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ABSTRACT: The limited availability of fossil resource is causing the urgent need to get renewable chemicals. Solvent liquefaction can

convert rice husk into bio-based chemicals. Rice husk was liquefied in polyhydric alcohol catalyzed by sulfuric acid under atmospheric

pressure. The viscosity, residue content, and weight average molecular weight (Mw) of liquefied rice husk were 3089 cps, 23.6% and

4100, respectively. Prolonging the liquefaction time decreased the residue content and increased the average molecular weight. Poly-

urethane (PU) foams were successfully prepared from the liquefied rice husk with different molar ratios of NCO to OH (NCO/OH).

The mechanical properties of PU foams showed that the compressive strength in the vertical direction is higher than that in the hori-

zontal direction. With Increase of the NCO/OH molar ratio from 1.0 to 2.0, compressive strength in the vertical direction of PU

foams increased from 70.6 to 114.7 kPa at 10% strain. Thermal analysis results showed that thermal stability of liquefied rice husk-

based PU resins was better than that of fossil- and liquefied wood- based PU resins. Increasing the NCO/OH molar ratio and inor-

ganic residue of rice husk can help to increase thermal stability. VC 2017 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2017, 135, 45910.
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INTRODUCTION

Industrial production of fuels and chemicals heavily depended

on fossil resources. The limited availability of resources and the

global warming relative to fossil fuel are creating the urgent

need to get renewable and environmental friendly resource.

Lignocellulosic biomass can be one of the most promising

alternatives to replace the fossil resource.1 Fuels and chemicals

produced from various lignocellulosic materials, such as wood,

bamboo, forest, or agricultural residues. Nowadays, consump-

tion of woody materials is increasing and global number of

trees decreased to ca. 52% in human history.2,3

Agricultural residues are renewable, low-price, and easily obtain-

able biomass resource. For every ton of rice production, ca. 0.23

tons of rice husk are left as crop residues. In 2014, ca. 1.73 mil-

lion tons of rice husk were produced in Taiwan according to

the Council of Agriculture. A number of recent studies focused

on both rice husk and the consequent utilization of rice husk

ash.4 Analysis of rice husk from various countries indicated a

chemical composition of ash 20%, lignin 22%, cellulose 38%,

pentosans 18%, and other organic matter 2% on a dry basis.5

The ash obtained after burning the rice husk contains more

than 90% silica and provides a renewable source of inorganic

constituents.6 Rice husk ash is often added to polymer

formulations and plays the role as rigid filler. Research efforts

have been devoted to exploring the use of rice husk silica in

manufacture of advanced polymeric materials.7–9

Solvent liquefaction could effectively convert biomass from

solid into liquid. Crop residue can be utilized as an alternative

to petroleum chemicals.10 Liquefaction of biomass in the pres-

ence of polyhydric alcohols was utilized in the synthesis of

polyurethane (PU) resins. Liquefied bamboo shoot shell,11

bagasse, and cotton stalks12 were prepared using polyhydric

alcohols and catalyzed by acid. Liquefied corn stalk,13 corn

bran,14 and wheat straw15 were utilized in the preparation of

PU foams with polyhydric alcohol as the main solvent. One

patent showed liquefied rice husk was used to prepare PU

foams.16 Our previous research has liquefied wood in polyhy-

dric alcohol with acid as catalyst and reported successful appli-

cation of liquefied wood for preparation of PU adhesive,17

foams,18 and films,19 These researches demonstrated that the

liquefied biomass can be recommended for replacing polyhy-

dric alcohols of PU resins. Therefore, liquefaction using renew-

able resources from nature would have great potential in

supplying raw materials for the polymer industry. However,

research paper on preparation of PU resins from partially liq-

uefied rice husk has been scarce.20
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To the best of our knowledge, there has been no academic

report on liquefied rice husk used in preparation of PU foam

or assessment of its thermal properties. In this study, liquefac-

tion of rice husk was prepared in polyhydric alcohol catalyzed

by sulfuric acid and the properties of rice husk during liquefac-

tion were measured. Liquefied rice husk was then blended with

polymeric diphenylmethane diisocyanate (PMDI). The mechani-

cal and thermal properties of bio-based PU foams prepared

with different NCO/OH molar ratios were measured to deter-

mine the optimal conditions for PU foam preparation.

