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a  b  s  t  r  a  c  t

A  new  biodegradable,  renewable,  environmentally  friendly  starch-based  wood  adhesive  that  can  be  used
at  room  temperature  was  synthesized  by  the  graft  polymerization  of  vinyl  acetate  monomer  onto  waxy
corn starch.  Compared  with  the  blend  of  commercial  PVAc/gelatinized  starch,  the shear  strength  of  grafted
starch adhesive  increased  by 59.4%  in  dry state  and 321%  in  wet  state,  while  its water  resistance  increased
eywords:
axy cornstarch
ood adhesive

raft polymerization

by 61.1%.  The  improved  performance  of  the  grafted  starch-based  wood  adhesive  was  supported  by  its
strengthened  compatibility  with  polyvinyl  acetate  and  starch,  based  on  the  results  of  Fourier-transform
infrared, 1H  nuclear  magnetic  resonance,  thermogravimetry,  and  scanning  electron  microscopy  analyses.
The  most  economic  monomer  feeding  ratio  was  also  evaluated  using  bond  characteristics  and  grafting
parameters.  A starch/monomer  ratio  of 1:1.2  (w/w)  was  considered  as  the best  ratio  in terms  of  economy.
inyl acetate

. Introduction

Polyvinyl acetate (PVAc) emulsion is an odorless and non-
ammable adhesive, which is commonly used in furniture and
ther wood product manufacture at room or low temperatures
Kim & Kim, 2006; Qiao & Easteal, 2001). However, the raw materi-
ls of PVAc adhesives completely rely on nonrenewable resources
uch as petroleum and natural gas. With the worsening global
nergy crisis, the mainly used raw materials of wood adhesives is
eing replaced by renewable biopolymers, such as soybean protein
Ciannamea, Stefani, & Ruseckaite, 2010; Li et al., 2009; Liu et al.,
010), natural tannin (Kim, 2009) and starch (Imam,  Gordon, Mao,

 Chen, 2001).
Starch is a kind of renewable, biodegradable, inexpensive, and

eadily available biopolymer extensively used as binders, sizing
aterials, glues, and pastes (Kennedy Harry, 1989). However, its

onding capacity is not strong enough to glue wood (Imam et al.,
001; Imam,  Mao, Chen, & Greene, 1999). To solve this prob-

em, physical or chemical modifications of starch molecules such
s blending have been considered. Recent studies have focused
n formaldehyde-free wood adhesives, which are obtained by
he reaction between a cross-linker and the blend of starch or
ther polymers, such as starch/PVOH (Imam et al., 2001) and
tarch/tannin (Moubarik, Charrier, Allal, Charrier, & Pizzi, 2010)

lends. However, the curing temperature of such wood adhesives

s usually over 100 ◦C. Therefore, a new kind of starch-based wood
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adhesive that can be used at room temperature needs to be syn-
thesized.

Grafting is an important technique for modifying the physical
and chemical properties of polymers. The graft copolymerization
of synthetic polymers onto a starch backbone is one of the best
ways of improving the bonding properties of starch. There are many
reports on the synthesis, characterization, and properties of starch
graft copolymers (Athawale & Lele, 2000; Bruyn, Sprong, Gaborieau,
Rober, & Gilbert, 2007; Gong, Wang, & Tu, 2006; Lai, Don, Liu, & Chiu,
2006; Samaha, Nasr, & Hebeish, 2005; Tanrattanakul & Chumeka,
2010), but less is paid to the grafting of VAc onto starch as a kind of
wood adhesive. Consequently, the properties and functions of such
an adhesive have not yet been appropriately evaluated.

In the present study, a renewable starch-based wood adhesive
that can be used at room temperature was prepared by the grafting
of VAc onto starch using ammonium persulfate (APS) as the initia-
tor. The bonding strength and water resistance of the adhesive were
examined to evaluate the effect of the grafting reaction on the adhe-
sive system. The starch/monomer ratio was  varied to evaluate the
bonding properties. Fourier-transform infrared (FTIR), 1H nuclear
magnetic resonance (NMR), and thermogravimetry (TG) tech-
niques were used to obtain information on the chemical structure
of the grafted starch copolymer. The morphology of the adhesive
films and the fractography morphology of wood-bonded joints
were used to confirm the positive effect of the grafting reaction.

