ProbpUCTION AND CHARACTERIZATION
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ABSTRACT. Epoxidized canola oil may be well suited to the partial replacement of petroleum products in composite matrices;
however, a process is needed to obtain this material from canola oil at sufficient conversion and scale to assess product
properties. Therefore, canola oil was epoxidized in a solvent-free process with a heterogeneous catalyst; a fractional factorial
design was used to determine the impact of processing conditions and their two-factor interactions on epoxy group content
of epoxidized canola oil. The studied parameters were: molar ratio of acetic acid to unsaturation, molar ratio of hydrogen
peroxide to unsaturation, concentration of hydrogen peroxide, concentration of catalyst, and temperature. Epoxidized canola
oil with up to 98.5% conversion was produced. The parameters molar ratio of acetic acid to unsaturation, concentration of
hydrogen peroxide, temperature, and their interactions were found to be significant in the defined design space. Process
conditions that achieved the highest conversion were scaled to 300 g to compare the conversion, production yield, and
rheological and melting properties of products of the epoxidation of both canola and soybean oil with and without solvent.
Epoxidized canola oil crystallized at room temperature; at 40°C it was shear-thinning with an apparent viscosity of 140 to
150 mPas. Elimination of solvent in the epoxidation process decreased the yield 10% but did not reduce the conversion to
epoxy groups. Therefore, the scaled-up, solvent-free process is proposed as a green alternative for sufficient epoxidized canola
oil to test composite applications.
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egetable oils provide consumer-friendly and en-

vironmentally friendly substitute products for

petrochemicals. From the wide variety of poten-

tial vegetable oil products, this study is focused
on epoxidized canola oil. Epoxidized vegetable oils are wide-
ly used as a plasticizers and stabilizers of PVC, and they also
can be used as part of the matrix in the preparation of compos-
ites. The matrix will typically be reinforced by a fiber such
as E-glass. Thermosetting resins, which crosslink in presence
of a hardener, are widely applied as matrices in composites.
Epoxy resins, which include epoxidized vegetable oil, are
one of the most common types of thermosetting resins. Epoxy
resins contain epoxides as functional groups. Therefore, the
degree of epoxidation will influence the properties of the fi-
nal polymer. Although epoxidized vegetable oil is not a new
material, much remains to be learned about the process and
product characterization. Innovation with vegetable oils is
needed to compete in applications currently dominated by
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petroleum (Chen et al., 2002; Liu and Erhan, 2005; Liang et
al., 2005; Boquillon, 2006; Giiner et al., 2006). A number of
studies have evaluated key factors for epoxidation of soybean
and other oils, including concentration of reagents, reaction
temperature, and reaction time, but little has been reported
for epoxidized canola oil (Sinadinovik-Fiser et al., 2001;
Rangarajan et al., 1995; Vicek and Petrovic, 2006; Goud et
al., 2006; Goud et al., 2007; Mungroo, et al., 2008, Campa-
nella et al., 2009). In studies where many factors are in-
volved, fractional factorial designs can be applied to identify
those factors with large effects (Myers and Montgomery,
2002).

Epoxides, also known as oxiranes or epoxy groups, are cy-
clic ethers with a three-membered ring structure. Due to this
highly strained ring structure, epoxy groups are more reactive
than other ethers, making them important intermediates for
a variety of products (Goud et al., 2006). Epoxidation of veg-
etable oils consists of adding a single oxygen atom to each un-
saturation (carbon-carbon double bond) in the fatty acid
chain using percarboxylic acids or organic and inorganic per-
oxides as oxidizing agents; the original unsaturation is thus
converted into an epoxy group. A high content of unsatura-
tion in the vegetable oil is desirable during the epoxidation
reaction. Therefore, the vegetable oil fatty acid profile can be
used to predict the content of unsaturation and formation of
epoxy groups. The conversion of unsaturation to epoxy
groups can be directly monitored with the oxirane oxygen
content, and indirectly with the iodine value (Parreira et al.,
2002).

The canola oil fatty acid profile differs from that of soy-
bean oil, the most commonly epoxidized vegetable oil. Cano-
la oil is rich in monounsaturated oleic acid (62%), while
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soybean oil has a higher content of polyunsaturated linoleic
acid (53%). Another significant difference between these oils
is the content of saturated fatty acids. Canola oil has a lower
content of saturated fatty acids (6%) in comparison with soy-
bean oil (15%) (Ackman, 1990). Saturated fatty acids cannot
be epoxidized and thus cannot participate in the preparation
of polymers. This characteristic of the fatty acid profile of ca-
nola oil makes it well suited to the development of new epoxy
resins.

The degree of epoxidation has an effect on the resin physi-
cal properties, such as viscosity and crystalline melting tem-
perature. These physical properties determine the application
and processing of the resin. The composites industry requires
resin viscosities less than 500 cP for liquid molding opera-
tions because higher viscosities cause voids and increase in-
fusion and production time (La Scala and Wool, 2005).

