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Introduction

Lipid oxidation during storage, heating, or frying can be 
determined by many analytical methods including perox-
ide value, conjugated diene value, thiobarbituric acid reac-
tive substances (TBARS) assay, and p-anisidine value, total 
polar compounds (TPC), quantification of the loss of poly-
unsaturated fatty acids (PUFAs), and the analysis of polym-
erized triacylglycerols (PTAGs) [1]. However, a lack of 
consistency in results obtained from these analytical meth-
ods is very common. The reason for the inconsistency is 
that most methods are designed to detect one type of oxida-
tion product although lipid oxidation is a very complicated 
process producing numerous products. Hence, the develop-
ment of methods that combine the concomitant detection 
of different types of oxidation products is necessary for the 
consistent assessment of lipid oxidation [2].

NMR spectroscopy technology has made great contri-
butions in elucidating molecular structures of oxidation 
products from lipids and in revealing mechanisms of lipid 
oxidation. For example, Chan et al. used 1H NMR spectros-
copy to elucidate the molecular structures of major oxida-
tion products including 3-l-hydroperoxy-cis-9-trans-11 
octodecadienoate, 9-d-hydroperoxy-trans-10-cis-12-oc-
tadecadienboate, 13-hydroperoxy-trans, trans-9,11-octa-
decadienoate, and 9-hydroperoxy-trans, trans-10,12-octa-
decadienoate formed during oxidation of methyl linoleate 
[3]. Further studies on oxidation products using 1H NMR 
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spectroscopy indentified many other oxidation prod-
ucts such as 6-membered hydroperoxy cyclic peroxides, 
hydroperoxides of conjugated diene systems, aldehydes, 
and epoxides [4, 5] and helped establish the current funda-
mental understanding of lipid oxidation.

A few other research groups have also suggested the use 
of NMR spectroscopy as a method to assess lipid oxida-
tion during storage or heating by measuring changes in the 
intensity of a specific NMR signal. Saito [6] reported that 
the ratios of olefinic protons (Ro, 4.9–5.8  ppm) and dial-
lylmethylene protons (Rm, 2.6–3.0 ppm) to aliphatic pro-
tons (0.5–3.0  ppm) decreased as pollack oil and sardine 
oil were heated at 40  °C, and these value were very well 
correlated with peroxide values. Wanasundara and Shahidi 
also observed strong correlations between the intensity 
changes of the olefinic proton peak (5.1–5.4 ppm) and the 
diallylmethylene proton peak (2.6–2.9  ppm) and TOTOX 
value (total oxidation value = 2 × peroxide value +  ani-
sidine values) during storage of a few different oils at 
65 °C in the dark [7]. One of the major problems of widely 
used conventional analytical methods such as the perox-
ide value and the carbonyl value is that they reach a peak 
value and decrease in a short period of time. In the study 
by Wanasundara and Shahidi [7], the peroxide value and 
the carbonyl value reached the peak value in 10–20 days, 
respectively, while the change in 1H NMR signals contin-
ued for up to 50 days. Therefore, the NMR method showed 
an important advantage over these conventional methods. 
Falch et al. [ [8].] used signals at 8–10.5 ppm, which cor-
respond to secondary oxidation products such as alde-
hydes, as an indicator for oxidation of the ethyl ester of 
docosahexaenoic acid stored at 25 °C. This research group 
observed strong correlations between these NMR signals 
and traditional analytical values (the coefficient of determi-
nation, R2 = 0.97 with the peroxide value, R2 = 0.95 with 
the conjugated diene value, and R2 = 0.97 with TBARS). 
Tyl et  al. [9] also used 1H NMR signals to determine the 
content of n-3 PUFAs in fish oil stored at 40 °C and found 
that the result obtained by NMR spectroscopy was in good 
agreement with data obtained by gas chromatography.

However, most previous studies focused on lipid oxi-
dation at relatively low temperatures, and very few stud-
ies have been conducted for oils heated or used for fry-
ing. Guillen and Uriarte [10] used the 1H NMR spectrum 
of sunflower oil heated at a frying temperature (190  °C) 
to calculate the molar percentages of acyl groups such as 
linoleic and monounsaturated acyl groups and iodine val-
ues and found that these values followed a linear trend with 
the heating time. Our research group demonstrated that the 
NMR spectroscopy could be a very convenient method to 
evaluate the oxidation of soybean oil heated at 190 °C [11]. 
However, no systematic study validating the reliability of 
the NMR method was reported. Therefore, this study aimed 

to evaluate correlations of the 1H NMR analysis with con-
ventional methods including total polar compounds (TPC), 
polymerized triacylglycerols (PTAG) and the loss of poly-
unsaturated fatty acids (PUFAs), which are recognized as 
the most reliable analytical methods for studying the deg-
radation of oils under frying conditions. Furthermore, we 
also tested the reliability of the 1H NMR method for mid-
oleic sunflower oil (NuSun) and high oleic soybean oil 
(HOSBO) in addition to regular soybean oil (SBO) heated 
at 180 °C, since one major recent trend in frying is to use 
oils containing lower contents of polyunsaturated fatty 
acids (PUFAs) and a high content of oleic acid due to the 
oxidation problem of PUFAs.