2. Materials and methods
2.1. Materials

Waxy corn starch was supplied by Qinhuangdao Lihua Starch
Co. (China). Commercial PVAc emulsion (33% wt) was bought from

hts reserved.
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00 Z. Wang et al. / Carbohydra

iangsu Qiye Emulsion Co. (China). VAc, ammonium persulfate
APS), sodium bicarbonate (NaHCO3), sodium dodecyl sulfate (SDS),
cetone and hydrochloric acid were purchased from Sinopharm
hemical Reagent Co. (China). All other reagents were of analytical
rade.

.2. Synthesis of the starch-based wood adhesive

All reactions were carried out in a four-necked round-bottom
ask with a mechanical stirrer, constant pressure funnel, nitro-
en gas inlet and reflux condenser. The nitrogen atmosphere was
aintained in the reactor by purging the nitrogen gas in the reactor.

.2.1. Preparation of gelatinized starch
About 50 g of dried waxy corn starch and 100 mL  of hydrochloric

cid (0.5 M)  were put into a four-necked round-bottom flask and
tirred at 60 ◦C for 30 min. The pH of the mixture was  adjusted to
.0 and the temperature was increased to 95 ◦C. After 30 min  of
tarch gelatinization, the reaction temperature was cooled to room
emperature.

.2.2. Preparation of the PVAc/starch blend
About 50 g of dried waxy corn starch and 100 mL  of hydrochloric

cid (0.5 M)  were mixed in a four-necked round-bottom flask and
tirred at 60 ◦C for 30 min. The pH of the mixture was  adjusted to
.0 and the temperature was increased to 95 ◦C. After 30 min  of
tarch gelatinization, the reaction temperature was  cooled to 60 ◦C,
ollowed by the addition of 150 mL  PVAc emulsion (about 33% wt).
fter 30 min  stirring, the pH of mixture was adjusted to 6.0 after it
as cooled to room temperature.

.2.3. Preparation of the grafted starch-based wood adhesive
The grafted starch-based wood adhesive was synthesized as

ollows: about 50 g of dried waxy corn starch and 100 mL  of
ydrochloric acid (0.5 M)  were mixed in a four-necked round-
ottom flask and stirred at 60 ◦C for 30 min. The pH of the mixture
as adjusted to 6.0, and the temperature was increased to 95 ◦C.
fter 30 min  of starch gelatinization, the reaction temperature was
ooled to 60 ◦C, followed by the addition of 0.5 g SDS, 12.5 g VAc
nd 0.125 g of APS under nitrogen protection. After 30 min of pre-
olymerization, the reaction temperature was increased to 70 ◦C,
nd residual VAc (17.5, 27.5, 37.5, 47.5, 57.5 and 67.5 g, respec-
ively) and 0.375 g of APS were dropped into the mixture over a
eriod of 3 h. After 3 h of polymerization, the temperature was

ncreased to 80 ◦C and kept for 30 min. Finally, NaHCO3 was added
o adjust the pH to 6.0 after the temperature of the mixture was
ooled to room temperature.

.2.4. Preparation of copolymer and determination of grafting
arameter

To determine the grafting parameters of the copolymer, the
rafted starch samples were prepared following the above process.
he products were precipitated with ethanol, washed with distilled
ater, and dried in a vacuum to obtain a solid mixture. The solids
ere extracted with acetone using a Soxhlet extraction device at

0 ◦C for 48 h to remove homopolymers of VAc monomers. The final
roduct was dried under a vacuum until a constant weight was
chieved (Goñi, Gurruchaga, Valero, & Guzman, 1983; Gurruchaga,
oñi, Valero, & Guzmán, 1984).

The percentage of grafting (G) and grafting efficiency (GE) were
alculated with the following equation (Gurruchaga, Goñi, Valero,
 Guzmán, 1992):

G = Grafted vinyl acetate polymer weight
Grafted carbohydrate weight

× 100
ymers 88 (2012) 699– 706

%GE = Graft copolymer weight
Total product weight

× 100

Results are presented as the means of three replicates.

2.3. Structural characteristics

2.3.1. Fourier transform-infrared spectroscopy (FT-IR) analysis
The extracted samples were fully milled with potassium bro-

mide and then squashed for FT-IR analysis using a Nexus 470 FT-IR
spectrometer (Nicolet Corp., USA). Each sample was  scanned 32
times over a region of 4000–400 cm−1 at a resolution of 4 cm−1.