Industrially, epoxidized vegetable oils are mainly pre-
pared from peracid formed in situ from the reaction of hydro-
gen peroxide with acetic acid or formic acid. The use of
formic acid does not require a catalyst, but it is more expen-
sive than acetic acid. Acetic acid requires an acid catalyst,
which can be homogenous (liquid) or heterogeneous (solid).
Homogeneous catalysts are not expensive, but they are not
easily reused and their side reactions promote epoxy-group
degradation (especially to hydroxyl groups). Heterogeneous
catalysts are easily removed from the product and recycled,
decreasing the environmental impact and the production
cost. Heterogeneous catalysts, such as ion exchange resins,
also reduce side reaction production, decreasing epoxy-
group degradation (Gunstone, 1997; Hang and Yang, 1999;
Campanella and Baltands, 2005). Organic solvents such as
hexane, heptane, benzene, and toluene are used in the epox-
idation of vegetable oils to decrease the epoxy-group degra-
dation and to facilitate sample purification (Rangarajan et al.,
1995, Goud et al., 2007, Campanella et al., 2009). Associated
health hazards, as well as increased time and cost of organic
solvent use and recovery, are disadvantages.

Epoxidation of canola oil was recently reported by Cam-
panella et al. (2009) and Mugroo et al. (2008). In the first
study, canola oil was epoxidized using performic acid in the
presence of benzene with a conversion of 95%. In the second
study, a small sample of canola oil (23 g) was epoxidized in
a solvent-free process using a heterogeneous catalyst with
acetic acid and formic acid. Use of acetic acid resulted in bet-
ter conversion of unsaturated groups to epoxy groups (90%)
compared to formic acid. The catalyst showed little loss of
activity upon reuse. This environmentally friendly approach
is worth pursuing; however, higher conversion and scale are
needed, as well as additional information about the process-
ing and properties of epoxidized canola oil, to evaluate epox-
idized canola oil for composite material applications.
Therefore, one objective of this study was to develop the pro-
duction of epoxidized canola oil via a solvent-free,
heterogeneous-catalysis process, using a fractional factorial
design to identify the significant process factors to improve
conversion. A second objective was to scale the process to
300 g and then compare the conversion, production yield, and
rheological and melting properties of products of the epox-
idation of both canola and soybean oil with and without sol-
vent.
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MATERIALS AND METHODS
MATERIALS

Commercial edible-grade canola and soybean oil were ac-
quired locally. The catalyst Amberlite IR120 H resin (ion ex-
change capacity = 1.8 eq L~1; mean particle size: 0.62 to 0.83
mm) used as received was purchased from Acros Organics
(Morris Plains, N.J.). Glacial acetic acid, aqueous solutions
of hydrogen peroxide (30% and 50%), and anhydrous sodium
carbonate were purchased from EDM Chemicals (Gibb-
stown, N.J.). Anhydrous magnesium sulfate was acquired
from Mallinckrodt Baker, Inc. (Phillipsburg, N.J.). Toluene
was purchased from BDH (Muskegon, Mich.). All other
chemicals used in this study were of analytical reagent grade.

SOLVENT-FREE EPOXIDATION OF CANOLA OIL

Epoxidation of canola oil was carried out in a 1 L three-
necked round bottom flask equipped with (1) a thermometer,
(2) an addition funnel, and (3) a mechanical stirrer. A semi-
circular Teflon stirrer blade (long-groove keyhole) of 75 mm
diameter on a glass shaft was connected to the mechanical
stirrer (Arrow Engineering Co., Inc., Hillside, N.J.). The
flask was placed in a water bath to control the temperature.
Canola oil (50 g) containing 0.221 moles of unsaturation,
acetic acid, and catalyst was first added to the flask in accor-
dance with the experimental design (table 1). Flask contents
were mixed for 5 min prior to dropwise (2 mL min-1) addition
of the aqueous solution of hydrogen peroxide (30% or 50%)
to the flask. After hydrogen peroxide addition, the reaction
was carried out for 5 h at 500 rpm. The catalyst was then fil-
tered off using cheesecloth, and the filtrate was held in a sepa-
ratory funnel for 2 h; the lower (aqueous) layer was
discarded. The organic layer was washed three times with
150 mL of saturated sodium carbonate solution at 50°C, and
then three times with 150 mL of water at 50°C. The organic
layer was dried overnight with 10 g of anhydrous magnesium
sulfate. The magnesium sulfate was removed by filtration un-
der vacuum with Whatman No. 4 filter paper. All treatments
were carried out in duplicate. Oxirane oxygen content, iodine
value, conversion, selectivity, and FTIR spectroscopy were
used to characterize the epoxidation products. The conditions
in table 1 were selected on the basis of a fractional factorial
design with five factors.

