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Abstract Before the advent of the modern food industry,
vegetable oils (triglycerides) from many sources had a long
history of use as condiments in cooking, personal care, and
other therapeutic applications. Industrial applications of
vegetable oils outside of food usage, on the other hand,
have been limited on account of the shorter shelf-life
durability of these oils resulting from the natural unsatu-
ration (carbon—carbon double bonds) in the structure of
most triglycerides. In seeking to explore expanded utili-
zation of this renewable resource, we have eliminated the
above weakness by chemically modifying the double bonds
in the material in an attempt to stabilize the oil. We have
used FT-IR and NMR spectroscopy to characterize the
derivative whereas the physical and chemical properties of
the product in terms of stability and flow characteristics
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have been investigated using differential scanning calo-
rimetry (DSC), pressure DSC, rheometry and thermo-
gravimetric analysis. In this modification of corn oil the
data obtained indicate that the resulting poly-hydroxylated
acids are more stable than the native corn oil. Additionally,
the obtained properties are unique and such that this
product will be amenable to use in cosmetics, pharma-
ceuticals, and other industrial uses especially as a lubricity
enhancing additive in fuel applications.
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Introduction

From the time of Predynastic Egypt through to the
modern highly mechanized agricultural practices in the
United States and elsewhere, corn (Zea mays L.) has
always played a key role in the livelihood of human
populations. It has served as a food as well as condiment
source for man and his animals. Like most seeds the corn
kernel contains a sizable amount of edible oil that has
been exploited over the years mainly for cooking and
sometimes as a component in home-made therapeutic
remedies. This oil is mainly a C-18 triglyceride with
profile as shown in Table 1. Like castor oil, (the gold
standard of vegetable oils, for until recently castor was
the only naturally hydroxylated vegetable oil) the role of
corn and other vegetable oils is dramatically expanding
into territories that were hitherto the preserve of petro-
leum-based oils, i.e., fuels and industrial lubricants, etc.
The new interest and thrust into these areas of utilization
of vegetable oils is a result of two nudging influences: the
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Table 1 Fatty acid composition

of corn oil Fatty ac'iq %"

composition

12:0 0.0-0.3
14:0 0.0-0.3
16:0 10.7-16.5
16:1 0.0-0.3
18:0 1.6-3.3
18:1 24.6-42.2
18:2 39.4-60.4
18:3 0.7-1.3
20:0 0.3-0.6
20:1 0.2-0.4
20:2 0.0-0.1
22:0 0.0-0.5
22:1 0.0-0.1
24:0 0.0-0.4

4 Literature values

public awareness and insistence for the need to save our
environment from the pollution caused by use of non-
degrading petroleum-based products and the escalating
cost of these non-renewables as opposed to renewable
bio-based products that are more environmentally
friendly. Many years ago it was not economical to even
think in terms of transforming vegetable oils into indus-
trial fuels and lubricants but the rising cost of petroleum
products particularly the specter of untold environmental
disasters of incalculable cost and the uncertainty of their
continued availability have changed the equation as seen
in the increased investment in bioenergy, namely biofuels,
solar and wind. Pursuant to this new area of reawakened
interest, we have explored the conversion of corn oil to its
more stable yet environmentally degradable form, the
polyhydroxy fatty acids [1-5]. Fourier transform infrared
spectroscopy, (FT-IR) and nuclear magnetic resonance
spectroscopy (NMR) were used to study the chemical
conversion whereas the investigation of the physical
characteristics of the resulting product were performed
using differential scanning calorimetry (DSC), pressure
DSC, thermogravimetric analysis (TGA) for assessment
of its thermal stability and rheometry for flow behavior.

Materials and Methods

Materials

Hydrogen peroxide (50%) and potassium hydroxide were
purchased from Sigma-Aldrich (St. Louis, MO, USA)

whereas formic acid (99%), hydrochloric acid, sodium
chloride and ethyl acetate were from ACROS Organics
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(Chicago, IL, USA). Pure corn oil was purchased from
TOPCO Associates LLC (Skokie, IL, USA).