EXPERIMENTAL

Materials

Rice husk was obtained from Changhua of Taiwan. The rice

husk was ground in a hammer mill, and then passed through a

twenty-mesh sieve. The powder was dehydrated in an oven at

105 8C for 12 h. Polyethylene glycol (PEG-400; average molecu-

lar weight: 400), glycerin, potassium hydroxide (KOH), and sul-

furic acid were reagent-grade chemicals without pretreatment.

PMDI with the NCO content of 28.19% was used as isocyanate

compound. Organosiloxane and dibutyltin dilaurate/1,2-ethyle-

nediamine were used as surfactant and catalyst.

Preparation of Liquefied Rice Husk

For the liquefaction reaction of rice husk, glass flask equipped

with a stirrer, a thermometer, and a reflux condenser was con-

ducted. PEG-400/glycerol (9/1; w/w) with 3% sulfuric acid as

catalyst were premixed as the liquefaction reagent. The mixture

was stirred and heated to 90 8C by an electric heating mantle.

The weight ratio of liquefaction reagent/rice husk was set at 2.5/

1.0 (w/w). Next, the rice husk powder was added to the reaction

system. After powder was added, the system temperature was

heated to 150 8C for 90 min.

Characterization of Liquefied Rice Husk

Residue Content. Approximately 1 g of liquefied rice husk was

weighed and diluted with 50 mL of dioxane. The dilution was

then filtered through a G3 glass filter in vacuum. The residue

was washed with excess dioxane until it became colorless, and

dried to a constant weight in an oven at 105 8C. The residue

content was calculated according to the following equation:

Percentage residue5WR=W 3100;

where WR is the weight of residue (g) and W is the weight of

rice husk (g).

Viscosity. The viscosity of liquefied rice husk was measured

with a Brookfield rotary viscometer at 25 6 2 8C.

Acid Value. Approximately 8 g of liquefied rice husk was

diluted with 80 mL of dioxane and 20 mL of water, and then

titrated with a 1 N KOH solution. The change in pH was moni-

tored with a pH meter. The neutralization volume of the sample

was obtained from the neutralization curve. The acid value was

calculated according to the following equation:

Acid value5 A2Bð Þ3N3 56:1½ �=W ;

where A and B are the consuming volume (mL) of the KOH at

the neutralization point for sample test and blank test,

respectively; N is the equivalent concentration of KOH solution,

and W is the weight of liquefied rice husk.

Hydroxyl Value. Approximately 1–2 g of liquefied rice husk was

charged into a 250-mL Erlenmeyer flask, followed by adding

10 mL of pyridine-acetic anhydride mixture (7/3; v/v) and grad-

ual heating to the reflux temperature. It was boiled slightly for

20 min and then cooled to room temperature. After this, 25 mL

of toluene and 50 mL of water were added, and the mixture

was then titrated with 1 N KOH solution. The change in pH

was monitored with a pH meter. The neutralization volume of

the sample was obtained from the neutralization curve. The

hydroxyl value was calculated according to the following

equation:

Hydroxyl value5 B2Að Þ3N356:1½ �=W 1acid value

where A and B are the consuming volume (mL) of KOH at the

neutralization point for sample test and blank test, respectively;

and N is the equivalent concentration of KOH solution, and W

is the weight of liquefied rice husk.

FTIR Analysis. The liquefied rice husk was diluted with diox-

ane and filtered through a G3 glass filter. The filtrate was con-

centrated using a rotary vacuum evaporator at 135 8C, followed

by oven drying to remove the dioxane and unreacted polyhydric

alcohol. The residue solid ingredient was ground and mixed

with KBr powder at a weight ratio 1:100. The FTIR spectra

were obtained using a Fourier transform infrared spectrometer

(Mattson Genesis II) with a diffuse reflectance accessory, a deu-

terated triglycine sulfate detector. The spectra were collected

over the wavenumber range 4000–400 cm21 at a resolution of

4 cm21.