FATTY ACID PROFILE DETERMINATION

Fatty acid profiles of canola oil and soybean oil were de-
termined by gas chromatography according to the method de-
scribed by Zheljazkov et al. (2008). In a 2 mL vial, 2 pL of
oil were mixed with 1 mL of hexane/chloroform/0.5 M so-
dium methoxide in methanol (75:20:5, v/v/v). The sample
(1 uL) was injected into a Hewlett-Packard model 5890 Se-
ries II gas chromatograph containing a DB-23 capillary col-
umn (30 m X 0.25 mm, J&W Scientific, Folsom, Cal.) and
equipped with a flame ionization detector. The column was
initially maintained at 190°C for 4 min and was increased at
a 15°C min~! rate to 220°C. After 1 min at 220°C, the tem-
perature was increased to 240°C at a rate 25°C min~! and was
held at 240° C for 1 min, for a total run time of 8.8 min. The
injector and detector temperatures were 230°C and 250°C,
respectively. The carrier gas was helium at a flow rate of
1.9 mL min~! and a split flow of 100 mL min~1. Peak identifi-
cation was performed by comparing the relative retention
times with those of a commercial standard mixture of fatty
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Table 1. Experimental design and reaction conditions of the solvent-free epoxidation of canola oil.

Factorla]
A B C D E Reagent Amounts
AA:U HP:U HP Catalyst Temperature AA HP Catalyst
Treatment Molar Ratio  Molar Ratio (% wt) (% wt) (°C) (mL) (€3] (€3]

1 1:1 2:1 50 35 60 12.6 30.1 14.9
2 0.5:1 2:1 50 35 50 6.3 30.1 12.7
3 1:1 1.5:1 50 35 50 12.6 22.5 12.3
4 0.5:1 1.5:1 50 35 60 6.3 22.5 10.1
5 1:1 2:1 30 35 50 12.6 50.1 22.0
6 0.5:1 2:1 30 35 60 6.3 50.1 19.7
7 1:1 1.5:1 30 35 60 12.6 37.6 17.6
8 0.5:1 1.5:1 30 35 50 6.3 37.6 15.4
9 1:1 2:1 50 25 50 12.6 30.1 10.7
10 0.5:1 2:1 50 25 60 6.3 30.1 9.1

11 1:1 1.5:1 50 25 60 12.6 22.5 8.8

12 0.5:1 1.5:1 50 25 50 6.3 22.5 72

13 1:1 2:1 30 25 60 12.6 50.1 15.7
14 0.5:1 2:1 30 25 50 6.3 50.1 14.1
15 1:1 1.5:1 30 25 50 12.6 37.6 12.6
16 0.5:1 1.5:1 30 25 60 6.3 37.6 11.0

[a] A = Acetic acid (AA) : unsaturation (U) molar ratio (AA:U).
B = Hydrogen peroxide (HP) : unsaturation (U) molar ratio (HP:U).
C = Concentration of the aqueous solution of hydrogen peroxide (% wt).

D = Concentration of catalyst as percentage of the combined weight of acetic acid and hydrogen peroxide (% wt).

E = Temperature (7, °C).

acid methyl esters purchased from Nu-Chek Prep, Inc. (Ely-
sian, Minn.), and fatty acid concentrations were expressed as
a weight percentage of the total fatty acids.

IoDINE VALUE, HYDROXYL VALUE, AND OXIRANE OXYGEN
CONTENT

The iodine value (IV) was determined on canola oil, soy-
bean oil, and the products of epoxidation using ASTM meth-
od D5554 (ASTM, 2001). The iodine value of canola oil and
soybean oil was also estimated from the fatty acid composi-
tion using equation 1 from AOCS recommended practice Cd
1c-85 (AOCS, 1998):

IV = (% palmitoleicx 0.950 )+ (% oleicx0.899)
+ (% linoleicx1.810)+ (% linolenicx 2.735)

+(% gadoleicx 0.818)+ (% erucicx0.749) (1)

The hydroxyl value and the oxirane oxygen content were
determined on the products of epoxidation with AOCS meth-
ods Tx 1a-66 and Cd 9-57 (AOCS, 1980, 1989), respectively.
The conversion of unsaturation to epoxy groups was calcu-
lated with the equation 2:

e

% conversion= 2)

p

where OO, is the oxirane oxygen content experimentally de-
termined, and OO, is the maximum predicted oxirane con-
tent, which was calculated with equation 3 (Goud et al.,
2006):

v
2A.
00, = L

p
100+ Yo |4,
24,
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where A; and A, are the atomic weights of iodine (126.9) and
oxygen (16.0), respectively; and IV} is the initial iodine value
of the vegetable oil determined by ASTM method D5554
(ASTM, 2001).

The selectivity for oxirane oxygen can be calculated by
equation 4 (Campanella et al., 2008):

1V,

e

Selectivity = o

4)

P
where IV is the iodine value of the epoxidized sample deter-
mined by ASTM method D5554 (ASTM, 2001).

FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY
ANALYSIS

The formation of epoxy groups and consumption of unsa-
turation were characterized on the products of epoxidation by
FTIR spectroscopy (epoxy ring deformation: 823.3 cm~!; CH
stretching of =CH: 3007 cm~1). FTIR spectra were collected
from epoxy resins using a Nicolet 6700 FTIR spectrometer
(ThermoFisher Scientific, Madison, Wisc.) operating with
32 scans and a resolution of 4 cm~1. The spectrometer was
equipped with a deuterated triglycine sulfate (DTGS) detec-
tor, and spectra were collected with the Smart ARK multiple
reflection ATR accessory (ThermoFisher Scientific, Madi-
son, Wisc.) equipped with a 45° ZnSe crystal. Peak identities
were determined with OMNIC software version 7.0 (Ther-
moFisher Scientific, Madison, Wisc.).