Methods
Synthesis of Epoxidized Corn Oil

Commercial grade pure corn oil (1.721.0 kg, 1.956 mol)
was placed in a three-necked, 3-L jacketed reactor equip-
ped with a mechanical stirrer. The oil was vigorously
stirred and the jacket heated to 40 °C. Formic acid (99%,
146.4 g, 0.3 equiv/C=C) was then added in one portion
followed by dropwise addition of hydrogen peroxide (50%,
560 mL i.e., 9.7 mol). At the end of hydrogen peroxide
addition, the temperature was raised to 70 °C while stirring
continued and the reaction progress was monitored by
FT-IR at hourly intervals [4-8]. A spectrum obtained after
3.5 h indicated that reaction was complete. At that point
the heat source was turned off and after cooling to room
temperature the reaction mixture was transferred into a 4-L
beaker using ethyl acetate as diluent. To this solution was
added a saturated solution of NaCl (400 mL) and saturated
Na,CO;3 (50 mL) with stirring. After effervescence had
subsided, portions of the mixture were transferred into a
separatory funnel in which the phases were separated. The
organic layers were combined whereas the aqueous layers
were pooled and re-extracted twice with more ethyl ace-
tate. These extracts were added to the organic phase and
dried over Na,SQO,4 The dried organic solution was filtered
and concentrated at 57 °C under reduced pressure followed
by pump vacuum to give 1.849 kg (98.4%) poly-epoxy
triglyceride of corn oil. FT-IR of the product on NaCl discs
gave Vg, cm 't 2926 very strong (-CHs;, —CH,— asym.
stretch), 2855 very strong (—CHj3, —CH,— sym. stretch),
1740 very strong (>C=0 stretch), 1464 s (—-CH,— deform),
1380 m-s (-CHj5 deform), 1241 m-s (OCO stretch of ester),
1160 very strong (-HCO-), 1107 m-s (-HCO-),
844-824 m doublet (COC epoxy ring asym stretch), 724 m
(-CH,— wag). This is compared to the starting corn oil
which film had the following bands cm™': 3015 m
(H-C=C stretch), 2926 very strong (CHz, CH, asym.),
2855 very strong (CHz, CH, sym), 1746 very strong

>C=0), 1656 w (C=C puckering), 1464 m (CH, deform),
1378 m-w (CH; deform), 1238 w-m, 1164 s, 723 w-m. 'H
NMR (CDCl3) ¢ (ppm of epoxide): 5.25 m(1H), 4.28 d
(J = 4 Hz, 2H), 425 d(J =4 Hz, 3H), 4.12 m(2H),
3.08 m(2H), 2.90 m(3H), 2.29 m(7H), 1.72 m(3H),
1.55 bs(8H), 1.45 m(15H), 1.34 m(47H), 0.85 t(9H); '*C
NMR (CDCl3) d (ppm): 173.2, 173.1, 172.7 (-C=0); 68.88
(methine carbon of glycerol backbone), 62.04 (1° Cs of
glycerol backbone); 57.14,57.09, 56.94, 56.88, 56.66, 56.59,
54.28, 54.27, 54.12 (epoxy carbons); 34.08, 33.98, 33.92
(—CH,— proximal to O-C=0); 31.87, 31.80, 31.61 (C-11 of
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the linoleoyl; C-11 and C-15 of the linolenyl); 29.64 (-CH,-),
29.60 (-CHy-), 29.56 (-CH,—), 29.49 (—CH,-), 29.479
(-CHy-), 29.41(-CHy—-), 29.37 (-CHy»—), 29.30 (-CHy-),
29.24 (—CH,-),29.21 (CHy-), 29.16 (—CH,—), 29.13 (-CH,-),
29.11 (—CH,-), 29.05 (-CHy-), 28.99(-CH,-), 28.93
(-CH,-), 28.90(—CH,-), 27.85(-CH,-), 27.83(-CH,-),
27.78(-CHy-), 27.75(-CH»-), 27.17(-CH»-), 26.88(-CH,-),
26.56(—CH,-), 26.53(-CH,»-), 26.51(-CH»-), 26.41(-CH,-),
26.40(—CH,-), 26.19(-CH,-), 26.08(—-CH,—), 24.80(-CH,-),
24.75(-CH,-); 22.63, 22.60, 22.57, 22.51, 22.43 (-CHy—o-
to terminal —CH3), 14.15, 14.06, 14.04, 14.00, 13.93 (ter-
minal —CHj3s).

Synthesis of the Polyhydroxy Acids of Corn Oil
from its Poly-Oxirane Triglycerides

In a 1000-mL, three-necked, round-bottomed flask equipped
with a mechanical stirrer and a reflux condenser was placed
200 g (209.3 mmol) of the poly-epoxide from the above
reaction. To this pale-yellow viscous oil was added 6 M HC1
(250 mL) with stirring and the system was heated to 70 °C
overnight. When FT-IR sampling showed no more epoxy
functionality at around 820-840 cm™' but rather a pro-
nounced OH stretching mode centered around 3400 cm_l,
heating was discontinued and the reaction allowed to cool to
room temperature. Finally, KOH (46.0 g, 698 mmol) in
ethanol 300 mL was gradually added to the stirring solution
and reheated to gentle reflux for about 3 h until IR of a
sample of the reaction mixture indicated absence of ester
functionality (1740 cm™") which had been supplanted by
the carboxyl stretching mode at about 1708 cm™' in the
acidified sample. The reaction pot was then transferred to a
Rotovap and concentrated under reduced pressure to remove
most of the ethanol at 50 °C. The concentrate was then
poured into a large beaker and acidified by titration with
concentrated HCI to pH 2-3 when a turbid layer formed
above the aqueous phase. This organic material was
extracted into ethyl acetate whereas the aqueous layer was
re-extracted three more times with aliquots of ethyl acetate
until subsequent extracts contained no more color. The
combined extract was dried over MgSO, and concentrated
under reduced pressure at 57 °Cto give 178.0 g (84.3%) of a
very pale yellow material that solidified on cooling. FT-IR
spectrum of a neat film of the product on NaCl discs gave
Véilm cm™~': 3344-2450 b (the carboxylic acid OH stretch
overlapping with the 2° alcohol OH groups), 2923 very
strong (-CH3, —CH,— asym stretch), 2851 s (-CH3, —-CH,—
sym stretch), 1706 very strong (>C=0O carboxyl group),
1465 m-s (-CH,— deform), 1413 m, 1248 m-s (O-C-O
carboxyl), 1075 s (H-C-0O-), 1030 w (residual ethanol),
937 w, 725 w (-CH,— wag); "HNMR (CDCl) § (ppm): 6.5
bs (OHs of the 2° alcohols, 10H), 2.31 t (/ = 7.4 Hz,
7.3 Hz, 10H), 2.06 s (5H), 1.65t(J/ = 6.8 Hz, 7.1 Hz, 15H),