Molecular Weight and Weight Distribution of Liquefied Rice

Husk. The molecular weight and weight distributions of lique-

fied rice husk were determined using a Hitachi (Tokyo, Japan)

L-6200A gel permeation chromatograph equipped with a Phe-

nomenex 5 lm 100 A column (Torrance, CA) and monitored

with a UV detector. Acetylation of the liquefied rice husk was

conducted using acetic anhydride/pyridine (1/1; v/v). Samples

were filtered through a 0.45-lm filter film to remove the resi-

due, followed by vacuum evaporation to remove the free PEG-

400/glycerol, unreacted acetic anhydride, and pyridine. The

dried liquefied rice husk was redissolved in THF at a concentra-

tion of 0.1%. The injection volume of the sample was 20 lL.

THF was used as the eluent with a flow rate of 1 mL/min.

Monodispersed polystyrenes were used as standards for calibrat-

ing the molecular weight.

Preparation of PU Foams

For preparing PU foams, NCO/OH molar ratios for liquefied

rice husk were set as 1.0, 1.35, 1.5, and 2.0. Distilled water,

organosiloxane, and dibutyltin dilaurate/1,2-Ethylenediamine

were added as blowing agent, surfactant, and catalyst, respec-

tively. The 2% of blowing agent, surfactant and catalyst is based

on the weight of liquefied rice husk. Next, mixed the previous

mixture thoroughly with the liquefied rice husk. Then isocya-

nate was added under constant stirring for 30 s. The mixture

was finally put into a 12 3 12 3 10 cm3 mold and the foam

was allowed to rise at room temperature. After 1-min rise, the
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foam was allowed to cure at room temperature for 48 h. After

2-min rise, the foam was allowed to cure at room temperature

for 1 h. Finally, the foam was cut into specimens.

Measuring Properties of PU Foams

The compressive strength and density of PU foam specimens

were measured according to ASTM D-1621 and ISO 845:1988,

respectively. The apparent density of PU foam was measured

according to ASTM D 1622-03. The size of the test specimens

was 5 3 5 3 5 cm3. The density was calculated by the weight

and the volume of the specimen. The apparent densities of three

specimens were measured, and then the average values are

reported. The compressive strength was measured using the uni-

versal testing machines (Shimadzu EZ TEST-500N) with loads

both vertical and horizontal to the rising directions of PU foam

specimens. The crosshead speed of compression was set at

0.5 cm/min.

Water absorption and water retention of PU foams were used a

modified method from previous study.21 PU foam specimens

with dimensions of 2 3 2 3 2 cm3 were used for water immer-

sion testing. The water immersion testing was carried out by

dipping the specimens into water, and measuring the rate of

water absorption and water retention after 7 days at room tem-

perature. Water absorption (%) and water retention (g/cm3)

could be calculated as follows: Water absorption (%) 5 (W1 –

W0)/W0 3 100 and water retention (g/cm3) 5 W1/V0; where

W0, W1, and V0 denote initial weights, wet weights and volumes

of PU foams, respectively.

Method of weight retention follows previous investigation.22 PU

foam specimens with dimensions of 1 3 1 3 1 cm3 were used

for weight retention after water and ethanol immersion. The

specimens were immersed into 600 mL of water and ethanol at

50 and 25 8C for 1 h followed by vacuum oven drying at 60 8C

and calculating weight retention.

Three specimens were tested for each experiment.

Measuring Thermal Properties of PU Foam

Thermogravimetric analysis (TGA) of PU foam was performed

using a Perkin-Elmer Pyris 1. The PU foam powder was kept in

a platinum sample pan and heated to 700 8C from room tem-

perature at a heating rate of 10 8C/min. The real-time weight

loss as a function of temperature was recorded during the

experiment.

RESULTS AND DISCUSSION

Characteristics of Liquefied Rice Husk

The chemical composition of rice husk on a dry basis has been

reported as inorganic matter ca. 20% and other organic matter

ca. 80%.5 Analysis of rice husk in Taiwan also revealed composi-

tion of inorganic ash 15.8%. Figure 1 shows variations in vis-

cosity and residue content of liquefied rice husk during

liquefaction. The weight ratio of PEG-400/glycerol to rice husk

was 2.5/1.0. The results indicated that both viscosity and residue

content decreased rapidly in the first 15 min of liquefaction and

then leveled off. The residue contents of liquefied rice husk

were 42.5 and 30.1% at the beginning and 15 min of liquefac-

tion, respectively.

