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Abstract Seed oils consist mainly of triglycerides, that

is, they comprise a unit of glycerol backbone esterified

with three acyl groups (usually but not limited to C16–

C18) which may be saturated or unsaturated with one or

more olefinic functionalities per acyl group. Very rarely

do seed oils contain additional functional groups, such as

hydroxyls as in castor and lesquerella seeds. Milkweed

seed oil follows the natural triglyceride patterns, but with

a difference in being highly poly olefinic. This character

allows for the introduction of different reactive groupings

into the structure of the oil so as to be amenable to tai-

loring to a variety of uses. Synthesis of the milkweed

polyhydroxy triglyceride (MWPHTG) from the polyoxi-

rane triglyceride derivative of milkweed oil using in situ

peroxy acid epoxidation of the oil was previously repor-

ted. Subsequent acidolysis of the epoxy derivative gave

the MWPHTG. Here the polyhydroxy triglyceride was

saponified for glycerol removal thus generating the

polyhydroxy fatty acids of milkweed oil. Studies of the

physical characteristics, flow and stability of the resulting

hydroxylated fatty acids using FTIR, NMR, DSC, Rhe-

ometry and TGA indicate a stable material with unique

properties that would be useful as additives in many

applications such as pharmaceuticals.

Keywords Milkweed oil � Polyhydroxy milkweed

fatty acids � Differential scanning calorimetry �
Pressure DSC � Oxidation kinetics � Rheometry �
Viscoelastic properties

Introduction

The narrow range of functional groupings present in most

seed oils, namely, the olefin and the ester in triglycerides,

may initially seem to give the oils limited usefulness other

than feed substrates. A second look, however, reveals these

as natural platforms for tailoring of triglycerides into

desired renewable substrates for the creation of multiple

synthetic intermediates and end products. The common

milkweed (Asclepias syriaca L.) is native in the Americas

and its seed oil is very unsaturated (92%). Hydroxylation of

the oil by functionalization of the olefinic groups intro-

duces polar characteristics to an otherwise non-polar sub-

strate and so broadens the utility and stability of this

renewable resource [1]. The behavior of the induced polar

environment within the triglyceride molecules can be fur-

ther accentuated by removal of the esterifying glycerol

moieties to generate polyhydroxy fatty acids. These could
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serve many industrial applications including additives such

as viscosity modifiers in foods, lubricants, pharmaceuticals

and biodegradable plastics. This study explores the physi-

cal behavior of these novel acids vis-à-vis the known

properties of triglycerides.

It is known that the kinetics and thermal properties of

different synthetic polymers and biopolymers can be

determined by differential scanning calorimetry (DSC).

Ozawa [2] demonstrated that non-isothermal DSC data can

be used to determine activation energy (Ea) presuming that

the maximum reaction rate temperature is identical to the

peak temperature (Tp) determined by DSC. The reaction

rate for a solid product A to produce a solid product B can

be expressed as follows:

dx

dt
¼ Ze�Ea=RTð1� xÞn ð1Þ

where x fraction reacted, Z pre-exponential factor, n reaction

order, Ea activation energy, T absolute temperature, and R

universal gas constant (8.314 J K-1 mol-1). If the

temperature of a first order reaction (n = 1) was raised

constantly, the following equation makes possible the

determination of the Ea of the material using DSC data as

described by Mohamed et al. [3].

ln
b
T2

p

 !
¼ ln

RZ

Ea

� �
� Ea

R

� �
1

Tp

� �� �
ð2Þ

where b constant rate of temperature rise, and Tp peak

temperature. The natural logarithm transformation was

used to linearize the equation. From Eq. 2, the plot of 1/Tp

as a function of -ln (b/Tp
2) will represent a straight line

with slope = R/Ea, thus the Ea value can be calculated

(Ea = R/slope).