1.45 m (10H), 0.87 t (J = 5.7 Hz, 7 Hz, 15H). >°C NMR
(CDCl3) 6 (ppm): 179.2, 178.9, 178.8, 171.4 (O-C=0 car-
boxylic acid); 84.23, 84.17, 82.91, 82.85, 80.25, 80.18,
79.22, 79.18, 74.57, 74.52, 74.01, 73.97, 73.70, 73.61,
73.06, 71.38 (hydroxylated methine carbons); 38.41, 37.77,
34.08, 34.05, 34.00 (-CH,— « to the carboxyls), 33.44,
33.37, 32.29, 32.00 (C-11), 31.95, 31.89, 31.85, 31.84,
31.74, 29.66, 29.62, 29.58, 29.54, 29.49, 29.

Differential Scanning Calorimetry

Samples were analyzed using a TA Instruments (New
Castle, DE, USA) Q2000 DSC. Each sample (30-35 mg)
was placed in a stainless steel pan and hermetically sealed.
To eliminate their thermal history, corn oil polyhydroxy
fatty acid (CPHFA) samples were loaded on the DSC and
heated to 80 °C and cooled to —50 °C at rates ranging from
3 to 15 °C/min, incrementing by 2 °C/min according to
Ozawa crystallization kinetics [9]. After each cooling
cycle, the samples were heated at 10 °C/min to 80 °C, and
then cooled with the next heating rate. To ensure that no
degradation occurred, this cooling—heating method was
repeated on each sample. DSC runs were done in duplicate,
where the onset, peak temperatures, and enthalpy of the
crystallization peaks were recorded. For the kinetics anal-
ysis, the onset and peak temperatures were analyzed using
the Ozawa [9] model to calculate E,.

Thermogravimetric Analysis

TGA was performed using a 2050 TGA (TA Instruments).
For decomposition kinetics analysis, each sample
(10-20 mg) was heated in a platinum pan under nitrogen
atmosphere at three different heating rates 10, 15, and
20 °C/min, for up to 800 °C. This data was analyzed using
the TA Advantage Specialty Library software provided by
TA Instruments, which is a direct application of ASTM
Standard E1641, “Decomposition Kinetics by TGA”.

Rheological Measurements

Rheological properties of CPHFA samples were measured
with a Rheometrics ARES strain-controlled fluids rheom-
eter (TA Instruments) using a 25-mm diameter plate—plate
geometry. The temperature was controlled at 25 & 0.1,
35 £ 0.1 and 15 £ 0.1 °C, respectively, in the experi-
mental chamber using a water circulation system. Prior to
linear dynamic rheological parameter measurements, a
strain-sweep experiment was conducted to ensure linear
viscoelastic range conditions. Linear viscoelasticity indi-
cates that the measured parameters are independent of
shear strains. Below 0.02% of strain, all measured mate-
rials in this study were in the linear range. Small-amplitude
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oscillatory shear experiments (shear strain = 0.02%) were
performed over a frequency (w) range of 0.1-500 rad/s,
yielding the shear storage G’ and loss G” moduli. The
storage modulus represents the non-dissipative component
of mechanical properties. Elastic or “rubber-like” behavior
is suggested if the G’ spectrum is independent of frequency
and greater than the loss modulus over a certain range of
frequency [10, 11]. The loss modulus represents the dis-
sipative component of the mechanical properties and is
characteristic of viscous flow. The phase shift () is defined
by 6 = tan~'(G"/G'), and indicates whether a material is
solid (6 =0), or liquid (6 = 90°), or something in
between. Nonlinear rheological measurements were con-
ducted as steady shear in the range of shear rate of
0.1-500 s~ '. Each measurement was repeated at least two
times with different samples. The relative errors were all
within the range of +12%.

