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ABSTRACT: The biocomposites composed of sorbitol polyglycidyl ether (SPE), tung oil-pyrogallol resin (TPG), and wood flour (WF)

were prepared by the compression molding at 190�C, and their thermal and mechanical properties were investigated in detail. The

epoxy/hydroxy ratio was fixed to 1/1 in the curing reaction of SPE and TPG, based on the fact that the degree of addition of pyrogal-

lol to each tung oil molecule for the TPG used as a flexible bio-based hardener is evaluated to be 2.3 by 1H-NMR method. The SPE-

TPG/WF biocomposites showed much higher storage moduli than SPE-TPG did, although tan d peak temperatures of the biocompo-

sites (44.5–45.6�C) were a little lower than that of SPE-TPG (53.5�C). Tensile moduli of the biocomposites increased with an increase

of WF content in the range of 0–50 wt %. Furthermore, the biocomposites had a little higher tensile strength than the cured neat

resin did. Field emission-scanning electron microscopy analysis of the biocomposites revealed that WF is tightly incorporated into the

crosslinked epoxy resins. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Renewable resources-derived polymers (bio-based polymers)

and their composites with natural/bio fibers (biocomposites)

have attracted attention in recent years due to increasing envi-

ronmental concern and restricted availability of petrochemical

resources.1 Most recently, much focus is being placed on bio-

based thermosetting resins such as epoxy resins, phenol resins,

unsaturated polyester resins, and their biocomposites, because

their materials are hard to be recycled due to the infusible and

insoluble properties.2–4 As examples of the bio-based epoxy res-

ins, there are many references on epoxidized vegetable oils5–10

and lignin-based epoxy resins,11–14 etc. We have also reported

on the preparation and properties of glycerol polyglycidyl ether

(GPE)15 cured with tannic acid (TA) and sorbitol polyglycidyl

ether (SPE) cured with quercetin,16 and their biocomposites

with wood flour (WF). The GPE/TA/WF and SPE/TA/WF

biocomposites had much higher tensile modulus than the cured

GPE/TA and SPE/TA resins, respectively. However, the tensile

strength and elongation at break of the WF biocomposites were

rather lower than those of the cured resins. Therefore, in order

to prepare the WF biocomposite with well-balanced tensile

properties, it is necessary to use a multifunctional bio-based

hardener containing a more flexible unit than TA did. Vegetable

oils such as soybean oil and tung oil (TO) and bio-based

phenols such as cardanol and pyrogallol (PG) are promising

raw materials for the preparation of flexible bio-based phenolic

epoxy hardeners. TO is a triglyceride extracted from the seeds

of the tung tree (Aleurites fordii), in which � 80% of the fatty

acid chains is a-eleostearic acid, that is, 9-cis,11,13-trans-octade-

catrienoic acid.17,18 Therefore, TO with the conjugated triene

moiety shows a characteristic reactivity which is not seen in the

convention soybean oil and linseed oil, etc. From the past stud-

ies, it was found that the reaction of soybean oil and phenol in

the presence of a super acid such as trifluoromethanesulfonic

acid or tetrafluoroboric acid produce a complex mixture of phe-

nolated soybean oils oligomerized by Diels-Alder reaction.19,20

In contrast, the reaction of TO and phenol smoothly proceed in

a mild acidic condition without the formation of oligomerized

materials to produce a desired TO-phenol resin.21–24 On the

other hand, cardanol is a phenol meta-substituted with a flexible

unsaturated hydrocarbon chain, which is derived from cashew

nutshell liquid.25 There have been many studies on the utilization

of cardanol to phenol resins26–28 and epoxy resins,28–31 and some

of them have been already commercialized by Cardolite Corp.