The thermogravimetric analysis (TGA) data were plot-

ted as temperature versus wt% or temperature versus

derivative of wt%, from which onset and final decompo-

sition temperatures were obtained as well as the degrada-

tion kinetics. Different heating rates are usually used to

calculate the Ea of degradation according to Flynn and

Wall [4] based on the following equation

log b ffi 0:457 � Ea

RT

� �
þ log

AEa

R

� �
� log FðaÞ � 2:315

� �
ð3Þ

where b, R and T are as above, a is the conversion and A is

the pre-exponential factor. According to this equation, at

the same percent conversion, Ea can be obtained from the

slope of the plot of log b versus 1,000/T (K). The calcu-

lation of Ea was done using the software provided by TA

Instruments (New Castle, DE, USA). The Ea value was

determined for each sample at each heating rate in addition

to the percent conversion per min reported.

Materials and Methods

Materials

Milkweed polyhydroxy triglycerides (MWPHTG) were

from our in-house stock that had previously been synthe-

sized from our supply of milkweed oil [1]. KOH pellets,

HCl, ethyl acetate, 2-propanol, and sodium bicarbonate

were purchased from Fisher Scientific (Chicago, IL, USA),

acetic anhydride was purchased from ACRŌS Organics

(Chicago, IL, USA) whereas pre-coated TLC plates

(5 9 20 cm) were from EM Science (Darmstadt,

Germany).

Methods

Synthesis of Milkweed Polyhydroxy Triglycerides

In a 1-L jacketed flask was placed reprocessed milkweed

oil (648.0 g, 759.9 mmol). The oil was stirred vigorously at

40 �C and formic acid (90.4%, 62.2 g, 1.22 mol) was

added in one portion followed with a slow (dropwise)

addition of H2O2 (50%, 203.0 g, 2.98 mol). At the end of

peroxide addition, the temperature was increased to 70 �C.

After 15 h the heat source was removed but stirring was

continued, allowing the reaction mixture to cool to room

temperature and the aqueous phase removed. Deionized

water (300 mL) was added followed with 6 M HCl

(100 mL). The nearly colorless sludge was stirred at 70 �C

overnight. The cream colored product was transferred into

a separatory funnel using ethyl acetate as diluent. The

aqueous layer was discarded and the organic phase washed

sequentially with brine, saturated NaHCO3 to pH 7.5 fol-

lowed with deionized water. Ethanol was added to facili-

tate separation of the phases. After removal of the aqueous

layer, the product was concentrated in vacuo at 70 �C to

yield 711.6 g (94.7%) of the polyhydroxyl triglyceride with

an oxirane value = 1.35; iodine value = 14 compared to

an iodine value of 114 in the starting milkweed oil. The

measured kinematic viscosities were: g40 �C = 2332.5 and

g100 �C = 75.53 cSt, that is, a viscosity index of 85. Spe-

cific rotation [a]D
20 = ?0.37E. IR (film on NaCl) m cm-1:

3636–3168 b (O–H stretch), 2927 vs (–CH3, –CH2– asym

stretch), 2856 vs (–CH2, –CH3 sym stretch), 1743 vs

(–C=O stretch), 1463 s (–CH2– deform), 1378 m-s (–CH3

deform.), 1240 m-s (O=C–O–C stretch), 1173 vs (–CHO),

1097 s (CHO), 881 w, 725 w (–CH2– wag). 13C-NMR

(CDCl3) d (ppm): 173.2, 172.8 (–C=O); 84.60, 83.00,

82.50, 82.00, 80.50, 74.40, 73.82, 73.20 (CHO); 68,82

(CHO glycerol backbone); 62.04 (–CH2O– glycerol

backbone); 34.75, 34.48, 34.10, 33.94, 33.54 (–CH2a– to

carboxyl groups); 31.79, 31.61(–CH2s– sandwiched between

–CHOs–), 30.47, 29.64, 29.56, 29.47, 29.42, 29.31, 29.26,
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29.21, 29.17, 29.05, 28.91, 25.58, 25.26, 24.76 (–CH2–);

22.61, 22.56, 22.45 (–CH2–CH3; 14.08 (–CH3).

Milkweed Polyhydroxy Fatty Acids

MWPHTG (21.0 g, 0.03188 mol), as previously reported

above [1], was placed in a 250-mL jacketed reactor con-

taining 2-propanol (35.0 mL). KOH pellets (87.7%, 5.0 g,

78.16 mmol) were added to the mixture which was then

stirred and heated to 70 �C, allowing for gentle reflux.

