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The reactivity of linseed and soybean oil with different
epoxidation degree towards vinyl acetate and impact of the
resulting copolymer on the wood durability
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Abstract. Linseed (LO) and soybean oil (SO) were in–situ epoxidized with peracetic acid to produce different degree of
epoxidized LO and epoxidized SO. For comparison purpose, commercial epoxidized linseed oil (ELO®) and epoxidized
soybean oil (ESO®) were also included in the study. The effect of epoxidation degree on the copolymerization reaction between epoxidized oils and vinyl acetate (VAc) was investigated. Results showed that a copolymer can be formed between
VAc and epoxidized LO with high epoxy content, while no reaction occurred between VAc and SO or its epoxidized derivatives. As the most reactive monomer among the studied oils, the epoxidized LO with highest epoxy content (i.e. ELO®)
was mixed with VAc and then impregnated into the wood using three different ELO®/VAc formulations either as solution
or as emulsions. After curing, the impact of the resulting copolymer issued from the three tested formulations on the wood
durability was evaluated. Results showed that the formulation comprising VAc, ELO®, H2O, K2S2O8 and alkaline emulsifier
(Formulation 3) can significantly improve wood’s durability against white rot- (Trametes versicolor) and brown rot fungi
(Postia placenta and Coniophora puteana). Treated wood of 8% weight percentage gain (WPG) was sufficient to ensure
decay resistance against the test fungi with less than 5% mass loss.
Keywords: polymer synthesis, epoxidation, plant oil, vinyl acetate, decay resistance

1. Introduction

and economic benefits, their direct utilization as alternative chemicals is limited due to their low reactivity.
The reactivity of the unmodified plant oil is mainly
attributable to the esters and double bonds in triglyceride. The transesterification by alcoholysis or acidolysis can proceed at esters of the triglyceride [3],
while the double bonds can undergo radical or cationic copolymerization with vinyl monomers or through
auto–oxidation with other triglycerides [1, 3]. A wide
range of thermosets were prepared by cationic copolymerization of oils with alkene comonomers, such as
divinylbenzene and styrene, resulting in copolymers

There has been growing interests in biomaterials prepared from natural resources in recent years. Plant oils
are extracted from naturally–occurring raw materials
which are biodegradable, renewable and non–toxic.
Depending on the degree of unsaturation in triglyceride, oils can be classified into three classes, i.e. drying, semi–drying and non–drying oils [1]. For example, linseed oil (LO) derived from the seeds of flax
plant (Linum usitatissimum) is a typical drying oil,
while the soybean oil (SO) extracted from the seeds
of the soybean (Glycine max) is regarded as semi–drying oil [2]. Although the plant oils have environmental
*
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[16, 17, 20]. Plant oil treated wood is suggested to
be used in hazard class 2 or 3 (above ground covered
or uncovered) due to temporary inhibition of water
absorption [17, 21].
To increase the durability of plant oil treated wood,
a possible route is to copolymerize plant oil with
other vinyl monomers forming copolymers. The
plant oil and vinyl monomers were impregnated and
cured in wood to form an insoluble polymer bulked
in the cell wall and the resulting copolymer was expected to show improved decay resistance. A previous study reported the radical copolymerization of
commercial epoxidized linseed oil (ELO®) with vinyl
acetate (VAc) [22]. As a typical vinyl monomer, VAc
is a colorless liquid which is mainly used as precursor
for the production of polyvinyl acetate (PVAc) or the
polyvinyl alcohol (PVA). As a low toxic and relatively
cheap thermoplastic, PVAc found its application in the
fields of wood and paper processing, civil engineering, packaging and binding industry adhesives and
coatings, construction and civil engineering, textile and
leather, biomedicine, etc. [23, 24]. Waterborne dispersions containing PVAc have been extensively used
as adhesives for wood or wood–based materials [25,
26]. The incorporation of hydrophobic ELO® into
PVAc polymer chains results in products with improved waterproofing properties. It was reported that
the epoxidation of some double bonds in plant oils
makes the residual double bonds more reactive towards radical polymerization with VAc [22]. In parallel, control experiment between VAc and LO which
contains more double bonds was carried out in the
same condition but no reaction was occurred under
the same condition [22]. In radical polymerization,
since the relative reactivity of the monomers is associated with the resonance stability, steric effect and
polarity influenced by the substituents [27, 28], the introduction of the epoxy groups upon epoxidation
changes the polarity of the residual double bonds in oil
molecules, thus making oils easier to react with other
alkene co–monomers through radical polymerization.
The objective of the present work was to study the
effects of epoxidation degree of LO and SO on the
copolymerization reaction between the oil derivatives and VAc. The most reactive oil monomer among
the studied oil was chosen to further copolymerize
with VAc in wood to evaluate the treatment impact
on the wood decay resistance.