(Newark, NJ) and Shanghai Meidong Biomaterials Co. (Shanghai,

China), etc. PG is obtained by decarboxylation of gallic acid

which is a basic component of hydrolysable tannin. In the past

studies, PG-formaldehyde resin32 and TO-PG resin33 (TPG) have
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been successfully synthesized and applied for a thermosetting

wood adhesive and a positive photoresist developed by alkaline

solutions, respectively. However, the 1H-NMR spectral data and

the application of TPG to a hardener or precursor of an epoxy

resin have not yet been reported. In this study, the degree of

addition of the TPG synthesized by the reaction of PG and TO

in the presence of p-toluenesulfonic acid is determined by 1H-

NMR method, and the obtained TPG is used as a hardener of

SPE which is prepared by the reaction of bio-based sorbitol and

epichlorohydrin. Furthermore, the thermal and mechanical prop-

erties of the cured SPE/TPG/WF biocomposites are investigated

as compared with those of the cured SPE/TPG resin. Our atten-

tion is focused on the development of the bio-based epoxy/poly-

phenol/WF composite having well-balanced tensile properties.

EXPERIMENTAL

Materials

SPE (DENAKOL EX-614B (epoxy equivalent weight 172.2

g/equiv, average functional groups 3.6, chlorine content 9.8%,

viscosity 4740 mPa s at 25�C) was kindly supplied from Nagase

ChemteX, Corp. (Tokyo, Japan). PG was purchased from

Sigma-Aldrich Japan Co. (Tokyo, Japan). p-Toluenesulfonic acid

hydrate was purchased from Tokyo Chemical Industry Co. (To-

kyo, Japan). TO was supplied from Sigma-Aldrich Japan Corp.

(Tokyo, Japan). Figure 1 shows synthetic scheme of TPG and

the structure of SPE used in this study. WF was kindly supplied

from Kowa Technos, Co. (Sammu-shi, Chiba, Japan). The WF is

made from Sanbu cedar crushed into powders through 3-mm

screen mesh. It was dried at 105�C for 24 h before use.

Preparation of TPG

In a 300-mL three-necked round-bottomed flask equipped with

a dropping funnel, a thermometer and a reflux condenser were

placed TO 26.1 g (30.0 mmol) in 1,4-dioxane 10 mL. The flask

is heated in an oil bath to 58�C, and a solution of PG 18.9 g

(150 mmol) and p-toluenesulfonic acid monohydrate 0.258 g

(1.50 mmol) in 1,4-dioxane 20 mL was added dropwise over a

3-h period to the stirred solution of TO. The reaction tempera-

ture was kept in the range of 58–62�C by controlling the rate of

addition as the reaction is exothermic. After the addition of PG,

the reaction mixture was heated at 80�C for 3 h, and then

deionized water 100 mL was added. The separated oily material

was washed three times with hot deionized water 100 mL by

decantation. To the obtained viscose oil, acetone 50 mL was

added. The obtained acetone solution was dried over sodium

sulfate, filtered, and concentrated in vacuo to give TPG as

brown viscose liquid 16.7 g in 37.1% yield. The yield based on

the degree of addition of PG to TO per triglyceride (2.3) esti-

mated by 1H-NMR method was 48%. The weight per hydroxy

equivalent of TPG was calculated to be 170 g/equiv based on

the assumption that 2.3 PG molecules added to a-eleostearic

acid triglyceride. The value was used for the calculation of the

feed amount of TPG in the reaction of SPE and TPG.

Preparation of SPE-TPG

A mixture of SPE 5.02 g (epoxy 29.2 mmol), TPG 4.97 g

(hydroxy 29.2 mmol), and ethanol 40 mL was stirred for 1 h at

room temperature. After the obtained homogeneous solution

was poured onto a Petri dish made of polytetrafluoroethylene,

almost the solvent was vaporized at 80�C for 3 h. The resulting

viscous liquid on the Petri dish was put into an electric oven

(EYELA NDO-400, chamber volume:81 L, TOKYO RIKAKIKAI

Co., Tokyo, Japan) which was beforehand set to 190�C, and

allowed to stand at the temperature for 3 h to give a cured resin

of SPE/PGT (SPE-TPG) as pale brown plate.