After 6 h of reflux, TLC of the reaction mixture on pre-

coated silica gel plate using ethyl acetate: 2-propanol (2:1)

as solvent indicated complete reaction. The product mix-

ture was transferred into a beaker with 50 mL deionized

water and the pH of the resulting solution adjusted to *5.5

with 6 M HCl. The aqueous solution was then extracted

with ethyl acetate (50 mL 9 3); the extract was dried over

MgSO4 and concentrated at 57 �C under reduced pressure

to give the MWPHFA (19.2 g, 95% of theoretical). The

product initially an oil had Rf = 0.63 compared to

Rf = 0.75 for the polyhydroxy triglyceride; it eventually

solidified on standing. Its Fourier Transform Infrared

(FTIR) spectrum on NaClfilm m cm-1: 3395 br (OH stretch),

2925 vs (CH3, CH2 asym stretch), 2853 vs (CH3, CH2 sym

stretch), 1714 s (–CO2H stretch), 1558 m (CO2
- stretch),

1465 m-s (–CH2– deform.), 1377 m-s (–CH3 deform), 1253

br (–OCO stretch), 1051 br (–CH2O– stretch), 720 w

(CH2 wag); compared to the latter, the spectrum of the

precursor triglyceride film on NaCl cm-1: 3437 br (O–H

stretch), 2927 vs (–CH3, –CH2– asym stretch), 2855 vs

(–CH2, CH3 sym stretch), 1743 vs (–C=O ester stretch),

1464 s (–CH2– deform), 1378 m (–CH3 deform), 1244 m-s

(O=C–C stretch), 1167 s (–O–C–C–), 1101 m-s (–CHO–),

725 w (–CH2– wag).

Acetylated Milkweed Polyhydroxy Fatty Acids

MWPHFA (0.50 g, 0.48 mmol) were placed in a 50-mL

flame-dried flask equipped with a magnetic stirrer. Acetic

anhydride (4.0 mL, 42.62 mmol) and redistilled triethyl

amine (0.2 mL) were added. The mixture was stirred and

warmed to 55 �C for 4 h when reaction was complete. The

product mixture was poured into saturated NaHCO3 solu-

tion and stirred until effervescence ceased. The aqueous

mixture was extracted with ethyl acetate (10 mL 9 3) and

the extract dried over Na2SO4 and concentrated at 57 �C to

give the acetylated product, a viscous oil. FTIR spectrum

film on NaCl disc m cm-1: 2928 vs (CH3, CH2 asym

stretch), 2857 s (CH3, CH2 sym), 1740 vs (C=O ester),

1711 s (–CO2 carboxyl), 1464 m (–CH2– deform), 1373 s

(–CH3 deform), 1235 vs (O=C–C stretch), 1027 s (–CH2O),

947 m (in-plain bend), 725 w(out-of-plain wag). The 1H

NMR (CDCl3) d (ppm): 2.42 t (J = 7.4 Hz, 7H), 2.04 s

(22H), 1.6 m (14H), 1.45 m (13H), 1.21 bs (82H), 0.83 t

(J = 6.4 Hz, 15H); 13C NMR in CDCl3 d (ppm): 170.7,

170.6, 170.46, 170.3 (free –CO2H groups); 169.4 (broad,

acetyl groups); methine carbons bearing an oxygen atom—

81.6, 81.55, 77.81, 75.14, 75.12, 74.92, 74.86, 74.43,

74.21, 73.76, 73.73; a- –CH2– to carboxyls– 35.45, 35.19,

31.85, 31.75, 31.59; –CH2s contiguous to methine carbons–

30.67, 30.63, 30.60, 29.61, 29.58, 29.55, 29.31, 29.30,

29.28, 29.16, 29.14, 28.65, 25.02, 24.09, 24.06, 22.57,

22.41 ppm; the acetoxy methyl groups are at 21.03, 20.93,

20.92, 20.86 and 20.85 ppm; and the terminal methyl

groups are at 14.05, 14.02, 13.96, 13.92, 13.91 ppm.