ranging from elastomers to tough and rigid plastics
[4–7]. With respect to the radical polymerization,
since the double bonds in most of the oils are non–
conjugated which are inactive for radical polymerization, their reactivity can be chemically improved
by conjugating the double bonds or converting double bonds into more active groups, such as epoxy [8,
9]. The epoxidized plant oils can be chemically produced from plant oil by in–situ epoxidation with hydrogen peroxide and acetic acid in the presence of
sulfuric acid as catalyst [10–12]. The conversion of
double bonds into epoxide groups increases the reactivity of oils due to the ring strain in the epoxy
group. The further functionalization of the epoxidized oils can be achieved by the ring–opening reaction of epoxy groups. Variety of electrophiles, such
as HCl, HBr and carboxylic acid, can be used for the
hydroxylation of epoxidized oil while amine, alcohol
and thiol can serve as nucleophiles for the ring–opening reaction of epoxy groups [13]. The obtained polyols can react with isocyanates to produce polyurethane
(PU) which has been extensively used in the coatings, adhesives, sealants and elastomers areas [13].
In addition to their utilization as starting materials
for many industrial chemical products, plant oils have
frequently been applied as eco–friendly products for
wood protection as a result of the hydrophobic character of plant oils [14–16]. However, due to lack of
covalent bonding between the water repellents and
wood’s hydroxyl groups, plant oils cannot fully prevent the process of water absorption in a long term
[17]. Moreover, the checking in wood exposed outdoors can also be overcome by oil [17, 18]. Plant oils,
in general, have no fungicidal properties but can inhibit wood decay fungi to some extent. Studies
showed that the minimum oil retention for wood protection was 320 kg·m–3 [16], while low oil retention
(156–208 kg·m–3) proved to have no significant effect against the fungal growth [19]. The inhibition
of fungal growth is presumably caused by the reduced moisture content in wood and the scarcity of
oxygen supply due to the pore space plugging by oil
[16]. However, with high oil retention, wood becomes heavy and expensive. Recent studies revealed
that the durability of treated wood with low oil loading can be improved by either adding fungicide (such
as boric acid) or bio–oil which itself contains anti–
fungal phenolic compounds (such as crude tall oil)
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2. Experimental
2.1. Chemicals

temperature increases the chance of ring–opening of
the epoxy group [11, 29], the present epoxidation reaction was carried out at moderate temperatures (30–
50 °C), and epoxidized oils with different epoxy content can be obtained by simply regulating the reaction time when temperature reached 50 °C. The solution was heated at 30 °C for 30 min (count from the
time when H2O2 was added to the solution) and then
kept at 40 °C for 30 min and finally heated at 50 °C
for 1, 3, 6 and 7 h to prepare the epoxidized LO with
various epoxy content, i.e. ELO4, ELO3, ELO2 and
ELO1 respectively. Likewise, the SO was also heated at 30 °C for 30 min and then at 40 °C for 30 min
and finally heated at 50 °C for 1, 2, 3 and 5 h to prepare the partly epoxidized SO, namely ESO4, ESO3,
ESO2 and ESO1 respectively. The molar ratio of double bonds in oil: AA: H2O2 was kept at 1:1.5:0.5,
with 2 wt% H2SO4 used as catalyst.
Since the area under each signal in 1H-NMR spectra
is proportional to the amount of corresponding functional group, the 1H-NMR is used to monitor the conversion of double bonds to epoxy groups and quantify the epoxy content in different degree of epoxidized oils. The signal of triglyceride at 4.12–4.31 ppm
(–CH2–CH–CH2– of the glycerol moiety) was chosen as an internal standard for quantification, which
does not interfere with other signals and remains unchanged after epoxidation. The signal area at 2.85–
3.21 ppm (epoxy group, –CH–O–CH–) relative to
the internal standard is used to calculate the number
of formed epoxy groups in each oil molecule, from
which the degree of epoxidation (DOE) can be calculated according to the Equation (1) [9, 29],

ELO®, Commercial epoxidized soybean oil (ESO®)
and SO were obtained from Traditem GmbH (Hilden,
Germany), while LO was supplied by Oppboga Säteri (Fellingsbro, Sweden). Brij® S 100 (polyoxyethylene stearyl ether, average Mn = 4.670 g·mol–1)
(HLB = 18), cetyltrimethylammonium bromide
(CTAB), sorbitane monooleate (Span® 80) (HLB =
4.3), sodium carbonate, sulfuric acid (95–98 wt%)
and VAc (≥99 wt%, 3–20 ppm hydroquinone) were
purchased from Sigma–Aldrich (Schnelldorf, Germany). In addition, the hydrogen peroxide (33 wt%)
was obtained from VWR Chemicals (France). Benzoyl
peroxide (BPO), glacial acetic acid (AA, 100 wt%)
and potassium persulfate (K2S2O8) were supplied by
Merck (Darmstadt, Germany). All the chemicals were
reagent grade and used as received.