The viscosity, residue content, and water content of liquefied

rice husk were 3089 cps, 23.6 and 4.1% at 90 min of liquefac-

tion. The heartwood and sapwood of liquefied Cryptomeria

japonica yielded 21.4 and 17.5% residual content under the

same reaction conditions.23 The heartwood and sapwood of liq-

uefied C. Japonica showed viscosities of 5920 and 4910 cps,

respectively. A high residue of liquefied rice husk indicated that

the residue contained inorganic matter and caused re-condensa-

tion.24,25 Weight ratio of liquefaction reagent/rice husk was at

2.5/1.0 (w/w). Therefore, the ash of liquefied rice husk is

approximately 4.5%. Previous studies demonstrated rice husk

ash also used as filler for increasing the thermal stability of PU

and wood composites because the ash obtained after burning

the rice husk contains more than 90% silica.8,9 Rice husk ash

provides a renewable source of inorganic constituents. In addi-

tion, liquefied rice husk of low viscosity is more preferable in

the manufacture PU resins.

Acid value is related to the degradation degree of the acetyl

group from lignocellulosic materials. The hydroxyl value can be

employed to indicate the amount of hydroxyl groups present in

the liquefied lignocellulosic materials. For the polyhydric

alcohol-liquefied wood, the hydroxyl value decreases with

increase in etherification between the solvent and wood compo-

nents.26,27 The acid value and hydroxyl value of liquefied rice

husk were 18.9 and 198.6 mg-KOH/g, respectively. On the other

hand, the heartwood of liquefied Japanese cedar had acid value

and hydroxyl value of 21.8 and 315.0 mg-KOH/g,23 respectively.

In our previous research,17,23 Japanese cedar, Taiwan acacia, and

China fir were liquefied in PEG–glycerol co-solvent. Acid num-

ber of liquefied Taiwan acacia and China fir is 25.6 and 38.0 mg

KOH/g. Liquefied wood was used directionally as polyol for

application of PU adhesives. The results demonstrated that the

strength of liquefied wood-based PU adhesives could fit the

requirement of the CNS 11031 standard and PU foams were

successfully prepared from raw liquefied wood. Liquefied wood-

based PU showed the high structural stability. Therefore, we

also used directly liquefied rice husk as polyol for preparation

of PU foam. Moreover, the discrepancy in results can be attrib-

uted to the lower amount of organic matter present in liquefied

rice husk.

Figure 1. Variations of residue content and viscosity of rice husk during

liquefaction. [Color figure can be viewed at wileyonlinelibrary.com]
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FTIR Spectra of Liquefied Rice Husk

The FTIR spectra of rice husk reported by Daifullah et al.28 dis-

played three bands, around 3400, 1080, and 460 cm21. The

broad band around 3400 cm21 was attributable to the existence

of surface hydroxyl groups and chemisorbed water. The siloxane

band appeared around 1080 cm21 due to SiAOASi formation

and the sharp band near 460 cm21 was due to the metal halo-

gen bond. Kamath and Proctor29 indicated that the FTIR band

of rice husk at 3000–3600 cm21 was attributed to the OAH

stretching of the silanol group (SiAOH). The predominant

absorbance band between 800 and 1400 cm21 was due to silox-

ane bonds (SiAOASi) and the network vibration modes were

attributed to the highly compact polymer network.29 Chang

et al.30 also demonstrated that the FTIR bands of rice husk ash

around 1098, 801, and 470 cm21 correspond to amorphous sil-

ica. Yamada and Ono31 indicated that strong bands observed at

1507 and 1603 cm21 might be attributable to the aromatic

compounds of lignin. Boeriu et al.32 demonstrated that carbo-

hydrate originating vibrations are associated with other vibra-

tions in the spectral region 1000–1300 cm21.32 Moreover, FTIR

band of polysaccharides at 1035 cm21 appears as a complex

vibration associated with the CAO, CAC stretching and CAOH

bending.