Preparation of SPE-TPG/WF Biocomposites

A mixture of SPE 3.01 g (epoxy 17.5 mmol), TPG 2.98 g

(hydroxy 17.5 mmol), and ethanol 24 mL was stirred for 1 h at

Figure 1. Synthetic scheme of TPG and molecular structure of SPE.
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room temperature. To the obtained homogeneous solution, WF

4.00 g was added, and the mixture was stirred for 10 min at

room temperature. After almost the solvent was vaporized at

80�C, the resulting compound was sandwiched between two sets

of piled poly(tetrafluoroethylene) films (250 � 200 � 0.10

mm3) and stainless plates (250 � 250 � 2 mm3), and then

compression-molded at 10 MPa for 3 h using Mini Test Press-

10 (Toyo Seiki Co., Tokyo, Japan) which was beforehand set to

190�C to give a cured SPE-TPG/WF biocomposite with WF

content 40 wt % (SPE-TPG/WF40) as a brown plate. In a simi-

lar manner, SPE-TPG/WF composites with WF content 50 and

60 wt % (SPE-TPG/WF50 and SPE-TPG/WF60) were prepared.

Measurements

Proton nuclear magnetic resonance (1H-NMR) spectra were

recorded on a Bruker AV-400 (400 MHz) (Madison, WI) using

CDCl3 as a solvent. Fourier transform infrared (FTIR) spectra

were measured on a FTIR 8100 spectrometer (Shimadzu Co.,

Kyoto, Japan) by the ATR method. The differential scanning cal-

orimetry (DSC) measurement of SPE/TPG compound (ca. 10

mg) was performed on a Perkin-Elmer DSC Pyris 1 DSC in a

nitrogen atmosphere. The sample was heated from room tem-

perature to 230�C at a rate of 10�C/min. The 5% weight loss

temperature was measured on a Shimadzu TGA-50 thermogra-

vimetric analyzer at a heating rate of 20�C/min in a nitrogen

atmosphere. Dynamic mechanical analysis (DMA) of the rectan-

gular specimen (length 30 mm, width 5 mm, thickness 1.0 mm)

was performed on a Rheolograph Solid (Toyo Seiki Co., Tokyo,

Japan) with a chuck distance of 20 mm, a frequency of 1 Hz,

and a heating rate of 2�C/min. Tensile test of the rectangular

specimen (length 50 mm, width 7 mm, thickness 1.0 mm) was

performed at 20�C using an Autograph AG-I (Shimadzu Co.,

Kyoto, Japan). Span length and testing speed were 25 mm and

10 mm/min, respectively. Five specimens were tested for each

set of samples, and the mean values and the standard deviation

were calculated. The morphology of the composites was

observed by field emission-scanning electron microscopy (FE-

SEM), using a Hitachi S-4700 machine (Hitachi High-Technolo-

gies Corporation, Japan). The SPE-TPG/WF composites were

fractured after immersion in liquid nitrogen for about 30 min.

The surfaces of the fractures sample and WF were sputter

coated with gold to provide enhanced conductivity.

RESULTS AND DISCUSSION

Preparation and Characterization of TPG

The reaction of TO and PG in the presence of p-toluenesulfonic

acid in dioxane at 80�C for 3 h gave TPG as a brown viscose

liquid in 37% yield (Figure 1). The fact that a considerable

amount of TPG is lost during the repeated washing with hot

water for the removal of unreacted PG is a reason for the low

yield. So, there is a possibility that the yield is improved by the

optimization of purification method. As PG has a high reactiv-

ity at both the 4� and 6-positions to an electrophile, it is sup-

posed that crosslinking reaction should occur in the reaction

with a multifunctional reagent such as TO. Actually, the reac-

tion at a higher temperature than 80�C or the use of other acid

catalysts such as hydrochloric acid and borontrifluoride diethyl

etherate resulted in a formation of gelatinous materials. The

obtained TPG was soluble to ethanol, acetone, ethyl acetate, tet-

rahydrofuran, diethyl ether, N,N-dimethylformamide, and dime-

thylsulfoxide, and insoluble to water, chloroform, and hexane.

Figure 2 shows FTIR spectra of TO, TPG, and PG. The band at

3375 cm�1 due to OAH stretching vibration and that at 1623

cm�1 due to benzene ring framework stretching vibration in

addition to the band at 1714 cm�1 due to C¼¼O stretching

Figure 2. FTIR spectra of TO, TPG, and PG.
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vibration and those at 2950–2840 cm�1 due to sp3 CAH

stretching vibration were observed for the spectrum of TPG,

indicating that PG moiety and TO moiety certainly bonded.