ViscosITy

Viscosity measures of the products of epoxidation were
carried out in a VT500 viscometer (Haake, Saddle Brook,
N.J.) using the PK cone and plate sensor system (cone angle
0.5°). Epoxidized canola oil tended to crystallize at room
temperature; therefore, the analysis was carried out at 40°C.
A 0.1 cm? sample was placed on the plate, covering the com-
plete surface, and then the plate and sample were positioned
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Table 2. Reaction conditions for comparison of epoxidized canola oil (ECO) and epoxidized soybean oil (ESO) prepared with and without solvent.

Vegetable Molar Ratio AA HP HP Catalyst Solvent T
Oil (U/AA/HP) (mL) (8) (% wt) (€3] (mL) (°0)
Canola oil 1/0.5/2 37.9 180.4 50 54.6 -- 60
Canola oil 1/0.5/2 37.9 180.4 50 54.6 150 60
Soybean oil 1/0.5/2 47.7 226.9 50 68.7 -- 60
Soybean oil 1/0.5/2 47.7 226.9 50 68.7 150 60

in contact with the cone for 5 min to equilibrate sample tem-
perature before sample shearing was initiated. The viscosity
(mPa-s) and shear stress were measured at four shear rates:
5994, 3596, 2155, and 1294 s-1. Torque values were within
the range of 0.2 to 0.5 N-cm. Shear rate was held constant for
20 s before the viscosity reading was recorded. The tests were
carried out in triplicate, using fresh sample for each replicate.
The resins were observed to be shear-thinning. Therefore,
shear stresses at the different shear rates (s-1) for each sample
were fitted to the power law model (eq. 5):

®)

where 0 is the shear stress (Pa), y is the shear rate (s™1), K is
the flow consistency index (Pa-s"), and # is the flow behavior
index (dimensionless) (Singh and Heldman, 2001). The fit of
data to the power law model was used to find K and n.

o=KY"

MODULATED DIFFERENTIAL SCANNING CALORIMETRY
(MDSC) ANALYSIS

Onset and maximum crystalline melting temperatures, en-
thalpy of melting, and liquid heat capacity were determined
on the products of epoxidation by MDSC analysis with a
Q1000 DSC (TA Instruments, New Castle, Del.). Indium was
used as a temperature and enthalpy calibration, and sapphire
was used for heat capacity calibration. Dry nitrogen gas with
a flow rate of 50 mLmin~! purged the cell. Runs were carried
out using an empty cell as a reference. Samples (8 to 15 mg)
were placed in aluminum hermetic cells. The analyses were
carried out from -90°C to 75°C, with a ramp of 3°C min~1.
A period of 40 s and amplitude of 0.6° C were used to produce
the sinusoidal modulation. The data were analyzed by TA In-
struments’ Universal Analysis 2000 software to separate total
heat flow into the reversing and non-reversing components.
Enthalpy of melting was obtained by integration of the melt-
ing peak using the reverse heat flow signal.

STATISTICAL ANALYSIS

The analysis of variance (ANOVA) was generated to iden-
tify the significant factors using the oxirane oxygen content
as the response variable (SAS 9.1 software). The significance
of the factors of the F-value was evaluated at a probability
level (p) of 0.05.

SOLVENT-FREE EPOXIDATION VERSUS SOLVENT
EPOXIDATION

One of the set of conditions from table 1 that resulted in
high conversion to epoxy groups was selected to epoxidize
canola oil and soybean oil with and without solvent (toluene)
and scaled up from 50 g to 300 g of vegetable oil per batch.
The epoxidation reactions were carried out as described earli-
er, but with 300 g of oil and with two additional steps when
incorporating toluene: (1) 150 mL of toluene were added to
the reaction mix, and (2) after the epoxidized sample was
dried with anhydrous magnesium sulfate, toluene was re-
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moved by heating under vacuum. When soybean oil was
epoxidized, the amount of the reagents was adjusted to the
molar content of unsaturation of soybean oil (1.668 mole of
unsaturation per 300 g of soybean oil). The reaction condi-
tions are shown in table 2. Oxirane oxygen content, iodine
value, hydroxyl value, conversion, selectivity, yield, viscos-
ity, crystalline melting properties, and liquid heat capacity
were analyzed in the products of epoxidation. The yield of
epoxidized vegetable oils in the presence and absence of sol-
vent was evaluated with equation 6:

% yield of epoxidation =

mass epoxidized vegetable oil

x100 (6)

mass initial vegetable oil

RESULTS
FATTY ACID PROFILES OF CANOLA OIL AND SOYBEAN OIL
The fatty acid profiles of canola oil and soybean oil used
in this study are shown in table 3. The content of saturated
fatty acids (16:0, 18:0, and 20:0) in canola oil (7%) was lower
than in soybean oil (15%). Saturated fatty acids cannot be
epoxidized; thus, they cannot participate in crosslinking dur-
ing the preparation of polymers. This characteristic of the
fatty acid profile of canola oil makes it well suited to the de-
velopment of new epoxy resins. The fatty acid composition
of vegetable oils varies with climate, and can be genetically
manipulated. The content of oleic acid found in the canola oil
used in this study (64%) was slightly higher than the range of
60% to 63% reported in the literature (Ackman, 1990; Mun-
groo et al., 2008; Campanella et al., 2009). This was not un-
expected due to the genetic manipulation efforts to increase
the content of this fatty acid. Based on these fatty acid pro-
files, the content of unsaturation per mole of triglyceride was
3.7 for canola oil and 4.4 for soybean oil. The predicted io-
dine value of canola oil from the fatty acid profile using equa-
tion 1 was 111.2, while the determined iodine value (ASTM,
2001) was 112.2 +0.3.