Pressure DSC

The CPHFA samples were analyzed on a TA Instruments
2920 DSC using a pressure cell. This instrument has a
maximum sensitivity of 5 mV/cm and temperature sensi-
tivity of 0.2 mV/cm, which makes it fairly accurate in
terms of data reproducibility. The module was first tem-
perature calibrated using the melting point of indium metal
(156.6 °C) at 10 °C/min heating rate and later at 5, 10 and
15 °C/min to be used in the study. The sample amount has
significant impact on the shape and reproducibility of DSC
exotherm. Each sample (5-10 mg) was placed in a her-
metically sealed pinhole aluminum pan for interaction of
the sample with the reactant gas (oxygen). The sample was
then placed in the pressure cell chamber and, prior to each
run, the sample chamber was purged three times with
oxygen. The sample was then run under an oxygen atmo-
sphere using a pressure of 690 kPa (90 psi) with a purge
rate of 150 mL/min from the outlet valve. These conditions
maintain maximum contact of oxygen with the sample and
eliminate any limitation due to oxygen diffusion in the oil
medium. However, extreme care was taken to maintain the
pressure of the oxygen gas constant. Two kinds of exper-
iments were performed using pressurized DSC (PDSC):
temperature ramping and isothermal. In the temperature
ramping experiment, CPHFA samples were run at 5, 10,
and 15 °C/min heating rates to 300 °C to determine the
oxidation onset temperature (OT). The OT is defined as the
temperature when a rapid increase in the rate of oxidation
is observed in the system. This temperature is obtained
from extrapolating the tangent drawn on the steepest slope
of the reaction exotherm. A high OT would suggest a high
oxidative stability of the sample whereas a lower OT would
indicate a thermally unstable sample. For kinetic studies,
the inverse of the OT was plotted against log of the heating
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rate (b). Using linear regression and subsequent data
computation, various kinetic parameters were obtained at
different heating rates.

After determination of the OT for oxidation using the
temperature ramping method, each sample was then run
using an isothermal method as follows: after purging the
sample chamber, the run was started without oxygen to
equilibrate at the isothermal temperature. After 4 min,
oxygen was introduced to the sample and the temperature
was held constant. The sample was allowed to run until the
onset of oxidation was reached. Oxidation induction time
(OIT) was then determined similar to OT from this ther-
mogram, which is a plot of heat flow versus time.

Results and Discussion

Corn oil was converted to its poly-oxirane in excellent yield
using in situ generated performic acid in a slight modifi-
cation of the procedure by Findley et al. [1], Klaas and
Warwel [2], Gunstone [3] and Harry-O’kuru et al. [4, 5].
The FT-IR spectral analysis of the product was character-
ized by the absorbance doublet at 824-844 cm ™' which is
consequent on the disappearance of the H-C=C at
3009 cm ™' and the weak puckering bands of the starting
olefin at 1658 cm™' (Fig. la). This information was con-
firmed in the '>C NMR of a sample of the product which
gave the following nine resonance peaks: 57.14, 57.09,
56.94, 56.88, 56.66, 56.59, 54.28, 54.27 and 54.12 ppm
(Fig. 1). These peaks corresponded to absorbances of the
epoxy ring carbons [6-8]. The spectra of the starting
material obtained from both of these spectral techniques
(FTIR and NMR) are usually transparent in these regions
(860-800 cm ™" in the IR and 60—-50 ppm in the '*C NMR,
respectively. The CPHFAs were obtained from the above
poly-epoxy triglyceride in a one-pot reaction. Using 6 M
HCI, ring opening of the oxirane triglyceride was accom-
plished followed by alkali saponification of the intermediate
polyhydroxy triglycerides without pre-isolation of the latter.
Complete saponification was indicated when an acidified
aliquot of a sample of the reaction mixture had lost its
1740 cm ™" band in the IR and had rather acquired a lower
frequency absorption band around 1706 cm™" indicative of
the free carboxylic acid functionality. The IR spectral
characteristics of the isolated CPHFA are shown in Fig. la.
In contrast to the starting oil, one of the two characteristics
of the CPHFAs is the elevation of the region of the spectrum
between 3500 and 2400 cm™' which includes both the
alcohol (OH stretch) as well as the alkyl (2900-2800 cmfl)
bands. Secondly, there is the observed disappearance of the
ester carbonyl band (~1745 cm™') of the triglyceride
which had given way to the carboxyl carbonyl at about
1705 cm™". Figure 1c shows the '*C DEPT spectrum of the
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Fig. 1 a FT-IR spectrum corn
oil polyhydroxy fatty acids
overlaid on the unmodified oil
and its epoxidized derivative.
b '*C NMR of corn oil epoxy
carbon resonances

(58-54 ppm). ¢ '*C DEPT
spectrum of corn oil
polyhydroxy fatty acids
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CPHFAs. Significantly, the ten resonance signals corre-
sponding to the ten hydroxylated methine carbons are
chemically shifted downfield to 84.05, 82.91, 82.85, 80.24,
74.57,74.52,74.03, 73.97, 73.08 and 71.39 ppm compared
to the unsubstituted methylene carbons that all occur upfield
between 38.43 and 22.58 ppm in the spectrum of the
CPHFAs. The other signals of these compounds not usually
observed in the DEPT spectrum are the quaternary carboxyl
carbons; these resonate farther downfield at 179.15, 178.91,
178.84, and 171.35 ppm. There are, however, two anoma-
lous resonances in this spectrum; the signal at 62.45 ppm
(-CH,O-carbon) and the one at 20.99 ppm (—CHj) are
attributable to residual ethanol left over from the saponifi-
cation solvent. The data therefore show the conversion of
corn oil to its poly-hydroxylated fatty acids.