2.2. Instrumentation
ATR–FTIR spectra of oil and polymer samples were
acquired in the range of 4000–450 cm–1 (spectral resolution 4 cm–1, 16 scans) on a Perkin Elmer Spectrum
One FT–IR Spectrometer equipped with a Universal
Attenuated Total Reflectance Accessory (UATR).
The sample to be analysed was brought into contact
with diamond crystal of the ATR accessory. The spectra of oily samples were recorded by dropping oily
samples directly on the diamond crystal of the ATR
accessory, while the polymer samples were made into
films and the polymer spectra were collected with
constant pressure applied on polymer films ensuring
a close contact between polymer samples and the
ATR diamond crystal. The spectra obtained by ATR–
FTIR were baseline–corrected and normalized afterwards.
The 1H-NMR spectra for both oils and polymers were
acquired in CDCl3 solution on a 600 MHz Bruker
Avance III spectrometer. Chemical shifts in the spectra were reported in δ [ppm], using residual solvent
signal as the internal standard (CHCl3, δ = 7.26 ppm).

number of epoxide groups
DOE = number of starting double bonds $ 100% (1)

We assumed that the ESO® and ELO® purchased
from supplier have higher DOE values (<100% DOE)
than that of their respective synthesized partly epoxidized SO and epoxidized LO. However, since there
was no available information regarding the number
of their starting double bonds, and their epoxidation
method and origins are unknown, it was not possible
to determine the exact DOE values for ESO® and
ELO® in the present study.

2.3. Synthesis of partly epoxidized oils
The SO or LO was firstly mixed with glacial AA at
room temperature, followed by adding H2SO4
(72 wt%) dropwise under stirring at 30 °C. As oxidizing agent, H2O2 (30 wt%) was then added slowly
to the solution by a funnel to avoid substantial increase of temperature due to the exothermic reaction
between H2O2 and AA. Since epoxidation at high

2.4. Synthesis of copolymers
VAc–plant oil copolymer was synthesized in aqueous
medium, without solvent and protective colloid, by
mixing a catalytic amount of K2S2O8 with deionized
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for the purpose of compensating the loss of impregnated VAc inside wood during the curing. After curing for 168 h at 90 °C, all samples were dried at
103 °C for 24 h. The final weight percentage gain
(WPG) after drying is defined by Equation (2):

water, oil, and VAc in round–bottom flask equipped
with stirrer and a reflux condenser. The stoichiometric ratio of VAc/oil/H2O was kept at 1:1:1 by weight
with 0.25 wt% K2S2O8 as initiator. The mixture was
heated at 80°C for 120 min and the obtained polymers
were washed several times with deionized water to remove unreacted monomers and oligomers, and then
with diethyl ether to completely remove unreacted
residual oil monomer.

WPG !%$ = #

Mt - Mu
& $ 100%
Mu

(2)

where Mu is the oven–dry weight of specimens before treatment, and Mt is the oven–dry weight of
specimens after treatment.

2.5. Formulation preparation and wood
impregnation
In order to facilitate the wood impregnation, a stable
and homogenous solution containing VAc and oil
without continuous agitation is required. Three options were tested in the study: Formulation 1 which
includes VAc and ELO® using VAc–soluble BPO as
initiator, while small amounts of emulsifier(s) are required to guarantee a stable VAc–oil in water (Formulation 2 and 3). The feed ratio of VAc to ELO®
was kept at 1:1 by weight in all the described formulations. Formulation 1 was produced by dissolving
the initiator BPO (2 wt%) in VAc, and then adding oil
to the VAc solution. Formulation 2 was prepared by
dissolving water–soluble K2S2O8 (0.25 wt%) in deionized water, followed by adding sodium carbonate
(1 wt%) and oil under constant agitation. Non–ionic
emulsifier Brij® S 100 (3 wt%) and VAc were added
to the solution. The feed ratio of VAc, oil, and H2O
was 1:1:1 by weight. The Brij® S 100 used in Formulation 2 was substituted by combined emulsifiers
of CTAB (2.6 wt%) and Span® 80 (1.6 wt%) in Formulation 3, and the process of preparing Formulation 3 is similar to the Formulation 2 without the addition of Na2CO3.
The impregnation of wood samples with the above–
mentioned formulations was performed in a stainless–steel reactor. Rueping empty cell and full cell
processes were employed to cover a wide range of
solution uptake. Wood samples after impregnation
were moved to sealed glass containers in which a
small amount of VAc was poured at the bottom beforehand. A saturated VAc atmosphere was created