Also, the fact that the bands at 993 cm�1 and 732 cm�1 due to

¼¼CAH out-of plane bending vibrations of trans- and cis-ole-

finic moieties, respectively, observed for TO considerably dimin-

ished for TPG, suggesting that the addition reaction of PG to

the olefinic moieties of TO certainly proceeded.

Figure 3. 1H-NMR spectra of TO and TPG in acetone-d6, and TPG in acetone-d6/D2O.

Figure 4. DMA curves of SPE-TPG and SPE-TPG/WF composites.
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Figure 3 shows the 1H-NMR spectra of TO and TPG measured

in acetone-d6. The 1H signal of methine proton of glyceride

unit (Ha and Ha0) in TPG and TO was observed at 5.29 ppm

(s) and 5.27 ppm (s), respectively. The integral values of other

proton signals were evaluated relative to those of Ha and Ha0

signal (1H). Because we could not specify the phenolic hydroxy

groups of PG unit in TPG, the H-D exchange reaction was per-

formed by the addition of D2O in a NMR tube. As a result, the
1H signals from 7.92 to 6.71 ppm (6.8H) in acetone-d6 disap-

peared in the spectrum of TPG in acetone-d6/D2O, indicating

2.3 PG units are added to a TO triglyceride moiety. This num-

ber is in agreement with the integral values of 1H signals at 6.45

ppm (d, 2.3H, Hf, J ¼ 8.3 Hz) and 6.34 ppm (d, 2.2 H, Hg, J ¼
8.3 Hz) in the PG ring of TPG. The fact that coupling constant

of two protons (Hf and Hg) of the PG ring is 8.3 Hz indicates

that electrophilic substitution reaction of the TO-derived carbo-

cation occurred at 4-position of PG (1,2,3-trihydroxybenzene),

because the product obtained by the reaction at 5-position

should have the coupling constant at around 3 Hz. The PG-

substituted methine proton (Hi) is also observed at 3.65 ppm

(m, 2.3H). The number of olefins of TO per triglyceride is

estimated to be 7.6 from the integral value of the olefinic 1H

signals at 6.45–5.41 ppm relative to that of Ha0. Similarly, the

number of olefins of TPG is estimated to be 4.3 from the inte-

gral value of the olefinic 1H signals at 6.07–5.35 ppm relative to

that of Ha. From their values, the number of diminished olefins

of TPG relative to TO is estimated to be 3.3, which is a little

higher than the degree of addition of PG (2.3). This discrepancy

may be attributed to the possibility that some components of

TO with lower olefinic number are eliminated by the purifica-

tion. Four structural formulae (R) of TPG in Figure 1 are capa-

ble as the structures of the PG-substituted hexadiene moiety of

TPG, considering the stability of the carbocation of reaction in-

termediate, if the horizontally flipped structures of R are omit-

ted. In addition, there is a possibility that the original cis-trans-

trans configuration of triene part of TO is transformed to other

configurations by the migration of p-bond in the carbocation

intermediates. Among the olefinic proton signals of TPG, the

signal at a lower magnetic field (6.07 ppm) is assigned to inner

protons (ACH¼¼CHACH¼¼CHA) of conjugated diene moiety,

and that at a higher magnetic field (5.35 ppm) is related to the

protons of isolated olefin moiety. However, we could not assign

the olefinic proton signals of TPG more precisely because many

structural and configurational isomers are contained.

Thermal Properties of SPE-TPG/WF Biocomposites

The onset and peak temperatures of the exothermic curve on

the first heating DSC thermogram for the SPE/TPG compound

with a standard epoxy/hydroxy ratio of 1/1 were 142.3 and

192.9�C, respectively. Based on the DSC data, the curing tem-

perature of the SPE/TPG was changed between 150 and 190�C.

The tan d peak temperature (43.0, 43.5, and 53.5�C) measured

by DMA increased with an increase of curing temperature (150,

170, and 190�C). Also, the 5% weight loss temperature (344.3,

344.8, and 361.1�C) increased with an increase of curing tem-

perature. When the mixture was cured at a temperature higher

than 190�C, the cured material considerably colorized. The cur-

ing temperature was fixed to 190�C, considering the stability of

SPE/TPG and WF which is subsequently added.