Table 3. Fatty acid profiles of canola oil and
soybean oil used to prepare epoxy resins.

Common Fatty Acid (%)

Name C:U (P)[ﬂ] Canola Oil Soybean Oil
Palmitic 16:0 4.3 10.7
Stearic 18:0 2.0 4.4
Oleic 18:1 (9) 64.0 22.5
Linoleic 18:2 (9,12) 18.4 52.4
Linolenic 18:3 (9,12,15) 7.2 6.7
Arachidic 20:0 0.6 0.3
Gadoleic 20:1 (9) 1.1 0.2

[a] C = number of carbons of the fatty acid chain.
U = number of unsaturation.
P = position of carbon after which the unsaturation is located.
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CHARACTERIZATION OF THE SOLVENT-FREE EPOXIDIZED
CanorA O1L

The iodine value and the oxirane oxygen content are espe-
cially important properties in the characterization of epoxi-
dized vegetable oils. While the iodine value indicates the
remaining unsaturation after the epoxidation reaction, the
oxirane oxygen content indicates the epoxy groups present in
the products (table 4). In the preparation of polymers, epoxy
resins with a lower iodine value and higher oxirane oxygen
content are desired. The iodine values of the 16 treatments
were reduced 93% to 99.7% relative to the initial iodine value
of canola oil. The reductions in iodine values indicated the
consumption of the unsaturation during the epoxidation, but
they did not represent solely conversion to epoxy groups be-
cause epoxy ring degradation generates side products.

The predicted oxirane oxygen content for canola oil using
equation 3 and the determined iodine value was 6.6%. Oxi-
rane oxygen values varied from 4.7 to 6.5, which represents
71% to 98.5% conversion of unsaturation to epoxy groups
(table 4). Recently, Campanella et al. (2009) reported a 95%
conversion in the epoxidation of canola oil in the presence of
performic acid and benzene. Mungroo et al. (2008) reported
a 90% conversion in the epoxidation of small (23 g) samples
of canola oil, under conditions similar to this study, but with
magnetic stirring and taking a series of samples at intervals
of time from the reactor. Their lower conversion in compari-
son with the highest conversion (98.5%) in this study could
be due to the different mixing conditions. In addition, the
sampling of the reactor may have altered the relative amounts
of the three-phase reaction system (organic phase, aqueous
phase, and solid catalyst phase). Selectivity was correspond-
ingly high (>0.96) in most of the treatments, except treat-
ments 8 and 14 with selectivities of 0.76 and 0.78,
respectively (table 4).

The unsaturation and epoxy groups can also be monitored
by Fourier transform infrared (FTIR) spectroscopy. FTIR
spectroscopy is a rapid, nondestructive technique that has
been widely applied in the characterization of lipids because
lipids have functional groups with characteristic absorption
bands in the infrared region of the electromagnetic spectrum
(Hendl et al., 2001; Flatten et al., 2005). Figure 1a shows the

Table 4. Chemical properties, percent conversion, and selectivity
of the solvent-free epoxidized canola oil (means +SD).

Todine Oxirane
Value Oxygen Percent
Treatment (gI/100 g)  Content (%) Conversion  Selectivity

1 0.310.4 6.310.3 95.5 0.96
2 1.7+2.0 6.410.3 97.0 0.98
3 1.8+0.8 6.310.2 95.5 0.97
4 1.2+0.3 6.310.3 95.5 0.96
5 6.9 +0.2 6.210.5 94.0 1.00
6 6.3%1.0 6.2 0.6 94.0 1.00
7 1.9+0.1 6.5 0.7 98.5 1.00
8 71203 4.710.2 71.2 0.76
9 0.6 £0.8 6.3 £0.1 95.5 0.96
10 0.8 £0.1 6.5 £0.0 98.5 0.99
11 0.4 £0.5 6.3 £0.1 95.5 0.96
12 6.9 +0.2 6.1+0.3 92.4 0.98
13 2.842.1 6.5 0.1 98.5 1.01
14 7.020.5 4.810.2 73.0 0.78
15 6.5 10.9 6.1+0.3 92.4 0.98
16 6.5 0.7 6.0 +0.3 91.0 0.96
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Figure 1. FTIR spectra of canola oil and canola epoxy resins, showing
(a) unsaturation present at 3007 cm-! and (b) epoxy groups present at
823.3 cm-!. Treatment numbers correspond to those in tables 1 and 4.

presence of unsaturation in canola oil at 3007.8 cm~! (Chen
et al., 2002); among the canola epoxy resins, only treatments
8 and 14 with the lowest oxirane oxygen contents and highest
iodine values showed absorbance in this region of the spec-
trum. Figure 1b shows the presence of epoxy groups in the ca-
nola epoxy resins at 823.8 cm~! (Vicek and Petrovic, 2006),
while canola oil did not show any peak in this region. Thus,
the FTIR spectra confirmed the results from the analytical
oxirane oxygen content and iodine value determinations for
the 16 treatments.