FTIR Spectroscopy

FTIR spectra were measured on an Arid Zone FTIR

spectrometer (ABB Bomem MB-Series, Houston, TX,

USA) equipped with a DTGS detector. Liquid derivatives

were pressed between two NaCl discs (25 mm 9 5 mm) to

give thin transparent oil films for analysis by FTIR spec-

trometry. Absorbance spectra were acquired at 4 cm-1

resolution and signal-averaged over 32 scans. Interfero-

grams were Fourier transformed using cosine apodization

for optimum linear response. Spectra were baseline cor-

rected, scaled for mass differences and normalized to the

methylene peak at 2927 cm-1.

Nuclear Magnetic Resonance: Distortionless Enhancement

Proton Transfer

Nuclear magnetic resonance (NMR) spectra were acquired

on an AV-500 MHz Spectrometer with dual 5 mm proton/

carbon probe (Bruker, Ballerica, MA, USA). Distortionless

enhancement proton transfer (DEPT) experiments were

conducted in software provided with the Bruker

Spectrometer.

Differential Scanning Calorimetry

Samples were analyzed using a Q2000 DSC (TA Instru-

ments, New Castle, DE, USA). Each sample of MWPHFA

(30–35 mg) was placed in a stainless steel pan and her-

metically sealed. To eliminate their thermal history, the

MWPHFA samples were loaded on the DSC and heated to

100 �C and cooled to -50 �C at rates from 3 to 15 �C/min,

incrementing by 2 �C/min according to Ozawa crystalli-

zation kinetics [2]. After each cooling cycle, the samples

were heated at 10 �C/min to 80 or 100 �C, and then cooled

for the next heating rate. This cooling-heating method was

repeated on each sample to ensure that no degradation

occurred. Each sample was run in duplicate, where the

onset peak temperatures and enthalpy of the crystallization

peaks were recorded. For the kinetic analysis, the onset
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and Tp were analyzed using the Ozawa [2] model to

calculate Ea.

Thermogravimetric Analysis

TGA was performed using a 2050 TGA (TA Instruments,

New Castle, DE, USA). For decomposition kinetic analy-

sis, 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. The data were

analyzed using the TA Advantage Specialty Library soft-

ware provided by TA Instruments (New Castle, DE, USA),

which operates in accordance with ASTM E1641-07

Standard Test Method for Decomposition Kinetics by

Thermogravimetry.

Pressure DSC (Oxidation Kinetics

using Ozawa–Flynn–Wall Equation)

For pressure DSC, samples were analyzed on a 2920 DSC

(TA Instruments, New Castle, DE, USA) using a pressure

cell. Each sample (5–8 mg) was placed in a hermetically

sealed pinhole aluminum pan for interaction of the sample

with the reactant gas (oxygen). The sample was then sealed

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 atmosphere at a

pressure of 690 kPa (90 psi) with a purge rate of 150 mL/

min from the outlet valve. These conditions maintain

maximum contact with the sample and eliminate any lim-

itation that might result from oxygen diffusion in the oil

medium. However, extreme care was taken to maintain the

pressure of the reactant gas (O2) constant. The MWPHFA

samples were first run at 5, 10, and 15 �C/min heating rates

to 300 �C to determine the oxidation onset temperature

(OT) and signal maximum temperature (SM). After

determination of the OT for oxidation, 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 tem-

perature was held constant. The sample was allowed to run

until the peak oxidation was reached.

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 by 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 SM

was plotted against the log of the heating rate. Using the

linear regression method and subsequent data computation,

various kinetic parameters were obtained.

Rheological Measurements

Rheological properties of MWPHFA samples were mea-

sured with a Rheometrics ARES strain-controlled fluids

rheometer (TA Instruments, New Castle, DE) using an

8-mm diameter plate-plate geometry. The temperature

was controlled at either 25 ± 0.1 or 50 ± 0.1 �C in the

experiment chamber with a water circulation system. Prior

to dynamic rheological parameter measurements, a strain-

sweep experiment was conducted to ensure the experi-

ments were conducted in a linear viscoelastic range. Linear

viscoelasticity indicates that the measured parameters are

independent of shear strains. Below 0.1% of strain, all

measured materials in this study were in the linear range.