Figure 2 shows the FTIR spectra of the rice husk, liquefied rice

husk, and residue of liquefied rice husk. FTIR spectrum of rice

husk reflects the chemical structure of lignocellulose and sila-

nols. On the other hand, FTIR bands of carbohydrate are found

at 1000–1300 cm21 in the residue. These results suggested that

the residue comprised mainly inorganic silica-based materials.

The rice husk had a strong and broad absorption band at 3000–

3500 cm21. After liquefaction, this absorption decreased signifi-

cantly, implying that the hydroxide group in woody components

could react with polyhydric alcohol during liquefaction. The

absorption band at 2850–2950 cm21 was attributed to the CAH

and CH2 of aliphatic hydrocarbon. The band at 2850–

2950 cm21 of rice husk increased significantly after liquefaction,

suggesting that PEG 400 and glycerin had reacted with rice

husk and reflected to the structure of liquefied rice husk. The

absorption at 1729 cm21 for liquefied rice husk was attributed

to the C@O stretching vibration that is characteristic of

un-conjugated ketones, aldehydes, and carboxyls. Lignocellulose

was oxidated and formed a new aldehyde group or carboxyl

group in their structure after liquefaction. The band at

1081 cm21 was attributed to the stretching vibration of CAO

of lignocellulose and SiAOASi of rice husk. The band at

471 cm21 was attributed to the amorphous silica and decreased

significantly after liquefaction, indicating that liquefied rice

husk comprised mainly organic materials. The results indicated

that 1081, 804, and 471 cm21 are attributable to amorphous sil-

ica of rice husk. The FTIR result showed that end of silica in

silanol groups (SiAOH) and syloxane groups (SiAOASi) in rice

husk residue and the liquefied rice husk. Kang et al.33 indicated

that silanol groups of substituting surface can react with isocya-

nate and form urethane linkage (SANCO) on silica particles.

Therefore, silanol groups of rice husk residue might help to

reactivity of PU foams.

Molecular Weight Distribution of Liquefied Rice Husk

Figure 3 shows the variations in molecular weight distribution

of liquefied rice husk during liquefaction. Liquefied rice husk

comprised two major fractions of high- (Peak H) and low-

(Peak L) molecular weights, respectively. Kurimoto et al.34 also

reported that the molecular weight distribution curve of lique-

fied wood was divided into two ranges. Prolonging the liquefac-

tion time increased the fraction of high molecular weight.

Kobayashi et al.25 suggested the high-molecular-weight fraction

appeared because the degraded derivatives from the beginning

of wood liquefaction reacted with polyhydric alcohol and recon-

densed with acidic condition. Table I lists the Mw, number aver-

age molecular weight (Mn), and polydispersity (Mw/Mn) of

liquefied rice husk at different times during liquefaction. As can

be seen, the total Mn and Mw ranged from 890 to 1280 and

2200 to 4100, respectively, during liquefaction. Prolonging the

liquefaction time increased the total molecular weight and poly-

dispersity approximately. The Mw of Peak L and Peak H ranged

from 1480 to 1970 and 9800 to 12,100, respectively during liq-

uefaction. With increase in liquefaction time, Peak H increases

significantly while Peak L increases only slightly. At the begin-

ning of liquefaction, the areas of Peak L and Peak H were 48.9

and 50.1%, respectively. However, the areas of Peak L and Peak

Figure 2. FTIR spectra of rice husk, liquefied rice husk and its residue.

Figure 3. Variations in molecular weight distribution of liquefied rice

husk during liquefaction.
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H became 28.2 and 80.1%, respectively, at 90 min of liquefac-

tion time. In other words, during liquefaction, the area of Peak

H increases while that relative area of Peak L decreases.

Kurimoto et al.34 tested six wood species through liquefaction

using PEG-glycerol co-solvent and indicated the polydispersities

of liquefied wood were 24.2–35. Liquefied wood-based PU films

showed rigid mechanical properties because of higher area per-

centage of Peak H as crosslinking agents. Hence, increasing Peak

H can help the mechanical properties of PU foams.