Statistical Analysis

Because oxirane oxygen content is a direct measure of the
degree of epoxidation, this parameter was used to evaluate
the impact of the following reaction conditions in the conver-
sion of unsaturation from canola oil to epoxy groups: (A) ace-
tic acid:unsaturation molar ratio, (B) hydrogen peroxide:
unsaturation molar ratio, (C) concentration of the aqueous
solution of hydrogen peroxide, (D) concentration of the cata-
lyst, and (E) temperature. The analysis of variance (ANOVA)
identified factors A, C, and E, and their interactions (AC, AE,
and CE) as statistically significant (p < 0.05) for the levels in
this study.

Oxirane oxygen content (OO%) can be predicted with the
regression model (eq. 7) based on the significant factors:

00% = 6.0938+0.2188x, +0.2188x, +0.2313x,
~0.2313x,x, —0.1438x,x; —0.1938x,x;  (7)

where x1, xp, and x3 are the coded variables on the interval

(-1, +1) that represent factors A, C, and E, respectively.
Initially, two levels for each factor were selected in order

to screen their effect in the conversion to epoxy groups. Fur-
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Figure 2. Oxirane oxygen content variation as a function of significant factors: A(x;) = acetic acid:unsaturation molar ratio; C(x;) = concentration

of hydrogen peroxide solution; and E(x3) = temperature.

ther optimization was deemed not necessary because of the
high degree of epoxidation obtained with the initial array of
conditions. The selection of only two levels for each factor
limited the accuracy of the obtained mathematical model. A
two-level factorial design intrinsically assumes a linear rela-
tionship between each of the factors and the response vari-
able, but such linear relationships are often not valid for the
entire region of the design space.

Studies of epoxidation of vegetable oils generally define
the optimal conditions of the process by analyzing one or two
factors at a time (Rangarajan et al., 1995; Goud et al., 2006;
Goud et al., 2007; Mungroo, et al., 2008). However, a frac-
tional factorial design allows evaluation of the effects of sev-
eral factors simultaneously.

Acetic acid participates as the oxygen carrier and is regen-
erated after the formation of epoxy groups; therefore, it can
also participate in the degradation of epoxy groups. If the
aqueous solution of hydrogen peroxide is more dilute, then
more water is added to the system, increasing the possibility
of epoxy group degradation. Therefore, to optimize the con-
centration of these reagents, it is relevant not only to achieve
a high concentration of epoxy groups but also low degrada-
tion. Studies of epoxidation of different vegetable oils re-
ported that increasing the reaction temperature increased
both the rate of conversion and the rate of degradation of
epoxy groups. (Sinadinovik-Fiser et al., 2001; Rangarajan et
al., 1995; Vicek and Petrovic, 2006; Goud et al., 2006; Goud
et al., 2007; Mungroo, et al., 2008). Figure 2 shows the ex-
pected results of oxirane oxygen content in the defined design
space for the significant factors (A) acetic acid:unsaturation
molar ratio, (C) concentration of the aqueous solution of hy-
drogen peroxide, and (E) temperature. At the highest temper-
ature (x3 = 1), the best conversion to epoxy groups was
achieved when the molar ratio of acetic acid to unsaturation
and hydrogen peroxide concentration were at different ends
of the spectrum (+1,-1 or -1, +1), which corresponded to
treatments 7, 10, and 13 (table 4). These results showed that,
although treatments 7 and 13 were prepared with the lower
concentration of hydrogen peroxide solution, the elevated
temperature (60°C) had a larger effect in increasing the con-
version to epoxy groups.

In contrast, the combination of the lower levels of these
significant factors, corresponding to treatments 8 and 14,
achieved lower conversion to epoxy groups and higher degra-
dation, as indicated by their selectivities (table 4). The more
dilute hydrogen peroxide leads to the addition of more water,
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which promotes the hydrolysis of the epoxy groups, as noted
above. Therefore, as temperature decreases, it is important to
have both the other significant factors at the highest levels.
In summary, at the highest temperature, the response is gener-
ally more robust, with lessened impact of the other factors.
As temperature drops, the other factors become more signifi-
cant.