2.6. Durability
The durability tests were carried out according to
standard EN 113 [30] to evaluate the decay resistance
of treated wood produced from different formulations. After water leaching according to EN 84 [31]
and re–conditioning, treated samples were exposed
to the white rot fungus Trametes versicolor and brown
rot fungi Postia placenta and Coniophora puteana
in a climate room (25 °C and 65% relative humidity).
After 16 weeks’ incubation, the samples were cleaned
gently and then dried at 103 °C for 24 h; the fungal resistance of treated samples was evaluated by measuring the mass loss (ML). The durability of the treated
samples can be classified in accordance to standard
EN 350–1 [21], in which the ML of the treated wood
is compared with the ML of the untreated wood. The
durability class (DC) of treated samples can be classified as follows: 1–very durable, 2–durable, 3–moderately durable, 4–slightly durable, and 5–non–
durable.

3. Results and discussion
3.1. Characterization and quantification of
epoxidized oil with various epoxy content
Epoxidation can convert double bonds in triglyceride
molecules into epoxide groups, however, residual
double bonds can still remain due to the incomplete
epoxidation. The chemical structure of a typical partly epoxidized oil is illustrated in Figure 1.
Stacked plot of 1H-NMR spectra of LO, ELO® and
four synthesized partly epoxidized LO (i.e. ELO1,

Figure 1. Chemical structure of partly epoxidized oil. Letter for each proton correlates with those shown in Figure 2.
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Figure 2. 1H-NMR spectra of LO, ELO® and four partly epoxidized LO. The letters assigned to signals coincide with those
shown in Figure 1. Signal at 3.3–4.1 ppm for ELO1 and ELO2 are enlarged.

ELO2, ELO3, ELO4) are shown in Figure 2. Since
similar 1H-NMR spectra can be observed for SO and
its derivatives apart from the intensity difference in
the double bonds and epoxy region, only the spectra
of LO and its derivatives are shown here.
Assignments for signals based on the partly epoxidized LO in the range of δ = 0–6 ppm are displayed
in Table 1 [9, 32–34]. As characteristic signals of
ELO®, the epoxy groups are observed at 2.85–
3.21 ppm region. An enlargement of this region allows
distinguishing between mono–epoxides at 2.85–
3.03 ppm, and adjacent epoxides at 3.04–3.21 ppm.
Additionally, the signals for α–CH2– of epoxy groups
are shown at 1.39–1.56 and at 1.68–1.85 ppm. Regarding LO, the characteristic signals of double bonds
in LO are observed at 5.29–5.47 ppm, and the signals
for α–CH2– of the double bonds are observed at

1.97–2.11 and at 2.75–2.82 ppm. With respect to the
partly epoxidized oil, signals attributable to the double bonds adjacent to epoxy groups are shown at
5.48–5.68 ppm.
As the area under each 1H-NMR signal is proportional to the quantities of equivalent protons presented in the molecule, the DOE of partly epoxidized oils
can be calculated by measuring the area under each
signal of epoxy groups in the respective spectra. The
‘number of epoxy groups’ defined in Equation (1) for
partly epoxidized LO or partly epoxidized SO can
be determined by measuring the area under signal d
in the spectra. Since the partly epoxidized LO or
partly epoxidized SO is originated from LO or SO,
the area under signal a in the spectra of LO or SO can
be regarded as the ‘number of starting double bonds’
for partly epoxidized LO or partly epoxidized SO in
387
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Table 1. Assignment of signals of 1H-NMR spectra for partly epoxidized LO. Letters described here are in line with those
shown in Figure 2.

a
b
c

Chemical shift, δ
[ppm]
5.29–5.68
5.23–5.28
4.12–4.31

d

2.85–3.21

e
f
g

2.75–2.82
2.27–2.35
1.97–2.11

–CH=CH–CH2–CH=CH–
α–CH2 to the carbonyl group –OCO–CH2–
–CH2–CH=CH– in acyl chain

h

1.68–1.85

α–CH2– adjacent to two epoxy groups

i

1.56–1.67

β–CH2 to the carbonyl group –OCO–CH2–CH2–

j

1.39–1.56

α –CH2– to epoxy group

k
l

1.20–1.39
0.84–1.09

saturated methylene group –(CH2)n– in acyl chain
terminal –CH3

Signal

Structure with assignment
–CH=CH–
–CH2–CH–CH2– of the glycerol backbone
–CH2–CH–CH2– of the glycerol backbone
>CH– at epoxy group