The value of activation energies (E,) of polymers can be

determined by DSC according to Ozawa [9], when maxi-
mum reaction rate temperature is presumed to be the same
as peak temperature determined by DSC in non-isothermal
conditions. The reaction rate for a solid reactant to produce
a solid product can be expressed as:
j—f = Ze B/RT(1 — x)" (1)
where x fractionreacted, Z pre-exponential factor, n reaction
order, E, activation energy, T absolute (K) temperature and
R universal gas constant. If the temperature of a first order
reaction (n = 1) wasraised constantly by fand T’ = T}, (T}, is
DSC peak temperature), Mohamed et al. [10] had shown
using Eq. 2 below that it is possible to determine the
activation energy from DSC data.

ORI R0

where f constant rate of temperature rise, T}, peak tem-
perature, R universal gas constant (8.314 JK~' mol™h),
Z preexponential factor, and E, activation energy. The
natural logarithm transformation was used to linearize the
equation. From Eq. 2, the plot of —In (ﬁ/T;) against 1/T,
represents a straight line with slope = R/E,, thus the acti-
vation energy (E,) value can be calculated (E, = R/slope).

The TGA data can be plotted as temperature versus
weight % or temperature versus derivative of weight %,
from which the onset and final decomposition temperatures
can be obtained as well as the degradation kinetics. Dif-
ferent heating rates are usually used to calculate degrada-
tion E, according to Flynn and Wall [11] based on the
following equation

E, AE,
log f = 0.457 <_ﬁ) + {log< R ) —log F(a) —2.315
(3)
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where f§ is the heating rate, T is the absolute temperature,
R is the gas constant, a is the conversion, E, is the
activation energy and A is the pre-exponential factor.
According to this equation at the same percent conversion,
E, can be obtained from the slope of the plot of log f§
versus 1000/T (K). Degradation activation energy was
obtained using the software provided by TA Instruments.

CPHFA samples were subjected to heating and cooling
cycles using DSC. The cycling revealed a melting peak at
21.0 °C during heating and a crystallization peak at 4.7 °C
at 3 °C/min during cooling (Fig. 2). The melting profile
exhibited a shoulder right before the main melting peak,
indicating variation in the composition of the fatty acids
(FAs) contained in the structure of the starting corn tri-
glyceride. It is obvious from Fig. 2 that CPHFA crystal-
lized 16.3 °C lower than its melting temperature, indicating
variation in the molecular composition and structure. This
variation was also observed in the difference in E, values
during melting and crystallization. The CPHFA structural
stability was tested by subjecting the samples to repeated
heating and cooling cycles, where the material continued to
re-crystallize signifying a highly stable structure under the
testing conditions. Higher heating rates caused lower
crystallization temperature and AH values (Table 2).
Although crystallization occurred at a lower temperature, it
is evident that a higher heating rate caused structural
changes permitting the molecules to crystallize at lower
temperature. The system appeared to have less energy as
could be deduced from the lower AH needed to crystallize
compared to melting (Table 2). Overall, the effect of
heating rate on the AH of crystallization was more evident
than that of melting.

The kinetics analysis of melting and crystallization were
analyzed using the linearized form of the Ozawa equation
[9], where the slope of the straight line was used to

0.3

0.2 1

f

Crystallization

0.1 4

0.0 4

-0.1 4

Heat Flow (W/g)

-0.21 Melting

/o

T T T T T T T T T

-40 -20 0 20 40 60 80
Temperature (°C)

-0.3 4

0.4

Fig. 2 DSC of corn oil poly-hydroxy fatty acids
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Table 2 The AH of crystallization and melting

Heating rate Crystallization AH (J/g) Melting AH (J/g)

3 12.01 £ 0.14 142 £ 0.19
5 11.70 £ 0.14 13.5 £0.23
7 11.10 £ 0.14 13.1 £0.52
9 10.92 £ 0.14 129 £ 0.11
11 10.51 £ 0.14 12.7 £ 043
13 10.25 £ 0.70 12.4 £ 0.09
15 09.79 £+ 0.10 124 £ 0.17

calculate E,. The melting kinetics, as described in Table 3
and Fig. 3, exhibited E, 147.9 (kJ/mol) and 624.2 (kJ/mol)
values for the melting onset and peak temperatures,
respectively. The large difference between the E, of onset
and peak temperatures (477 kJ/mol) is another indication
of the presence of polymorphs in this sample, where some
FAs started melting before others causing the significant
variation in E, values. Crystallization kinetics of CPHFA
showed E, 126.9 (kJ/mol) and 111.8 (kJ/mol) values for the
crystallization onset and peak temperatures, respectively,
which was calculated in the same fashion as in Table 3 and
shown in Fig. 4. The small difference in E, of crystalli-
zation between onset and peak (15 kJ/mol) indicates the
ability of the molecules to crystallize faster. This was
expected because the onset temperature signifies the
beginning of the crystallization process, where the onset
and peak temperatures continue to decrease at higher
cooling rates (Fig. 4).