Factors B (hydrogen peroxide:unsaturation molar ratio)
and D (% catalyst) were not significant in the defined experi-
mental design, but those factors are important in the epoxida-
tion process. Hydrogen peroxide participates as the oxidant
in epoxidation and is usually added in excess to ensure
completion of the reaction. As a consequence, it can also par-
ticipate in the degradation of the epoxy groups (Goud et al.,
2007). In this study, the levels of factor B (hydrogen perox-
ide:unsaturation) of 1.5:1 and 2:1 were not significant. This
result implied that the delimited design space of factor B did
not include the area where this factor had an impact in the
conversion to epoxy groups. An ion exchange resin was used
as the catalyst in the epoxidation reaction. This catalyst re-
duces the degradation of the epoxy groups because large mol-
ecules from the organic phase cannot go into the resin where
the peracetic acid is produced (Campanella and Baltands,
2005). For this reason, it was expected that increasing the
amount of catalyst would increase formation and decrease
the degradation of the epoxy groups. However, the effect of
catalyst concentration (factor D) was not significant at the
given levels (25% and 35%), indicating that the analyzed lev-
els were in excess. Other studies reported an effect of the cat-
alyst concentration on conversion using lower catalyst
concentrations (Sinadinovik-Fiser et al., 2001; Mungroo et
al., 2008).

CHARACTERIZATION OF THE SOLVENT-FREE AND SOLVENT
EPOXIDATION PRODUCTS

Treatment 10 (table 1) was scaled up to 300 g to epoxidize
canola and soybean oil in the presence and absence of solvent
(toluene) to compare the chemical properties, conversion,
yield (table 5), and physical properties (tables 6 and 7) of the
products. As shown in table 5, treatments 7, 10, and 13 had
similar, high values of oxirane oxygen content; treatment 10
was selected because it also had the lowest standard deviation
and lower iodine value, which implies a lower content of un-
saturation. The scale up from 50 g to 300 g ofvegetable oil
batch was successful because scale up did not decrease the
yield of epoxidation and the conversion to epoxy groups. This
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Table 5. Chemical characteristics, conversion, yield, and selectivity of solvent-free and
solvent epoxidized canola oil (ECO) and epoxidized soybean oil (ESO) (means +=SD).

Epoxidized Iodine Value Hydroxyl Value Oxirane Oxygen Conversion Yield of
Vegetable Oil (g 1/100 g) (mg KOH/g) Content (%) (%) Selectivity Epoxidation (%)
ECO (solvent-free) 0.3 £0.05 4.510.6 6.5 £0.02 98.5 0.99 80.8 0.4
ECO (solvent) 0.3 £0.02 2.9 10.04 6.5 10.04 98.5 0.99 90.3 0.2
ESO (solvent-free) 0.3 £0.05 43109 7.110.3 91.0 0.91 79.5 0.5
ESO (solvent) 0.3 £0.00 3.440.7 7.1 £0.04 91.0 0.91 90.2 0.4

outcome could not be assumed, given the three-phase reac-
tion system. Mass transfer could easily become limiting and
result in a less successful outcome upon scale up.

The iodine value of soybean oil predicted from the fatty
acid profile using equation 1 was 133.5, while the iodine val-
ue determined by ASTM method D5554 (ASTM, 2001) was
134.2 =0.2. The predicted oxirane oxygen content for soy-
bean oil, using equation 3 and the determined iodine value,
was 7.8%. Canola oil has less unsaturation than soybean oil,
but is more readily epoxidized with high conversion and high
selectivity.

Epoxidation with solvent facilitated sample handling,
thereby minimizing filtration losses and providing higher
sample recoveries. The theoretical epoxidized product
weights of 100 g of initial oil based on the predicted oxirane
content (OO,) are 106.4 g for canola oil and 109.6 g for soy-
bean oil. The solvent-free process showed 10% lower yields
than the solvent process because some product adhered to the
surface of the catalyst. The solvent-free process showed the
same conversion to epoxy groups as the solvent process. Sim-
ilar results were found by Sinadinovic-Fiser et al. (2001),
who studied the epoxidation of soybean oil and found that the
presence of benzene did not have a significant effect in the
conversion of unsaturation to epoxy groups. Other studies of
epoxidation of vegetable oils evaluated the effect of the sol-
vent in the conversion to epoxy groups; however, information
about final product yields was not usually provided. Some
studies found that diluting the organic phase with a solvent
decreases the rate of side reactions that open the epoxy ring.
For example, because hydrogen peroxide has a higher solu-
bility in organic solvent than in water, the production of car-
boxylic acids, one type of side reaction product, decreases
(Vicek and Petrovic, 2006; Goud et al., 2007). In the presence
of solvent, the epoxidized canola and soybean oils showed
lower hydroxyl values than in the solvent-free epoxidations,
indicating lower presence of hydroxyl side products. Howev-
er, since iodine values and oxirane oxygen content remained
the same, selectivity did not decrease in the absence of sol-
vent. Rheological properties at 40°C were characterized in
the products of epoxidation of canola and soybean oil in the
presence and absence of solvent (table 6).

Table 6. Rheological properties (at 40°C) of solvent-free
and solvent epoxidized canola oil (ECO) and
epoxidized soybean oil (ESO) (means *SD).