2.3.2. 1H-NMR spectroscopy analysis
1H-NMR spectra were obtained using a Bruker AV 400 MHz  NMR

system (Bruker, Rneinstetten, Germany). Samples were dissolved in
dimethyl sulfoxide-d6 using tetramethylsilane as an internal stan-
dard.

2.3.3. Thermogravimetric analysis (TGA)
Thermal stability of the adhesive samples was analyzed using a

Mettler Toledo TGA/SDTA851e thermogravimeter (Mettler Toledo
Corp., Switzerland) with a STARe software (version 9.01). Samples
(5.0 mg  in a 70 �L of alumina pan) were heated from 25 to 600 ◦C
at a rate of 10 ◦C/min under nitrogen gas flowing at 30 mL/min.

2.4. Shear strength test

Shear strength of the adhesive samples was tested accord-
ing to a Chinese industry standard of HG/T 2727-1995 (China,
1995). Freshly cut pieces of wood (Betula platyphylla,  13.5% water
content, 620 kg/m3) with dimensions of 25 mm × 25 mm  × 10 mm
were glued with adhesives under static pressures of 0.49–0.98 MPa
at 25 ◦C for 24 h (Scheme 1). Before shear strength test, the glued
specimens were stored in the laboratory at 23 ± 2 ◦C and 50 ± 5%
humidity for 48 h. The shear strength of the glued samples in dry
or wet  (after immersing in water at 23 ◦C for 3 h) state was deter-
mined using a WDT-10 shear strength analyzer (KQL Corp., China).
The shear strength was  calculated as following: �M = Fmax/A, where
�M (MPa) is the shear strength, Fmax (N) is the observed maximum
failing load, and A (mm2) is the bonding surface of the sample. The
testing speed is 2 mm/min. All the tests were replicated 10 times,
and the results were presented as averages.

2.5. Scanning electron microscopy (SEM) analysis

Cast films were made by casting the adhesive on a Teflon board,
gently evaporating the water on a hot plate at 40 ◦C, and vacuum
drying until a constant weight was  achieved. Surfaces of cast films
of the adhesive samples and the fracture surface of specimens in dry
condition after shear strength test were coated with gold under vac-
uum. Then all specimens were observed using a scanning electron
microscope (Quanta-200, Holland).

2.6. Determination of viscosity

The viscosities of the starch-based wood adhesive with different
monomer feeding ratios were determined using a Brookfield vis-
cometer (Model DV-II+Pro, USA) at 50 rpm using spindle number
29 and expressed in Pa s. The viscosity was measured in triplicate
at 25 ± 1 ◦C.
2.7. Statistical analysis

Data were statistically analyzed using DPS 7.05 (Zhengjiang
University, Hangzhou, China). Significant differences (p < 0.05)
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Scheme 1. Shape and dimension o

etween treatment means were determined using Duncan’s mul-
iple range tests.

. Results and discussion

.1. Comparison between physical blending and
opolymerization of starch and VAc

Compared with the blend of commercial PVAc/gelatinized
tarch, the beneficial effect of the grafting reaction on the starch-
ased wood adhesive system was directly supported by improved
onding strength and water resistance of the starch-based wood
dhesive.

As shown in Table 1, the grafted starch-based adhesive (GSWA0,
tarch:VAc, 1:1) had a significantly higher shear strength than
he blend of commercial PVAc/gelatinized starch and gelatinized
tarch. Compared with the PVAc/starch blend, the shear strength
f GSWA0 was increased from 2.29 MPa  to 3.65 MPa  in dry state
nd from 0.43 MPa  to 1.81 MPa  in wet state. The changes of shear
trength suggested that GSWA increased the bonding strength of
he adhesive by 59.4% in dry condition and 321% in wet  condi-
ion. Apparently, the bonding strength of the starch-based wood

dhesive has been significantly improved by grafting reaction.

Since water molecules can penetrate into wood and act as
 plasticizer for hydrophilic polymers, the bonding strengths of
tarch-based wood adhesives unavoidably decrease in a humid

able 1
onding strength properties of wood joints.