Equation (1). The values of signal area at a and d
can be determined by assuming the signal area of internal standard at c to be 4. As shown in Table 2, increasing the epoxidation reaction time results in an
increase of DOE for partly epoxidized oil. However,
the ELO® and ESO® were purchased and used as received; their epoxidation method and origins are unknown. Accordingly, the DOE of ELO® and ESO®
cannot be determined in this study. By comparison,
Farias et al. [29] studied the epoxidation of SO at

110 °C using bis(acetyl–acetonato)dioxo–molybdenum (VI) as catalyst in the presence of tert–butyl hydroperoxide as oxidizing agent. The 2–24 h reaction
resulted in DOE in the range of 41–54%, which is
comparable to the epoxidation method described in
the present study.
Although the reaction time for producing ELO1 is
1 h longer than that of ELO2, the difference between
DOE of ELO1 (56.5%) and ELO2 (55.8%) is small.
Since the formed epoxides can be opened by the
H2SO4 and AA in the solution, the epoxidation carried out at higher temperature or/and longer times
can contributes to ring opening of the formed epoxy
groups. It was reported that protons in α position of
secondary hydroxyl caused by ring opening of epoxide (CH–OH) and protons in α position of ether link
due to oligomerization (CH–O–CH) show signals at
3.3–4.1 ppm [13]. The intensity difference between
ELO1 and ELO2 in the region of 3.3–4.1 ppm is
highlighted in Figure 2. Compared to the ELO2, the
ELO1 shows higher signal intensity at 3.3–4.1 ppm
which is presumably caused by the acid–catalyzed
ring opening of the epoxy groups. Consequently, the
DOE of ELO1 is close to that of ELO2 in spite of difference in epoxidation time.
The FTIR spectra of LO, partly epoxidized LO and
ELO® are displayed in Figure 3. The peaks attributable to the double bonds are observed at both 3011
and 1654 cm–1 in LO, while the ELO® is characterized by an absorption peak of epoxy groups found
at 821 cm–1. The characteristic peaks of both epoxy

Table 2. Measured area under signal d (δ = 2.85–3.21 ppm)
for determination of the DOE [%], and yield of
copolymer by reacting VAc with different degree of
epoxidized LO or epoxidized SO (VAc/oil = 1/1,
(w/w)).
Area under
signal d
ELO®
ELO1
ELO2
ELO3
ELO4
LO*

11.00
6.99
6.90
5.65
3.31
0.00

ESO®
ESO1
ESO2
ESO3
ESO4
SO*

7.96
5.53
3.95
3.15
2.32
0.00

DOE Yield after reaction with VAc
[%]
[%]
Linseed oil
–
54.3
56.5
49.2
55.8
37.6
45.7
1.3
26.8
oligomers
–
oligomers
Soybean oil
–
53.8
69.0
47.5
49.3
46.3
39.3
47.6
28.9
49.4
–
50.6

*

The areas under signal a (δ = 5.29-5.68 ppm) in the LO and SO’s
spectra were 12.36 and 8.01 respectively.
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Figure 3. FTIR spectra of LO (a), ELO® (b) and partly epoxidized LO (c) together with enlarged scale of peak (epoxy group)
at 821 cm–1

groups and double bonds appear in the spectrum of
partly epoxidized LO, but their intensities are comparatively weaker. The peak corresponding to the
stretching vibration of oxirane ring at 821 cm–1 is
highlighted and magnified in Figure 3 to calculate
the change of peak area upon epoxidation.
Study on the FTIR spectra of SO, partly epoxidized
SO and ESO® are comparable to the spectra of LO
and its derivatives shown above, therefore, the comparison among SO, partly epoxidized SO and ESO®
are not shown here. According to Beer–Lambert law,
the absorbance is proportional to the concentration
of the analyte. Thus, the peak area at 821 cm–1 in the
ATR–FTIR is proportional to the number of epoxy
groups in the oil, which can be used to estimate the
epoxy content in oil. Since the 1H-NMR can also be
used for the quantitative measurement of the epoxy
groups in oil molecules, the relationship between
FTIR and 1H-NMR in measuring the epoxy content
in oil molecules can be obtained. The area of FTIR
spectral peak is measured at 821 cm–1 (Table 3) while
1
H-NMR considers the area under signal at δ = 2.85–
3.21 ppm. The peak area ratio (partly epoxidized LO/
ELO® and partly epoxidized SO/ESO®) obtained
from FTIR spectra is plotted as function of signal
area ratio calculated from 1H-NMR. As shown in
Figure 4, linear regression coefficients of 0.96 and