Stress relaxation experiments were also performed in the

linear viscoelastic range. These experiments measured the

stress relaxation with time after the material was subjected

to a step increase in strain. Small-amplitude oscillatory

shear experiments (shear strain = 0.05%) were conducted

over a frequency (x) range of 0.1–500 rad/s, yielding the

shear storage G0 and loss G00 moduli. The storage modulus

represents the non-dissipative component of mechanical

properties. Elastic or ‘‘rubber-like’’ behavior is suggested if

the G0 spectrum is independent of frequency and greater

than the loss modulus over a certain range of frequencies

[5]. The loss modulus represents the dissipative component

of the mechanical properties and is characteristic of viscous

flow. The phase shift (d) is defined by d = tan-1(G00/G0)
and indicates whether a material is solid (d = 0), or liquid

(d = 90�), or somewhere in between. Each measurement

was repeated at least two times with different samples,

where the relative errors were found to be within the range

of ±10%.

Results and Discussion

MWPHFA were synthesized from the polyhydroxy tri-

glyceride derivatives of milkweed oil [1] by saponification

of the polyhydroxy triglyceride with KOH. Analysis of the

FTIR spectrum of the isolated product indicated a material

with different spectral characteristics from its triglyceride

precursor, namely, the absence of the strong 1743 cm-1

ester carbonyl stretch of the parent now replaced by a

1714 cm-1 and a smaller 1558 cm-1 band corresponding

to the –COOH and –COO-, respectively, at pH 5.5. The

presence of the 1558 cm-1 band indicated the need for a

lower pH to complete protonation of the carboxylates

(Fig. 1). Another characteristic difference in the FTIR

spectra of MWPHTG and that of the free acid derivative,

MWPHFA, is the change in frequency of the intense sec-

ondary hydroxyl –C–C–O stretch at 1175 cm-1 to that of

the broad overlapping carboxylate O=C–C– stretch at
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1234 cm-1. Also is the noticeable drift in the spectral

baseline in the 3600–2500 cm-1 region and the charac-

teristic hump around 1980 cm-1, a telltale of carboxylic

acids. For the purpose of a cleaner and more definitive
1H- and 13C-NMR spectra of this product, the secondary

hydroxyl moieties of MWPHFA were acetylated. The

resulting 1H-NMR spectrum of the ACMWPHFA showed

five resonance envelopes of lines at 0.83, 1.45, 1.60, 2.04,

and 2.39 ppm: the terminal methyl groups, most of the

methylenes, the methyl groups of the acetyl substituents,

and the methylene protons sandwiched between hydrox-

ylated carbons, respectively. The terminal methyl groups of

the acids naturally appeared as an overlapping triplet at

0.83 ppm with a J value of 6.4 Hz and integrate to 15

protons, whereas most of the methylenes show a broad

multiplet centered at about 1.22 ppm and represents about

82 protons. There are two overlapping broad singlets cen-

tered around 1.5 ppm integrating respectively to 12 and 11

protons, whereas the methyl protons of the acetate are

observed as an envelope of singlets centered at 2.04 ppm

that integrate to some 22 protons. The resonance at

2.39 ppm is observed as a triplet integrating to 6 protons

with a coupling constant of 6.4 Hz. This represents the C11

methylene protons of the linoleoyl species that are sand-

wiched between the methine protons of C10 and C12 of the

acid. The main features of the 13C were the free carboxyl

resonances at 170.74, 170.62, 170.46, 170.41, and

170.39 ppm. The acetyl ester carbonyls show a single

broad and intense resonance at 169.43 ppm, whereas the

methine carbons appear at 81.63, 80.98, 77.81, 77.75, and

75.14–73.73 ppm. The methylene carbons appear as a

major envelope of lines from 35.45 to 22.46 ppm; with the

–CH2– a to the terminal carboxyls accounting for the res-

onances between 35.45 to 31.59 ppm and the methyl

groups of the acetoxy substituents are observed at 21.03–

20.86 ppm whereas the terminal methyl carbons of the

acyl chains appear at 14.04–13.91 ppm. In addition both
1H- and 13C-spectra also revealed that the polyhydroxy

triglyceride starting material retained a trace amount of

unsaturation, a condition that the DSC experiment also

hinted. The 13C similarly confirmed the trace olefin with

resonance lines barely above the spectral baseline at 135

and 124 ppm, respectively, and the DEPT experiment also

indicated the presence of a trace amount of glycerol

(64, 62 ppm for the –OCH– and –CH2O–) in the sample.