Figure 4 shows DMA curves of the SPE-TPG/WF biocomposites

cured at 190�C. The storage modulus (E0) at the rubbery pla-

teau region over 50�C for the composites was much higher than

that of SPE-PGT, suggesting a superior reinforcement effect due

to the wood fibers. The tan d peak temperature related to Tg

for the composites (WF40 : 45.6�C; WF50 : 45.7�C; WF60 :

Figure 5. TGA curves of SPE-TPG, SPE-TPG/WF composites, and WF.

Figure 6. Tensile properties of SPE-TPG and SPE-TPG/WF composites.
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44.5�C) was a little lower than that of the corresponding neat

resins (53.5�C). The reason is not clear, but it is thought that

hydroxy groups of WF reacted with epoxy groups of SPE and

the stoichiometry of epoxy and hydroxy is deviated. A similar

decline of Tg by the addition of WF was also observed for the

GPE-TA/WF biocomposites.15

Figure 5 shows TGA curves of WF, SPE-TPG, and SPE-TPG/WF

composites. Because the thermal decomposition temperature of WF

was lower than that of SPE-PGT, the SPE-PGT/WF composite

exhibited two-step thermo-degradation, and the 5% weight loss

temperature decreased with increasing WF content (0 wt % :

361.1�C, 40 wt % : 294.7�C, 50 wt % : 286.3�C, 60 wt % : 279.6�C).

Mechanical Properties and Microscopic Analysis of SPE-TPG/

WF Biocomposites

Figure 6 shows the tensile properties for SPE-TPG/WF compo-

sites. The tensile modulus of SPE-TPG/WF increased with increas-

ing WF content in the range of 0–50 wt %. However, the tensile

modulus of SPE-TPG/WF60 was lower than that of SPE-TPG/

WF50 in agreement with the influence of WF content on the E0

measured by DMA. Also, the tensile strength of the composites

with WF content 40–50 wt % was a little higher than the corre-

sponding neat resin (SPE-TPG). The fact that the improvement of

tensile strength is not so high as that of tensile modulus is related

to the decease of elongation at break for the WF biocomposites. In

the previous our study on GPE-TA/WF and SPE-quercetin/WF

biocomposites, the tensile strength considerably decreased by the

addition of WF.15,16 When TPG was used as an epoxy-hardener,

the tensile strength of the WF composite did not decrease.

Figure 7 shows SEM images of WF and the fractured surfaces of

SPE-TPG and SPE-TPG/WF composites. The micrograph of

SPE-TPG showed no phase separation, indicating that SPE is

homogeneously cured with TPG. The micrograph of WF shows

that the fiber length and width of WF are about 0.2–0.4 mm

and 40–200 lm, respectively. All the micrographs of SPE-TPG/

WF biocomposites show that WF is tightly incorporated into

the crosslinked epoxy resin and their interfacial adhesion is

good. The fact that tensile strength did not decrease by the

addition of WF is related to the good affinity of SPE-TPG and

WF. The good affinity is inferred from what TO is widely used

as a coating material for woody surface and the structure of PG

moieties of TPG resembles that of lignin of WF.

CONCLUSIONS

Bio-based epoxy hardener, TPG was synthesized by the reaction of

TO and PG in the presence of p-toluenesulfonic acid. The 1H-

NMR spectrum of TPG showed that the degree of addition of PG

to the olefin units of TO per triglyceride is 2.3. After SPE was

mixed with TPG in ethanol at epoxy/hydroxy ratio 1/1, the

obtained SPE/TPG solution was mixed with WF, dried at 80�C,

and subsequently compressed at 190�C for 3 h to give SPE-TPG/

WF biocomposites. The DMA measurement revealed that E0 of

SPE-TPG/WF is much higher than that of SPE-TPG and that the

tan d peak temperature of SPE-TPG/WF is around 46�C. The ten-

sile test revealed that the tensile modulus of the cured resin was

much improved by the addition of WF without reduction of ten-

sile strength. FE-SEM analysis of the biocomposites revealed that

WF is tightly incorporated into the crosslinked epoxy resins.
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