Table 3. Area under the FTIR spectral peak at 821 cm–1 for
different degree of epoxidized LO and ESO®
Oil type ELO®
Area
1.99
Oil type ESO®
Area
0.86

ELO1
1.09
ESO1
0.57

ELO2
1.08
ESO2
0.36

ELO3
0.74
ESO3
0.28

ELO4
0.34
ESO4
0.22

LO
0
SO
0

Figure 4. Fitted linear relationship between the peak (signal)
area ratio (partly epoxidized LO/ELO® and partly
epoxidized SO/ESO®) measured by FTIR and
1
H-NMR regarding the epoxy content in oil molecules

0.99 are obtained for partly epoxidized LO and partly epoxidized SO respectively, which indicates strong
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signals attributable to the epoxidized LO fragments
can be observed at 5.61 (–CH=CH–), 5.25, 4.12–
4.31, 2.85–3.21 (epoxide), 2.31, and 0.84–1.09 ppm.
Nevertheless, because of the low reactivity and higher molecular weight of the triglycerides, the intensity
of the signals attributable to epoxidized LO moieties
appear to be weak compared to that of the PVAc signals shown in the same spectrum. The oil inclusion in
the synthesized copolymers were calculated to be 0.87,
0.85 and 0.74 mol% by taking the ratio of area under
signal at 4.12–4.31 ppm (–CH2–CH–CH2– of the glycerol backbone in triglyceride) and 4.78–5.07 ppm
(PVAc methine) for the formulations of VAc–ELO®,
VAc–ELO1 and VAc–ELO2 respectively.
Regarding SO and its derivatives, the signals corresponding to the oil moieties can hardly be identified
in products obtained by reaction between VAc and SO
or its derivatives according to the spectroscopic analysis. Their resulting spectra are analogous to that of
the homopolymer PVAc. Figure 6 compares the spectrum of VAc–ESO® with those of VAc–ELO3, VAc–
ELO2, VAc–ELO1 and VAc–ELO® in the range of
2.9–5.5 ppm. Signals of oil moieties can be found in
the spectra of VAc–ELO2, VAc–ELO1 and VAc–
ELO® in which the epoxidized LO with high epoxy

correlation between the two characterization methods for determination of the epoxy content.

3.2. Synthesis and spectroscopic
characterization of copolymers
To investigate the effects of epoxidation degree of
LO and SO on the copolymerization reaction between epoxidized oil and VAc, the yield after was
determined (Table 2). The feed ratio of VAc to oil
was kept at 1/1 (w/w) and the reaction was performed at 80 °C for 2 h with 0.25 wt% initiator. Reaction between VAc and epoxidized LO with high
epoxy content yielded more product than that of the
epoxidized LO having relatively low epoxy content.
Epoxidized LO with lower epoxy content (such as
ELO3, ELO4) and LO without epoxy groups were not
reactive enough to react with VAc, thus only liquid
oligomer were obtained after 2 h reaction. An illustration of 1H-NMR spectrum of VAc–epoxidized LO
(high epoxy content) copolymer is shown in Figure 5.
The spectrum shows the coexistence of signals from
both epoxidized LO and PVAc, which suggests the
presence of molecules from both starting compounds.
The signals attributed to the PVAc backbone are
shown at 1.77, 2.02 and 4.87 ppm in spectrum, while

Figure 5. 1H-NMR spectrum of VAc–epoxidized LO copolymer (VAc/oil = 1/1, (w/w))
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from both reagents. Figure 7 shows the FTIR spectra
of ELO®, PVAc and copolymers. The spectrum of
synthesized copolymer shows three distinct absorption peaks in the range 2850–3000 cm–1, which corresponds to C–H stretching vibration mainly from
epoxidized LO. Although the intensity of oil signals
in copolymer decrease with respect to the unreacted
oil, the intensity of the absorption peaks attributable
to the epoxidized LO moieties at 2850–3000 cm–1 region is higher in VAc–ELO® copolymer than in VAc–
ELO2 copolymer. The difference in the peak intensity
implies that the inclusion of oil in VAc–ELO® copolymer is more than that in the VAc–ELO2, which indicates a higher reactivity of ELO® than partly epoxidized LO in polymerization reaction with VAc.
Moreover, a shift in the characteristic absorption peak
of the epoxy groups (821 cm–1) to lower wavenumbers (798 cm–1) with decreased intensity is also observed in the copolymer spectrum.