MWPHFA samples were subjected to heating and

cooling cycles using DSC. The cycling revealed a melting

peak at 53.3 �C during heating and a crystallization peak at

-21.5 �C at 5 �C/min heating rate. Evidently from Fig. 2,

MWPHFA crystallized at a much lower temperature than

that of its melting by 74 �C (53.3 ? 21.5 �C), indicating

variation in the molecular composition and structure. The

ability of MWPHFA to re-crystallize following repeated

heating and cooling cycling signifies a highly stable

structure under the testing conditions. Higher heating rates

resulted in a lower crystallization temperature (Table 1),

where the DH was also decreased by higher heating rate.

Although crystallization occurred at lower temperatures,

evidently from the low DH a higher heating rate caused

structural changes, permitting the molecules to crystallize

more easily, Fig. 2. Similar behavior was noticed during

rheological testing as will be discussed later. The crystal-

lization kinetics of MWPHFA exhibited an Ea of 50.9 kJ as

calculated using the Tp according to the data presented in

Table 1 and as shown in Fig. 3. The Ea of MWPHFA

crystallization was 70.6 kJ/mol when calculated from the

basis of the OT. This is expected because the OT signifies

the beginning of the crystallization process and it is closely

connected to the heating rate, when the molecules still have

some energy and are still mobile, unlike at the Tp when the

crystallization process was complete.

The TGA scan of MWPHFA exhibited three degrada-

tion peaks at 271.7, 387.4 and 468.0 �C. Since the major

Fig. 1 FTIR spectra of MWPHFA, MWPHTG and AcMWPHFA
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H
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Fig. 2 DSC of MWPHFA (5 �C/min)
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fatty acid composition of milkweed oil is linoleic, oleic and

palmitoleic acids (Table 2), one can speculate that the three

peaks seen on the TGA represent the three fatty acid types.

The degradation Ea of the composite was calculated from

the TGA data, where samples were heat-degraded in a

nitrogen environment. The linear form of Ozawa–Flynn–

Wall equation 3 was used for the calculation, where the

slope of the line was the Ea. The equation was based on

heating samples at different heating rates and the percent

degradation-conversion of the material, in the form of

weight loss, was determined and recorded after 10% of the

material was degraded with a 10% increment. The degra-

dation mechanism can be determined by plotting the Ea

value as a function of percent degradation-conversion as

shown in Fig. 4. It can be inferred from Fig. 4 that the

degradation mechanism was a multi-step process reflecting

the fatty acid composition of MWPHFA.

Since the pressure DSC measurements were performed

in large excess of oxygen, the consumption of oxygen

during the oxidation process can be neglected. This would

also mean 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 a separate study, comparison

of the peak areas or enthalpies for aged (DHa) and fresh

(DHf) peanut oil confirms a first-order reaction for the

oxidation process [6]. The OT shifts to a higher tempera-

ture with an increase in the heating rate (b) under constant

oxygen pressure. The OT observed at each b was converted

to the Kelvin values (absolute K) and its inverse was

plotted against log b. Also, in earlier studies, the inverse of

maximum heat flow temperature (K) of the MWPHFA

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 [7–

9]. The slope of the line [dlog b/d (1/T)] was generated

from log b versus inverse temperature plot (Fig. 5) by a

linear regression technique. A high coefficient of correla-

tion (R2 = 0.99) was obtained from the MWPHFA sample.