The TGA profile exhibited two major degradation peaks
at 280.7, 386.5 °C, and a minor peak at 446.7 °C as shown
in Fig. 5. Since the major FA profile of corn oil is domi-
nated by linoleic, oleic, and palmitic acids, one can pre-
sume that the three peaks seen on the TGA represent these
three FAs (Fig. 5). The degradation E, of the composites
was calculated from the TGA data, where samples were
heat-degraded in a nitrogen environment. The linear form
of the Flynn—Wall Eq. 3 was used for the calculation,
where the slope of the line was the E,. The equation was

Table 3 Degradation kinetics
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3.54 1 °
Y =0.05621 X +2.95 (R = 0.893)

3521 Ea= 1479
3.50 1
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R
3.48 Ea=
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UT (K) 107

3.44 4 °
Y =0.01332 X + 3.26 (R* = 0.981)

Ea = 624.2 kJ/mol
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Fig. 3 DSC melting kinetics of CPHFA at heating rate between 3 and
15 °C
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Fig. 4 DSC crystallization kinetics of CPHFA (cooling 3-15 °C)

based on heating samples at different heating rates and the
percent degradation—conversion of the material was deter-
mined once the weight loss reached between 10 and 90%
with an increment of 10%. The degradation mechanism can
be determined by plotting the E, value as a function of
percent degradation conversion as shown in Fig. 6. It is

Heating T, (°C) T, (°C) To (K) T, (K) /T, BIT? ~In_ 1T, pIT? “In

rate (K) x 107 (107 min"/K™) (BT K 107 (107 min"/K") (BITD)
3 —6.18 £0.18 21.0 £ 091 26697 29425 3.55 37.54 10.19  3.59 34.65 10.16
5 ~5.13+£023 21.6+082 268.02 29475 3.59 60.43 9.65 3.62 5751 9.63
7 391 £0.14 2194079 26924 29505 3.60 84.19 930 3.66 80.41 9.28
9 —3.034+0.14 2224065 27008 29535 3.62 107.72 9.04 3.67 103.17 9.02
11 2354022 2244049 270.80 29537 3.63 131.20 8.84 3.69 125.85 8.81
13 —1.80 £0.17 228+ 088 271.35 29595 3.65 154.31 8.66 3.71 148.42 8.63
15 ~1354+0.13 23.1+032 271.80 29625 3.66 177.44 851 3.73 171.03 8.48
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Fig. 6 TGA decomposition kinetics of CPHFA

possible to determine the number of degradation steps from
the shape of the line presented in Fig. 6. It is obvious from
Fig. 6 that the degradation process reflected a multi-step
mechanism indicating the FA composition of CPHFA. In
other words, heating occurring during degradation did not
generate new components.

The linear rheological properties of dynamic frequency
sweep results for CPHFA at three temperatures are shown
in Fig. 7. At 25 °C, the CPHFA material exhibited visco-
elastic solid behaviors within most measured range of
frequencies, which was evident by the greater storage
moduli G’ than loss moduli G” within the experimental
range (Fig. 7). The G’ values for CPHFA at 25 °C were in
the range of 1.5 x 10°-1.5 x 10* Pa, while the phase shift
0 values were in the range of 14.3°-57.8°. At 15 °C,
CPHFA displayed stronger viscoelastic solid properties
compared to 25 °C. The storage moduli (G’) were greater
than the loss moduli (G”) over the whole range of the
measured frequencies (Fig. 7). The G’ values at 15 °C were
in the range of 3.1 x 10*-2.0 x 10° Pa, which were more
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Fig. 7 Dynamic frequency-dependence moduli for CPHFA material
at 25, 15, and 35 °C. Filled symbols G', open symbols G".
Circles 25 °C, squares 15 °C, triangles 35 °C

than one order higher than those at 25 °C. The phase shift §
values at 15 °C were in the range of 12.3°-39.1°, which
were smaller than those at 25 °C. At higher temperature
(35 °C), CPHFA exhibited weaker and more fluid-like
viscoelastic properties than those at 25 °C and 15 °C.
Within more than one-third of the measured frequency
range, the loss moduli (G”) were higher than the storage
moduli G’ (Fig. 7). The G’ values at 35 °C were in the
range of 2.3 x 10°-3.1 x 10° Pa, which were about one
order lower than those at 25 °C. The phase shift ¢ values at
35 °C were in the range of 25.3°-66.2°, which were higher
than those at 25 °C. These results indicated that the
CPHFA exhibited viscoelastic properties like a paste or a
weak gel. The obtained rheological properties described
above suggests that this material could have potential usage
as cosmetic gels or for pharmaceuticals and many other
industrial applications.