Flow Flow
Apparent Behavior Consistency

Epoxidized Viscosityl2] Index Index

Vegetable Oil (mPa-s) (n) (K, Pas™)
ECO (solvent-free) 152.0 £0.5 0.60 4.64
ECO (solvent) 140 0 £0.5 0.71 0.60
ESO (solvent-free) 160.5 £0.6 0.82 0.70
ESO (solvent) 155.0 £0.5 0.81 0.23

[a] Determined by cone-and-plate viscometer at shear rate = 5994 s-1.
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The epoxidized canola samples showed a lower apparent
viscosity than the samples from epoxidized soybean oil. The
addition of the epoxy rings in the fatty acids chains increases
the polarity of the modified vegetable oils; this in turn in-
creases the intermolecular interactions among molecules, in-
creasing the viscosity (Samuelsson and Johansson, 2001; La
Scala and Wool, 2005). Epoxidized soybean oil has a higher
content of epoxy groups; consequently, it was expected that
its viscosity would be higher than the samples of epoxidized
canola oil. Recently, Campanella et al. (2009) evaluated the
viscosity of epoxidized canola oil (prepared with performic
acid in the presence of benzene) and epoxidized soybean oil
in the range of 25°C to 100°C at a shear rate of 1 s™1. Their
results also showed a higher viscosity for epoxidized soybean
oil.

Vegetable oils are Newtonian fluids, but the chemical dif-
ferences in polarity of their epoxidation products are thought
to induce shear-thinning behavior (La Scala and Wool, 2005).
Shear-thinning fluids show a non-linear relationship between
shear stress and shear rate; the apparent viscosity decreases
as the shear rate increases. However, reports of shear-
thinning behavior in epoxidized vegetable oils were not
found. The prepared epoxy resins in this study were observed
to be shear-thinning, as indicated by flow behavior indices
<1. The flow consistency index (K) and flow behavior index
(n) were calculated by the method of least squares, with 2 =
0.99 in all cases (table 6).

Information on the thermal behavior of the products of
epoxidation is relevant for the control and design of the pro-
cess where they will be applied. Crystalline melting tempera-
ture, enthalpy, and liquid heat capacity provide information
on the physical appearance of the epoxides and the energy re-
quired for their processing. The level of epoxidation im-
pacted the crystalline melting temperatures of the epoxidized
vegetable oils. The presence of the epoxy rings inhibits the
close packing of the fatty acid chains, preventing the transi-
tion of the liquid state to the grease state (Wool and Sun,
2005). Therefore, as the level of epoxidation increases, the
crystalline melting temperature decreases. This behavior was
confirmed with the results of the MDSC analysis. Table 7
shows the onset temperature, i.e., the temperature at which
the melting process begins (Sathivel et al., 2008). All treat-
ments showed one melting peak with multiple crests. Vegeta-
ble oils and their derivatives generally do not show a single
crystalline melting point because they are mixtures of com-
pounds (triglycerides) and the oil crystals have several poly-
morphic modifications (Fasina et al., 2008).

Comparing epoxidized soybean oil with epoxidized cano-
la oil, higher oxirane oxygen content corresponded to a lower
crystalline melting temperature with a higher enthalpy.
Whereas epoxidized soybean oil remained liquid at room
temperature, epoxidized canola oil tended to crystallize at
room temperature. The crystallization was gradual, and
started with the formation of seed crystals in the bottom of the
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Table 7. Crystalline melting properties and liquid heat capacity of solvent-free and
solvent epoxidized canola oil (ECO) and epoxidized soybean oil (ESO) (means +=SD).

Crystalline Melting Temperature (°C)

Epoxidized Onset Temperature Enthalpy Heat Capacity at 40°C
Vegetable Oil (melting point °C) Maximum crest Secondary crest dgh Jg'Kh
ECO (solvent-free) 8.710.1 15.5+10.2 25.410.2 9.6 0.0 1.9+0.6
ECO (solvent) 8.20.7 153 10.1 25.0 £0.6 8.3+0.9 1.5+0.7
ESO (solvent-free) -27.340.1 -5.710.1 -12.0 £0.0, -17.8 £0.0 12.8 £0.1 1.7+0.4
ESO (solvent) -27.340.1 -6.510.1 -12.240.3, -17.8 £0.0 153 £1.6 2.020.0

container to the walls, turning from a clear appearance to a
turbid and milky appearance, and finally to the grease state.
Liquid heat capacities of the products of epoxidation were
comparable with those of the unmodified vegetable oils. San-
tos et al. (2005) reported heat capacities of 2.3 and 1.8 J g1
K-1 at 40 °C for soybean and canola oil respectively.

CONCLUSION

An epoxy resin was prepared from canola oil using a
solvent-free process in the presence of a heterogeneous cata-
lyst and process factors selected through fraction factorial de-
sign for high conversion. This process provides a greener
alternative to the production of petroleum-based resins. The
prepared epoxidized canola oil had a high content of epoxy
groups, which makes it suitable for application in composite
materials. The process was scaled up from 50 g to 300 g with-
out a reduction in conversion and yield. Rheological and
crystalline melting properties of the products were deter-
mined; the literature seldom, if ever, reports these properties
for epoxidized vegetable oils. Statistical analysis showed the
potential to reduce the amounts of catalyst and hydrogen per-
oxide. Further optimization of those factors is desirable to re-
duce waste streams and production costs. Finally, the
elimination of solvent from the epoxidation process did not
reduce the conversion to epoxy groups, and it helps to estab-
lish this process as a more environmentally benign alterna-
tive to traditional epoxidation processes.
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