Basic Properties of PU Foams

This study used liquefied rice husk as raw material of polyhy-

dric alcohol, PMDI as isocyanate, water as blowing agent and

organosiloxane as surfactant. The preliminary test results

showed that the PU foams were incompletely reacted and cured.

Dibutyltin dilaurate was used as catalyst, but the PU foam col-

lapsed and shrank, showing that the blowing rate was too rapid

while the drying rate was too slow, thus yielding unstable PU

foam structure. After modifying the formulation and using 1,2-

Ethylenediamine as catalyst instead, successful preparation of

PU foam with stable structure was achieved.

Table II displays the water absorption and solvent resistance of

PU foams made with liquefied rice husk at different NCO/OH

molar ratios. The densities, the water absorption and solvent

resistance of liquefied rice husk-based PU foams are similar

with liquefied wood-based PU foams23 and soybean oil-based

PU foams.35 As can be seen, with increasing NCO/OH molar

ratio, the density of PU foams increased while their water

absorption and water retention decreased. Hence, increasing

NCO/OH molar ratio can help strengthen the network structure

of PU foam because isocyanate is the crosslink agent in curing

reaction. Semsarzadeh and Navarchian36 also demonstrated

similar results. The properties of water absorption and solvent

resistance are similar with liquefied wood-based PU foams.23

Mechanical Properties of PU Foams

In this study, the vertical and horizontal direction defined by

rise direction of PU foams.37 Figure 4 shows the stress-strain

curves obtained by compression testing of PU foams made with

liquefied rice husk as can be seen, the compressive stress in the

vertical direction is higher than that in the horizontal direction

because press was not used in the manufacture of the PU

foams. Kurimoto et al.38 indicated the mechanical properties of

PU films made with liquefied wood depended upon the NCO/

OH ratio used. Table III summarizes the compressive strength

of PU foams at various NCO/OH ratios. As can be seen, the

densities and compressive stress of PU foams increased by 10

and 25%, respectively, with increasing NCO/OH molar ratio.

The results could possibly result in a higher crosslinking density

with increasing NCO/OH molar ratio which accounts for the

improvement in mechanical properties. At NCO/OH molar

ratios 1.0 and 1.5, the strain (98 kpa) in the horizontal direction

Table I. Molecular Weights of Liquefied Rice Husk during Liquefaction

Peak L Peak H TotalTime
(min) Mn Mw Mw/Mn Area (%) Mn Mw Mn /Mn Area (%) Mn Mw Mw/Mn

0 820 1480 1.81 49.9 8300 9800 1.19 50.1 890 2200 2.52

15 960 1770 1.84 44.1 10,300 11,400 1.11 55.9 1080 2900 2.64

30 980 1840 1.87 38.8 10,600 11,900 1.12 61.2 1120 3400 2.86

45 1030 2020 1.97 32.5 10,100 11,400 1.13 67.2 1210 3700 3.05

60 930 1830 1.95 30.4 11,000 12,200 1.11 69.6 1120 3700 3.31

75 930 1830 1.96 27.4 10,900 12,100 1.11 72.6 1170 4000 3.42

90 1040 1970 1.91 28.2 10,900 12,100 1.11 71.8 1280 4100 3.22

Table II. Water Absorption and Solvent Resistance of PU Foams made with Liquefied Rice Husk

Weight retention (%)NCO/OH
ratio

Density
(kg/m3)

Water
absorption (%)

Water retention
(g/cm3) Water Ethanol

1.0 38 1393 0.46 95.4 92.8

1.35 43 713 0.27 97.6 97.4

1.5 47 652 0.21 96.4 98.1

2.0 65 364 0.17 98.7 99.5

Figure 4. Stress–strain curves of PU foam made form liquefied rice husk.