Sample Shear strength in
dry state (MPa)

Shear strength in
wet state (MPa)

Gelatinized starch 0.25 ± 0.09d –
PVAc/starch blend

(starch:PVAc,
1:1, w/w)

2.29 ± 0.16c 0.43 ± 0.35c

GSWA0
(starch:VAc, 1:1,
w/w)

3.65 ± 0.09b 1.81 ± 0.12b

PVAc 6.10 ± 0.07a 2.32 ± 0.29a

ean ± SD values followed by the same column followed by different superscripts
re  significantly different (p ≤ 0.05).
r test specimen (HG 2727-1995).

environment (Qiao & Easteal, 2001). The durability of a glued tim-
ber joint after 3 h of soaking is also shown in Table 1. Wood samples
glued by the PVAc/starch blend lost about 81.2% bonding strength,
whereas the grafted sample only lost about 50.4% bonding strength.
This result suggested that the GSWA0 increased the water resis-
tance of the adhesive by 61.1%. Therefore, the grafting reaction
can also increase the water resistance of the starch-based wood
adhesive.

The performance improvement of grafting reaction on starch-
based wood adhesive suggested that grafting reaction influenced
on the adhesive structure, and likely affected some adhesive
properties related to the bonding strength and water resistance
of the adhesives. The grafted copolymer of starch-based wood
adhesive system may  play an important role in the performance
improvement of adhesive. Therefore, the grafted starch-based
wood adhesive was further analyzed to show the structural changes
of adhesives, the bonding strength and water resistance of the
adhesives with different monomer feeding ratios.

3.2. Effect of different feeding ratio of monomer on the bond
characters and water resistance of the grafted starch-based
adhesives

The viscosity profiles of the grafted starch-based wood adhe-
sives with different monomer feeding ratio were shown in Table 2.
The viscosity of the samples increased from 2.2 to 6.5 Pa s with
increased monomer content. This result can be attributed to the
homopolymerization and graft copolymerization under the reac-
tion system, which led to the increased solid content of the adhesive
emulsion.

Table 2 also showed the mean ± standard deviation shear
strength of the grafted starch-based adhesive with different graft-
ing parameters. Initially, G, GE, and shear strength increased with
increased monomer content. Increased monomer concentration
was known to promote grafting along starch chains because of the
poor mobility of starch macroradicals (Samaha et al., 2005). There-

fore, the reaction efficiency of the starch grafting was attributed to
the concentration of VAc molecules around starch macroradicals.
Increased monomer concentration increased the chances of starch
macroradicals colliding with VAc molecules. Consequently, the
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Table  2
Effect of VAc monomer/starch ratio on the bond characteristic of the grafted starch-based wood adhesive.

Monomer:starch ratio (w/w) G (%) GE (%) Brookfield viscosity
(Pa s)

Shear strength in
dry state (MPa)

Shear strength in
wet  state (MPa)

0.6:1 22.8 ± 1.2f 42.9 ± 3.5e 2.2 ± 0.2f 2.63 ± 0.08d 0.79 ± 0.16d

0.8:1 27.3 ± 2.5e 56.4 ± 3.0c 2.7 ± 0.1e 3.21 ± 0.06c 1.16 ± 0.14c

1:1 35.1 ± 2.1d 62.5 ± 2.7b 3.1 ± 0.2d 3.65 ± 0.09b 1.81 ± 0.12b

1.2:1 54.5 ± 2.7a 71.3 ± 3.3a 3.9 ± 0.3c 4.30 ± 0.07a 2.17 ± 0.07a

1.4:1 45.2 ± 1.9b 54.3 ± 2.1c 5.1 ± 0.4b 4.36 ± 0.08a 2.27 ± 0.12a

M are sig
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3
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1.6:1 39.3 ± 1.5c 48.1 ± 2.9d

ean ± SD values followed by the same column followed by different superscripts 

ctive sites along the starch-growing chain increased. The increased
rafting parameters also proved that the amount of copolymer in
he reaction system also increased, thereby enhancing the compati-
ility between the starch and the polymer, and leading to increased
hear strength.

