) (kPa)  (kg/m®)

Petroleum-derived polyurethane 94 25
foam
Biopolyurethane foam 99 24.8
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