content was used, while signals shown in VAc–
ESO® and VAc–ELO3 spectra are identical to PVAc.
It is assumed that the reaction between VAc and epoxidized oil depends not only on the degree of epoxidation, but also on the types of oil used (i.e. degree
of unsaturation). Oil with higher iodine value (IV) can
be epoxidized to oil having more epoxy groups, which
shows increased reactivity towards VAc, while oils
with low IV were less reactive. Consequently, maximum epoxidized LO (i.e. ELO®) is considered to be
the most reactive monomer compared to the other
partly epoxidized LO and SO in copolymerization reaction with VAc. It was reported that the presence of
epoxy groups can activate the residual double bonds
in oil, which could be explained by the change of inductive effect due to the epoxidation of some double
bonds [22]. The polymerization reaction between
VAc and ELO® follows two steps mechanism. The
first step involves the radical initiation of VAc polymerization by persulfate initiator, followed by the
second step in which the propagation of VAc monomers takes place. The formed radical intermediate of
PVAc grafted onto the triglycerides by radical activation of the residual double bonds in triglycerides.
The linkage between PVAc and ELO® is evidenced
by the emergence of new signals observed at 31.0
and 15.3 ppm shown in the 13C-NMR spectrum of
VAc–ELO® copolymer [22].
In addition to the 1H-NMR, the ATR–FTIR was used
to prove the reaction between VAc and ELO® or
ELO2 by identification of characteristic vibrations

3.3. Decay resistance of VAc–ELO® treated
wood
Previous 1H-NMR investigation revealed that almost
no signals corresponding to the oil moieties can be
observed in the spectra after reaction between VAc
and SO derivatives or epoxidized LO with low epoxy
content. Therefore, epoxidized LO with high epoxy
content (i.e. ELO®) was selected for further investigation to study the impact of the VAc–ELO® treatment on the wood durability. A stable and homogenous solution containing VAc and ELO® without

Figure 6. 1H-NMR spectrum of VAc–ESO® (a), VAc–ELO3 (b), VAc–ELO2 (c), VAc–ELO1 (d), VAc–ELO® (e) copolymer/polymer, the ratio of VAc/oil = 1/1 (w/w)
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Figure 7. FTIR spectra of ELO® (a), PVAc (b), VAc–ELO2 copolymer (c), and VAc–ELO® copolymer (d) (VAc/oil = 1/1,
(w/w))

constant agitation is required for wood impregnation. Three options were tested in this study, and the
effects of formulations and WPG on the decay resistance of VAc–ELO® treated wood are shown in
Table 4.
The polymerization of VAc–ELO® initiated by BPO
in Formulation 1 was performed in neutral condition, in which no chemical reaction occurs between
the resulting copolymer and the reactive part of
wood components. The VAc–ELO® treated samples

with 23% WPG show better decay resistance against
white rot fungus (Trametes versicolor) than the brown
rot fungi (Postia placenta and Coniophora puteana).
However, the treatment using Formulation 1 cannot
provide sufficient protection against fungi attack. To
facilitate the reaction between wood hydroxyl groups
and the VAc–ELO® copolymer, aqueous–soluble
catalysts were required. Emulsifiers were used to integrate immiscible VAc and ELO® with water, since
neither VAc nor ELO® were miscible with water.

Table 4. ML after fungal exposure for control and VAc–ELO® (VAc/ELO® = 1/1, w/w) treated samples produced from different formulations (standard deviations in parentheses)
WPG