G and GE then reached their climaxes at the optimal
tarch/monomer ratio of 1:1.2 (w/w). With further increased
onomer feeding ratio, G and GE decreased because homopoly-
erization prevailed over graft copolymerization. However, the

hear strength continued to rise slowly due to the increased viscos-
ty of the sample with increased grafted monomer feeding ratio. The
igh-viscosity adhesive emulsion resisted the spread and perme-
tion of the adhesive emulsion on the wood surface. The spreading
nd permeation process was considered as an important stage of
he adhesion process.

In terms of economy, the ratio of 1:1.2 (w/w) may  be considered
s the best starch/monomer feeding ratio under the current condi-
ions. With this monomer feeding ratio, the starch-based adhesive
as found to have the optimal shear strengths of 4.30 MPa  in the
ry state and 2.17 MPa  in the wet state.

.3. Characterization of copolymer

.3.1. FTIR analysis
FT-IR was used to confirm the graft modification of starch, and

he results were shown in Fig. 1. Compared with gelatinized starch,

he copolymer showed new characteristic peaks of ester at 1241
nd 1740 cm−1 in the infrared spectrogram (Fig. 1, solid arrow),
hich indicated the existence of the VAc group in the grafted
erivatives (Kaewtatip & Tanrattanakul, 2008; Marinich, Ferrero,

Fig. 1. Infrared spectrograms of (a) gelatinized starch a
6.5 ± 0.6a 4.45 ± 0.06a 2.38 ± 0.14a

nificantly different (p ≤ 0.05).

& Jiménez-Castellanos, 2009; Meshram, Patil, Mhaske, & Thorat,
2009; Samaha et al., 2005).

3.3.2. 1H-NMR analysis
In order to further confirm the chemical structure of grafted

starch, the structures of gelatinized starch and copolymer were
evaluated by 1H-NMR. For 1H-NMR spectrum of gelatinized starch
(Fig. 2a), the proton signals were ı = 5.10 ppm (H-1 of anhydroglu-
cose unit) and 3.0–3.8 ppm (H-2 to -6 of the anhydroglucose unit
of starch) were accordingly correlated to respective protons of
the anhydroglucose units of starch. The characteristic signals at
4.56 ppm (OH-6) and 5.4–5.5 ppm (OH-2, 3) were assigned to the
hydroxy protons of anhydroglucose unit of starch, respectively (Chi
et al., 2008; De Graaf, Lammers, Janssen, & Beenackers, 1995; Wang,
Yang, Wang, Zhou, & Jin, 2004). The 1H NMR  spectrum of the deriva-
tive (Fig. 2b) showed not only the characteristic proton peak of
starch but also the new proton signal at 1.76, 4.78, 1.97 ppm (Ha,
Hb, Hc), which were assigned to the characteristic protons of PVAc,
indicating the formation of the grafted copolymers.

3.3.3. Thermal stability analysis
The thermogravimetric (TG) and derivative thermogravimetric

(DTG) curves of gelatinized starch, PVAc, grafted copolymer and
the blend of PVAc/starch were shown in Figs. 3 and 4, respectively.
As shown in Fig. 3, the main decomposed stage of all samples was

around 220–420 ◦C, which can be attributed to the dehydration of
polymer chains. The initial dehydration temperatures (T0) of the
polymer chains of starch, the starch/PVAc blend, PVAc, and copoly-
mer  were 231.9, 233.2, 261.1, and 271.2 ◦C, respectively.

nd (b) grafted copolymer (VAc:starch, 1:1, w/w).
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Fig. 2. 1H NMR  spectrograms of (a) gelatinized star

Tp is the temperature at which the maximum weight loss rate
ccurred, and can be obtained from the peaks in the DTG curves.
s shown in Fig. 4, there was also only one peak (Fig. 4, dashed
rrow) in the DTG curves of gelatinized starch, grafted copolymer,
nd PVAc in the main decomposition stage, and the Tp values of
hese samples were 304.9, 326.7, and 341.6 ◦C, respectively. How-
ver, there were two peaks in the curve of the starch/PVAc blend
n the main decomposition stage (Fig. 4, solid arrow). The first peak
305.2 ◦C) was assigned to the decomposition of the starch moiety,
nd the second one (340.8 ◦C) was related to the decomposition of
he PVAc moiety. These decomposition processes can be attributed
o the weak interfacial combination between PVAc and starch when

tarch was not modified.