-ln β  / T 2 (K) 10-5

8.0 8.2 8.4 8.6 8.8 9.0 9.2 9.4 9.6 9.8 10.0 10.2

1/
T

 (
K

) 
10

-3

3.7

3.8

3.9

4.0

4.1

4.2

4.3

onset

peak

Y = -0.1177 X + 4.97 (R 2 = 0.999)

Ea = 70.6 kJ/mol

Y = -0.1634 X + 5.53 (R2 = 0.997)
Ea = 50.9 kJ/mol

slope

R
Ea =

Fig. 3 DSC crystallization kinetics of MWPHFA (3–15 �C/min)

Table 1 Crystallization kinetics

Heating rate To (8C) Tp (8C) To (K) Tp (K) 1/To

(K) 10-3
b/To

2

(10-6 min-1/K-1)

-ln

(b/To
2)

1/Tp

(K) 10-3
b/Tp

2

(10-6 min-1/K-1)

-ln

(b/Tp
2)

3 -8.94 ± 0.23 -16.2 ± 0.63 264.4 257.5 3.78 42.92 10.06 3.88 45.26 10.00

5 -13.4 ± 0.14 -21.6 ± 0.63 259.9 252.1 3.85 74.05 9.51 3.97 78.70 9.45

7 -16.1 ± 0.21 -25.1 ± 0.56 257.3 248.6 3.89 105.78 9.15 4.02 113.31 9.09

9 -18.0 ± 0.14 -27.6 ± 0.49 255.3 245.9 3.92 138.14 8.89 4.07 148.78 8.81

11 -19.7 ± 0.21 -30.1 ± 0.49 253.7 243.5 3.94 170.97 8.67 4.11 185.60 8.59

13 -21.5 ± 0.21 -32.2 ± 0.49 252.2 241.4 3.97 204.47 8.50 4.14 223.18 8.41

15 -22.5 ± 0.14 -33.9 ± 0.49 250.8 239.6 3.99 238.57 8.34 4.17 261.40 8.25

Table 2 Fatty acid composition of milkweed (Asclepias syriaca) oila

Acid type % Content

Oleic 31.0 (D9, D11)

Linoleic 50.5

Linolenic 1.2

Palmitoleic 9.6 (D9, D9,12)

Palmitic 5.7

Stearic 2.5

a From Ref. [1]
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Fig. 4 TGA decomposition kinetics of MWPHFA
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Assuming a first-order reaction for the system during oxi-

dation, the Ea and other kinetic parameters associated with

the sample were calculated using the slope of the line

(maximum heat flow temperature vs. heating rate) thus

generated. The Ea was computed using the Ozawa–Flynn–

Wall equation 4

Ea ¼ �2:19R½dlog b/dð1=TÞ� ð4Þ

where b is the heating rate (�C/min) used. Since the

reaction followed first-order kinetics, other kinetic

parameters could be obtained from Ea for MWPHFA.

The Arrhenius pre-exponential factor (Z) was calculated

from Ea at a specific heating rate b using Eq. 5.

Z ¼ ðbEaeEa=RTÞ=ðRT2Þ ð5Þ
The temperature dependence of specific rate constant (k)

can be described by Arrhenius equation 6.

k ¼ Ze�Ea=RT ð6Þ

And the half-life period can then be calculated using

Eq. 7.

t1=2 ¼ 0:693=k ð7Þ

Table 3 presents the calculated kinetic data of the

MWPHFA obtained at heating rate (b) of 10 �C/min. It

was observed that Ea for the MWPHFA was much higher

compared to various unmodified oils [9], which varied in

the range of 63–89 kJ/mol. This results in subsequent

higher values of T, Z and k and much lower value of t1/2. The

extent of oxidation and formation of oxidation products are

further complicated by the amount of unsaturation,

methylene chain length and other functionalities present

in the various triglyceride molecules [10]. The cumulative

effect of all structural parameters in the triglyceride

molecule makes oxidation a highly complex process and

no simple kinetic model alone would hold for such systems.

In the case of unmodified vegetable oils, low poly-un-

saturation, high mono-unsaturation, and high methylene

content increases the Ea for oxidation. For MWPHFA, the

Ea requirement is considerably high. This would result in

delaying the onset of oxidation where bond scission takes

place to form primary oxidation products, which is

reflected in higher maximum heat flow temperature as well

as higher OT. The absence of polyunsaturation explains the

relative variation of Ea and other kinetic data between

MWPHFA and unmodified vegetable oils.