23%

Treated
Control

49%

Treated
Control

26%

Treated
Control
Treated
Control
Treated
Control
Treated
Control

13%
8%
5%

ML after fungal exposure and calculated durability class (DC)
Trametes versicolor (ML)
Postia placenta (ML)
Coniophora puteana (ML)
[%]
[%]
[%]
Formulation 1 (VAc, ELO®, BPO)
3.2 (0.9)
24.9(10.0)
12.7 (7.7)
18.2 (2.8)
45.7 (5.4)
39.6 (5.8)
Formulation 2 (VAc, ELO®, H2O, Brij® S 100, Na2CO3, K2S2O8)
3.7 (1.9)
21.2 (7.3)
10.2 (5.8)
15.7 (5.2)
46.1 (6.6)
33.0 (2.9)
Formulation 3 (VAc, ELO®, H2O, CTAB, Span® 80, K2S2O8)
0.7 (0.3)
0.3 (0.1)
0.5 (0.2)
23.0 (2.1)
58.4 (2.4)
53.4 (5.8)
0.1 (1.9)
–2.3 (0.4)
–1.0 (0.7)
24.7 (3.8)
59.5 (1.3)
53.9 (4.0)
4.4 (2.5)
–0.9 (0.9)
1.1 (0.2)
25.1 (2.9)
59.4 (2.3)
55.9 (7.7)
8.1 (2.7)
0.3 (0.1)
1.3 (0.5)
23.4 (3.3)
58.2 (1.5)
51.4 (7.0)
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Brij® S (3 wt%, average Mn equals 4.670 g·mol–1)
used in Formulation 2 serves as a non–ionic emulsifier to integrate VAc and ELO® in aqueous phase.
Na2CO3 (1%) in Formulation 2 was used to catalyse
the reaction between VAc–ELO® copolymer and wood
hydroxyl groups by maintaining emulsion in alkaline
condition. The durability of treated samples with
even higher WPG (49%) in Formulation 2 is comparable to that of treated samples from Formulation 1,
which shows slightly improved resistance to fungal
attack. Furthermore, due to the high molecular weight
of Brij® S 100 used as emulsifier in the Formulation 2, the obtained emulsions were highly viscous
which limits the penetration of the impregnating
agents into the wood cell wall. Moreover, the dissolution of Brij® S 100 (granular form) in aqueous solution at room temperature is time–consuming, which
is not favourable in industry. The Brij® S 100 was
substituted by a combination of emulsifiers CTAB
and Span® 80 in Formulation 3. CTAB is well known
as an efficient emulsifier used in household products
such as shampoos and cosmetics. CTAB (2.6 wt%)
combined with Span® 80 (1.6 wt%) can stabilize the
VAc–ELO® emulsion for several days. Compared to
Brij® S 100 (3 wt%), the synergistic effect of CTAB
and Span® 80 can substantially decrease the viscosity of the solution, which facilitates the impregnation
of the emulsion into the wood. Additionally, due to
the alkaline character of CTAB, it is presumed that
the emulsifier CTAB can catalyse the reaction between ELO®’s epoxide groups and the wood’s hydroxyl groups by ring opening of epoxide groups.
By using Formulation 3, the durability of VAc–
ELO® treated samples with 26% WPG is significantly improved compared to control samples. However,
treated wood with 26% WPG is too heavy and costly, which is not economically viable. Durability tests
were carried out further on treated samples with
lower WPG (5, 8 and 13%) to search for an optimal
WPG against fungal attack. The protective effectiveness of VAc–ELO® treated wood at different WPG
against white rot– (Trametes versicolor) and brown
rot fungi (Postia placenta and Coniophora puteana)
show that treated samples of 8% WPG is enough to
ensure decay resistance against these test fungi (DC
2), which can be used in above ground applications.
In comparison with wood treated only with plant oil
(e.g. ELO® and LO) at low retention [16], the durability of wood treated with the VAc–ELO® copolymer

produced from Formulation 3 is improved significantly, even at relatively low WPG of 8%.

4. Conclusions
The present work investigated the effects of epoxidation degree of LO and SO on the copolymerization
reaction between epoxidized oil and VAc. Since the
epoxidized oil can be chemically produced by in–
situ epoxidation of the corresponding plant oil, the
epoxidized oils with different epoxy content were prepared by controlling the reaction time during the
epoxidation process. The number of epoxy groups
per oil molecule and the DOE can be determined by
means of 1H-NMR. Results showed that the reaction
between VAc and epoxidized oil depends on the degree of epoxidation, and also on the types of oil used
(i.e. degree of unsaturation). The SO and its derivatives showed no reaction with VAc, while reaction
between VAc and epoxidized LO with high epoxy
content yielded more product than that of the epoxidized LO having relatively low epoxy content. Plant
oil having higher IV before epoxidation and more
epoxy content after epoxidation showed higher reactivity towards VAc, and the maximum epoxidized
LO (i.e. ELO®) is considered to be the most reactive
monomer compared to the other partly epoxidized
LO and partly epoxidized SO in copolymerization reaction with VAc. The epoxidized LO with high epoxy
content (i.e. ELO®) was selected for further investigation on the impact of the VAc–ELO® treatment on
the wood durability. As an efficient compound used
in household products such as shampoos and cosmetics, a small amount of CTAB (2.6 wt%) contained
in Formulation 3 serves as a emulsifier for the VAc–
ELO®–H2O solution and a catalyst for the reaction
between ELO®’s epoxide groups and wood’s hydroxyl groups. Compared to the Formulation 1 and 2,
wood treatment by Formulation 3 showed significantly improved durability against white rot– and
brown rot fungi. Further study on the durability of
treated wood produced from Formulation 3 at four different WPG showed that treated wood of 8% WPG
was sufficient to ensure decay resistance against the
test fungi (durability class 2).
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