T0 and Tp of the grafted copolymer were also lower (10.1
nd 14.9 ◦C, respectively) than those of PVAc. On the other hand,
ompared with gelatinized starch, T0 and Tp of the copolymer
 (b) the grafted copolymer (VAc:starch, 1:1, w/w).

increased to 29.2 and 21.8 ◦C, respectively. Due  to the grafting of
VAc onto starch, the interfacial combination between PVAc and
starch improved, and the thermal stability of copolymer was conse-
quently enhanced. Therefore, the thermal-stability changes caused
by grafting reaction not only further confirm the strengthened
molecular structure of copolymer but also support the improved
bonding strength and water resistance of the adhesive from another
aspect.

3.4. SEM analysis

3.4.1. Morphology of adhesive firms

The effect of grafting reaction on the adhesive structure was

directly shown by the SEM photographs in Fig. 5. Compared with
the PVAc/starch blend (Fig. 5a), the films of the grafted starch-based
adhesive (Fig. 5b and c) were much smoother and more compact.
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ig. 3. TG curves of (a) gelatinized starch, (b) the starch/PVAc blend (PVAc:starch,
:1, w/w), (c) grafted copolymer (VAc:starch, 1:1, w/w), and (d) PVAc.

ew obvious microphase separations were observed. Evidently, the
rafting reaction between starch and VAc greatly improved the
omponent compatibility of the starch-based wood adhesive as
ell as limited the phase separation between the starch and poly-
er.

.4.2. Fractography morphology on wood glued with the
tarch-based wood adhesive

The bonding characteristics of starch-based wood adhesive
ere also directly exhibited by the SEM photographs of the frac-

ure surface of glued specimens after shear strength test. Fig. 6a
hows a thin coating of the adhesive on the surface of the glued
pecimens, indicating that the failure was within the adhesives.
owever, compared with the PVAc/starch blend (Fig. 6a), the SEM

mages of the grafted starch adhesives (Fig. 6b and c) show crack
ropagation in both the wood lumen and adhesive layer. At low
hear stresses, the fracture of the glued specimens was  within the
dhesive layer. However, the wood lumen cell was further dam-

ged at high shear stresses. Therefore, the interaction between the
ood cell and adhesive caused by the grafting reaction led to a more

bvious surface damage of the bonded joint, and to increased shear
trength.

ig. 4. DTG curves of (a) gelatinized starch, (b) the starch/PVAc blend (PVAc:starch,
:1, w/w), (c) grafted copolymer (PVAc:starch, 1:1, w/w), and (d) PVAc.
Fig. 5. SEM micrograph of the cast films of (a) the PVAc/starch blend (PVAc:starch,
1:1, w/w), (b) GSWA1 (VAc:starch, 1.2:1, w/w), and (c) GSWA2 (VAc:starch, 1.6:1,
w/w).

Comparing Fig. 6b and c, there was no adhesive in the lumen
of the wood sample in GSWA2 (Fig. 6c, solid arrow). This finding
can be attributed to the high viscosity of GSWA2, which hindered
the permeation of the adhesive emulsion on the wood surface. In

contrast, GSWA1 with a lower viscosity infiltrated the lumen of
the wood sample (Fig. 6b, solid arrow). This finding could explain
the stagnating tendency of the shear strength when the grafted
monomer feeding ratio was  more than 1:1.2.
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Fig. 6. SEM micrograph of fracture surface of wood surface glued with (a) the
P
G

4

p
V
(
i
f
w
s

VAc/starch blend (PVAc:starch, 1:1, w/w), (b) GSWA1 (VAc:starch, 1.2:1), and (c)
SWA2 (VAc:starch, 1.6:1).

. Conclusions

A  starch-based wood adhesive that can be used at room tem-
erature was synthesized by graft copolymerization of starch with
Ac monomer. The most economic starch/monomer ratio of 1:1.2

w/w) was found to give the optimal shear strengths of 4.30 MPa

n the dry state and 2.17 MPa  in the wet state. The improved per-
ormance of grafting reaction on the starch-based wood adhesive
as supported by its strengthened compatibility with PVAc and

tarch, based on the results of FTIR, 1H NMR, TG, and SEM analyses.
ymers 88 (2012) 699– 706 705

Therefore, the grafting modification treatment of starch with VAc
can be a potential alternative for manufacturing wood adhesives
in lieu of less environment-friendly petroleum-based wood adhe-
sives.
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