To understand the functional behavior better, the non-
linear steady shear viscoelastic properties of CPHFA were
determined in the 0.1-500 s~' range. Figure 8 shows
nonlinear viscoelastic properties of the material at three
different temperatures. Under the steady shear measure-
ments, CPHFA exhibited shear-thinning behavior over the
entire measured shear rates at all three measured temper-
atures (Fig. 8). The viscosity was temperature dependent,
where higher temperature caused lower viscosity. The
shear-thinning rheological behaviors can be characterized
by a power law constitutive equation [12]. The power law
equation can be written as

n= Ky (4)
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Table 4 Power law model fitted parameters for three temperatures of
CPHFA nonlinear rheological properties

Temperature (°C) K (Pa—s") n R?

15 470.7 0.37 0.97
25 145.7 0.39 0.95
35 75.3 0.40 0.98

where # is the shear viscosity, K is the front factor, 7 is the
shear rate, and n is the power law exponent. Equation 4
provided a good fit for the shear-thinning viscosity data
(Fig. 8) as shown in Table 4. The power law exponents,
which indicate extent of the non-Newtonian fluid (n = 1
for a Newtonian fluid), were all similar (around 0.4) at
three different temperatures (Table 4).

Table 5 shows the variation in (OT) with heating rate
during PDSC experiments. The OT shifts to a higher
temperature with an increase in the heating rate (b) under
constant oxygen pressure (Table 5). The PDSC experi-
ments were carried out using hermetically sealed pinhole
aluminum pans and high pressure in these pans allowed
rapid equilibration of the oxygen inside the pan. This
arrangement effectively eliminated any inconsistency due
to access rate of oxygen and egress rate of volatile degra-
dation products. The experiments were performed in the
presence of a large excess of oxygen. Therefore, the con-
sumption of oxygen during the oxidation process can be
neglected, which means that under this condition the
reaction rate is independent of the oxygen concentration
and the reaction can be assumed to be first order as long as
the oxidation initiation rate is constant. In an earlier study,

comparison of the peak areas or enthalpies for aged and
fresh peanut oil also confirmed a first-order reaction for the
oxidation process [13, 14]. As discussed earlier in melting
and crystallization kinetics, the E, can be calculated using
OT as well as the signal maxima (SM) temperatures. In the
case of oils, E, calculated using SM is higher compared to
the one calculated using OT, much as in our earlier work
on milkweed poly hydroxyl fatty acids (MWPHFAs) [15].
E, reported using SM is 132 kJ/mol compared to 78 kJ/mol
using OT. Such a difference in E, can be attributed to the
composition of oil samples. As these oil samples contain a
number of FAs with no hydroxyl, two, four, six hydroxyl
groups, etc., this leads to a mixture of components with
varied oxidation stabilities. This wide variety of species
with different oxidative stabilities may cause one species to
start oxidizing before others and may be responsible for the
significant variation in E, values using SM and OT.

In the present work on CPHFAs, OT was used for cal-
culating E,. The OT observed at each b was converted to
the Kelvin values (absolute K) and its inverse was plotted
against log b (Fig. 9). The inverse of OT (K) of the CPHFA
sample exhibited Arrhenius behavior, as log of heating rate
(b) varied linearly with the reciprocal of temperature (K)
similar to what has been observed for other oil samples [16,
17]. The slope of the line [0 log b/ (1/T)] was generated
from this plot using linear regression. A high coefficient of
correlation (R2 0.99) was obtained for the CPHFA sample.
Assuming a first-order reaction for the system during oxi-
dation, the E, and other kinetic parameters associated with
the sample can be calculated using the slope of the line.
The E, was computed using the Ozawa-Flynn—Wall
equation (Eq. 5).

E, = —2.19R [dlogh/d (1/T)] (5)
where R is the gas constant and b is the heating rate
(°C/min) used. Assuming a first-order reaction rate, other
kinetic parameters could be obtained from E, for CPHFA.

The Arrhenius pre-exponential factor (Z) was calculated
from E, at a specific heating rate b using Eq. 6.

z = (PE ) f ooy (6)
The temperature dependence of specific rate constant (k)
can be described by Arrhenius equation 7

k = Z e B/RT (7)
and, the half-life period can then be calculated using Eq. 8
tj2 = 0.693/k (8)

Table 5 presents the calculated kinetic data of the CPHFA
obtained at three heating rates (b) of 5, 10 and 15 °C/min.
It was observed that E, for CPHFA is slightly higher than
that for MWPHFA calculated previously using OT. This
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Table 5 Calculated values of oxidation kinetic parameters of the corn oil PHFA sample at various heating rates using PDSC