1.0, 1.35, 1.5, and 2.0 are molar ratios of NCO/OH.
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is higher than that in the vertical direction. The strain of hori-

zontal direction decreased from 35.6 to 4.0% and also depended

upon NCO/OH molar ratio. However, the strain of vertical

direction was 4.0–4.8%. Taken together, the results indicated

better compressive strength in the vertical direction than in the

horizontal direction. The compressive strength in the vertical

direction of liquefied rice husk-based PU foams are similar with

soybean oil-based rigid PU foams.35

Thermal Properties of PU Foams

TGA was performed under inert gas flow to investigate the ther-

mal stability of PU foams. Figure 5 shows TGA and DTG curves

of PU foams made with liquefied rice husk. As can be seen, for

all PU foams studied, the thermal degradation started at

approximately 287 8C and could be divided into two stages. The

first stage of weight loss occurred between 280 and 380 8C, the

peaks moved toward high temperature with increasing NCO/

OH molar ratio. Therefore, increase in thermal stability of PU

foams with increasing NCO/OH molar ratio. Previous studies

demonstrated that urethane (200 8C) and urea (250 8C) linkages

are thermally weak links in the structure of PU resins.39,40 As

mentioned above, thermal stability of liquefied rice husk-based

PU foams was better than fossil-based PU resins. Table IV sum-

marizes TGA thermo-analysis parameters at various NCO/OH

ratios. Notably, weight retention of liquefied rice husk-based PU

foams all exceeded 22.1% at 700 8C. In contrast, weight reten-

tion of ethylene glycol (EG)-based and liquefied wood-based

PU resin was lower than 10% at 700 8C.19 The results also

Table III. Compressive Strength of PU Foams made with Liquefied Rice Husk

Compressive strength (kPa) Strain (%)

NCO/OH Densities (kg/m3) Directiona At 10% strain At 25% strain (98 kPa)

1.0 38 Vertical 70.6 74.5 4.6

1.35 43 121.5 114.7 4.2

1.5 47 95.1 99.0 4.0

2.0 65 114.7 131.3 4.8

1.0 38 Parallel 23.5 34.3 35.6

1.35 43 33.3 51.9 16.8

1.5 47 22.5 37.2 17.4

2.0 65 90.2 120.5 4.0

a Rise direction of PU foams.

Figure 5. TGA curves of PU foams made with liquefied rice husk. 1.0, 1.35, 1.5, and 2.0 are molar ratios of NCO/OH. [Color figure can be viewed at

wileyonlinelibrary.com]

Table IV. TGA Thermo-analysis Parameters of PU Foam made with Liquefied Rice Husk

First stage Second stageNCO/OH
molar ratios Onset (8C) Peak (8C) End (8C) Onset (8C) Peak (8C) End (8C)

Weight retention
at 700 8C (%)

1.0 287 339 374 413 424 459 23.1

1.35 288 333 371 397 424 451 22.1

1.5 296 342 377 413 432 449 27.6

2.0 300 344 380 401 435 454 22.7

ARTICLE WILEYONLINELIBRARY.COM/APP

J. APPL. POLYM. SCI. 2017, DOI: 10.1002/APP.4591045910 (6 of 7)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/


demonstrated liquefied rice husk-based PU showed the higher

thermal stability than EG- and liquefied wood-based PU resin

at the first stage. Inorganic residue of rice husk can help

increase thermal stability of liquefied biomass-based polymers.

CONCLUSIONS

In this investigation, rice husk was liquefied in PEG-400/glycerol

cosolvent with the weight ratio of solvent to rice husk as 2.5/1,

and using sulfuric acid as catalyst. The liquefaction temperature

of the mixture was heated to 150 8C and was maintained for 90

min for the liquefaction reaction. The residue content and vis-

cosity of liquefied rice husk were 23.6% and 2888 cps, respec-

tively. The Mw, Mn, and Mw/Mn of liquefied rice husk were

1284, 4137, 3.22, respectively. The liquefied rice husk was

blended with PMDI, organosiloxane, 1,2-Ethylenediamine, and

water to prepare the PU foam specimens. Results showed that

both mechanical and thermal properties of PU foams were

influenced by the molar ratio of NCO/OH. In addition, the

higher the molar ratio of NCO/OH, the better the compressive

strength and thermal stability are. Moreover, the thermal stabil-

ity of liquefied rice husk-based PU foams was better than fossil-

and liquefied wood-based PU resins because of the inorganic

residue of rice husk.
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