Calculated values of Ea and k (Table 3) do not follow

the theoretical inverse relation (Ea is directly proportional

to inverse of k). The possible reason for this deviation is the

large difference in the entropy of complex molecular

structures that participate in oxidation reaction. Oxidation

is a very complex process leading to numerous oxidation

products involving various intermediates [11]. These

intermediate compounds have their own k. The overall Ea

is the cumulative effect of all the activation energies

available in the system during the period of oxidation.

The linear rheological properties of dynamic frequency

sweep results for MWPHFA at two temperatures are shown

in Fig. 6. The stress relaxations after the MWPHFA

Fig. 5 Plot of inverse of SM (K) versus log b (heating rate)

Table 3 Calculated values of kinetic parameters of MWPHFA at a

heating rate (b) of 10 �C/min

Kinetic parameters Unmodified oil

samplesa
Milkweed

PHFA

Activation energy (Ea, kJ/mol) 63-89 132

Maximum heat flow temperature (T, K) 454-477 558.2

Ea/RT 15.9-23.4 28.4

Arrhenius pre-exponential factor (Z) 1.14e12

Ln Z 14.85-22.76 27.76

Specific rate constant (k, min-1) 0.33-0.51 0.51

Half life period (t1/2) 1.36-2.07 1.36

Onset temperature (�C) 143-178 205

a Adhvaryu et al. [9]
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material was subjected to a step shear strain of 0.05% at

two temperatures is shown in Fig. 7. At 25 �C, the

MWPHFA material exhibited strong viscoelastic solid

behavior where both storage moduli G0 and loss moduli G00

were almost independent of frequency. The storage moduli

G0 were greater than the loss moduli within the whole range

of the measured frequencies (Fig. 6). The G0 values for

MWPHFA at 25 �C were in the range of 1.7 9 106 to

7.2 9 106 Pa. The phase shift (d) values were in the range

of 15.58–24.88. These data are very comparable to the G0

values for a highly cross-linked synthetic rubber which is

around 107 Pa, and phase shift (d) is about 11.5� at room

temperature. Stress relaxation measurement showed that

MWPHFA did not relax much after having been subjected

to an initial shear strain for more than 4,000 s at 25 �C

(Fig. 7). These results indicated that the MWPHFA

exhibited strong viscoelastic solid properties like a strong

gel or a weak rubber. Based on these findings, the

MWPHFA material should have molecular structure

comparable to an entangled network but not a chemically

cross-linked network. If a network is tightly cross-linked

chemically, there should not be any relaxation and relax-

ation time should be infinite. The MWPHFA material was

observed to show stress relaxation with time, even though

relaxation was very slow (Fig. 7), so there must be more of

a physical chain–chain interaction rather than chemical

ones within the MWPHFA network. Therefore, the rea-

sonable explanation for the structure is that much stronger

entanglements occur in MWPHFA that cannot quickly

relax at room temperature. At 50 �C, MWPHFA still

exhibited strong viscoelastic solid behavior, but was

weaker than at 25 �C. Both storage moduli G0 and loss

moduli G00 were almost independent of frequency at 50 �C

(Fig. 7). The G0 values for MWPHFA at 50 �C were in the

range of 4.7 9 105 to 3.3 9 106 Pa. The phase shift (d)

values were in the range of 16.68–28.48. At 50 �C, the

MWPHFA material was weaker and slightly more fluid-

like than it was at 25 �C as indicated by the lower G0 value

and greater phase shift. The stress relaxation measurement

for the MWPHFA at 50 �C showed a very different result

compared to the one at 25 �C (Fig. 7). The MWPHFA

material did not relax a great deal until 1,300 s after it was

subject to an initial step shear strain. However, after

1,300 s, the material relaxed very quickly (Fig. 7). These

results implied that the MWPHFA network at 50 �C was

not as strongly chain–chain entangled as it was at 25 �C.

Therefore, the MWPHFA material can be considered as a

network in which the chains can slip past each other for a

relatively long time at 50 �C. The obtained rheological

properties of MWPHFA above suggested that this material

could have a potential usage in biodegradable plastics and

gels for industrial and pharmaceutical applications.
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