Kinetic parameters Milkweed PHFA Corn oil PHFA
Heating rate (b, °C/min) 10 5 10 15
Onset temperature (7, K) 478 411 421 430
Activation energy (E,, kJ/mol) 78 80 80 80
E./RT 19.6 23.5 22.9 224
Arrhenius pre-exponential factor (Z) 1.31E+08 4.43E+09 4.85E+09 4.25E+09
LnZ 18.69 22.21 22.30 22.17
Specific rate constant (k, min~ ') 0.41 0.29 0.54 0.78
Half life period (¢;,,) 1.69 2.43 1.27 0.89
3
1.4 y=6.295x- 13.825
2.5 R¥=0.9475 R E
1.2 4 ¥—=__ y=-4.4057x+11.43 i ____;ff-"’
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Fig. 9 Plot of inverse of OT (K) versus Log b (heating rate) during
PDSC experiments

results in subsequent higher values for E,/RT, Z and k and a
lower value for ¢, at a heating rate of 10 °C/min. For
CPHFA, the specific rate constant increases, while the half
life period decreases linearly with heating rate. The extent
of oxidation and formation of oxidation products are fur-
ther complicated by the amount of residual unsaturation,
methylene chain length and other functionalities present in
the various molecular species [18, 19]. The cumulative
effect of all structural parameters, such as chain length,
presence or absence, number and position of hydroxyl
groups in the CPHFA makes oxidation a highly complex
process and no simple kinetic model alone would hold for
such systems.

In vegetable oils, low poly-unsaturation, high mono-
unsaturation, and high methylene content increases the E,
for oxidation. In CPHFA, there is no poly-unsaturation as
all double bonds have been converted to hydroxylated
functionalities. The absence of poly-unsaturation in
CPHFA explains the higher E, requirement and other
kinetic data compared to vegetable oils. The OT data show
that CPHFAs are less stable to oxidation than MWPHFAs.
This early onset of oxidation, where bond scission takes
place to form primary oxidation products, may be due to
lower methylene content and higher hydroxyl functional-
ities in CPHFA compared to MWPHFA. These results were
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Fig. 10 Plot of inverse of isothermal temperature (K) versus natural
log of oxidation induction time during isothermal PDSC experiments

also reflected in the higher specific rate constant and lower
half life period of CPHFA compared to MPHFA.

Calculated values of E, and k (Table 5) did not follow
the theoretical inverse relation (E, is directly proportional
to inverse of rate constant). The possible reason for this
deviation is the large difference in the entropy of complex
molecular structures that participate in the oxidation reac-
tion. Oxidation is a very complex process leading to
numerous oxidation products involving various intermedi-
ates [20]. These intermediate compounds have their own
rate constant. The overall E, is the cumulative effect of all
the E,s available in the system during the period of
oxidation.

Similar results were obtained in isothermal PDSC
experiments. Isothermal PDSC experimental data at dif-
ferent temperatures was also used to calculate the activa-
tion energy (E,, ). The inverse of isothermal temperature
(isoT, K) of the CPHFA sample was plotted against the
natural log of OIT (min) as shown in Fig. 10. This plot
exhibited Arrhenius behavior, as the natural log of OIT
varied linearly with the reciprocal of isothermal tempera-
ture (K). The slope of the line [§ In OIT/6 (1/isoT)] was
generated from this plot using linear regression with
coefficient of correlation (R* 0.95) for the CPHFA sample.
As mentioned previously, the oxidation reaction of oils is
first-order, so, the activation energy (E,_ ) was calculated
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as described in the ASTM D6186-08 standard method
using equation (Eq. 9) with R, the gas constant

E,. = R[0 In OIT/5 (1/isoT)] (9)

The activation energy (E,,,) thus calculated for CPHFA is
52.3 kJ/mol is higher than the similar value obtained for
milkweed PHFA (24.6 kJ/mol) using isothermal PDSC
data. These results corroborate our earlier observation
using temperature ramping PDSC experiments, where a
higher value of activation energy was obtained for CPHFA
compared to MWPHFA. Since the isothermal experiments
for these two samples were done at different temperatures,
this E,  value can be utilized to calculate OIT at one

temperature for comparison purpose using Eq. 10

OIT = (4.6/k) x eluo/RisOT (10)

where OIT is calculated OIT (min), E,  is activation
energy (J/mol) calculated using Eq. 10, ko is frequency
factor, R is universal gas constant, and isoT is desired
isothermal temperature in K. The frequency factor (ko) was
calculated using Eq. 11 for all isothermal temperatures

(11)

An average of all values was then used in calculating OIT
at the desired temperature using Eq. 10. Using the E,_, ko
and the desired isothermal temperature of 413.2 K
(140 °C), oxidation induction time for corn oil PHFA was
calculated at 140 °C. The predicted OIT value for CPHFA
at 140 °C is 4.08 min compared to OIT value available for
milkweed PHFA (7.32 min) at 140 °C. This again confirms
earlier observation that corn oil PHFA is oxidatively less
stable than milkweed PHFA.

ko = (4.6/OIT) x eFuo/RiseT
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