Experimental Procedures

Materials

Refined, bleached, and deodorized (RBD) soybean oil 
(SBO), RBD mid-oleic sunflower oil (NuSun®), and 
RBD high oleic soybean oil (HOSBO) were kindly pro-
vided by ADM (Decatur, IL, USA). They were kept fro-
zen at −20 °C before use. HPLC-grade solvents including 
petroleum ether, diethyl ether, chloroform, methanol, and 
dichloromethane were purchased from Fisher Scientific 
(Fair Lawn, NJ, USA). Deuterated chloroform (CDCl3) 
was purchased from Cambridge Isotope Laboratories, Inc. 
(Andover, MA). SPE columns (Discovery® SPE, 6  mL, 
1 g) were purchased from Supelco (Bellefonte, PA, USA). 
Fatty acid methyl ester (FAME) standards were purchased 
from Nu-Chek Prep (Elysian, MN, USA) and Supelco 37 
component FAME Mix was purchased from Sigma-Aldrich 
(St. Louis, MO, USA).

Heating Studies

Oil (2.0 g) was added to a vial (60 mm height, 26.2 mm i.d.; 
the surface area to volume ratio of the sample: 1.65 cm2/
cm3) and heated at 180 ± 1 °C in an oven (HF4-2 Shel Lab 
High Performance Oven, Cornelius, OR) for 1, 2, 3, 4, and 
6 h for SBO, 2, 4, 6, 8, and 10 h for NuSun, and 2, 4, 6, 
8, and 12 h for HOSBO. Three replicate experiments were 
carried out for each treatment. All samples were kept in the 
freezer (−20 °C) before analysis.

Frying Studies

RBD SBO was kept frozen at −20 °C in 1 gallon glass jars 
until the day before each frying study. Commercial corn 
tortillas made from a mixture of white and yellow corn 
(Gran Sazón, Wyoming, MI, USA) were purchased from 
a local food service grocery and kept frozen until the day 
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before they preparation. After thawing, tortillas were cut 
into eight wedges of approximately equal size. One frying 
batch consisted of three tortillas (~40 g). Frying was car-
ried out in two Cuisinart (CDF-100) 1  L capacity fryers. 
Fryers were first weighed, and then 900 g oil was added. 
The fryer temperatures were set to 180 °C; oil temperature 
was monitored continuously with J-KEM (St. Louis, MO, 
USA) temperature monitors, and the temperature was col-
lected and stored every 30  s using JKEM software. Once 
the fryers reached the set temperature, a batch of tortil-
las was fried in each fryer for 2  min; subsequent batches 
were fried every 20  min for a total of 6  h. After the last 
batch, fryers were turned off and allowed to cool down to 
room temperature, then loosely covered and kept at room 
temperature overnight. On the second fry day, the oil in the 
fryers was removed and filtered through a rapid-flow filter 
to remove crumbs. The used oils were returned to the fry-
ers and the oil weights were replenished to 900 g and this 
procedure was repeated until the fifth fry day. Two replicate 
experiments were carried out for each treatment.

Determination of Total Polar Compounds (TPC)

Total polar compounds were determined according to a 
micro-gravimetric method using solid phase extraction 
(SPE) with vacuum elution developed in our laboratory. 
This method is a modification of the American Oil Chem-
ists’ Society (AOCS) official method Cd 20–91 [12, 13]. 
Briefly, an SPE column (Discovery® SPE, 6 mL, 1 g) was 
inserted into the top of a Vac-Elut 12 (Agilent Technolo-
gies, Santa Clara, CA, USA) and rinsed with 10  mL E1 
solvent (petroleum ether:diethyl ether 90:10 v/v). Oil sam-
ples (0.0750  g) were dissolved in 1  mL E1 solvent, and 
added to the SPE column with two 1 mL rinses. After the 
sample was loaded into the column, 7 mL E1 was used to 
elute the non-polar fraction, followed by 10  mL E2 sol-
vent (chloroform:methanol, 50:50 v/v). Solvent was par-
tially removed from the fractions under a gentle nitrogen 
stream then pipetted into pre-weighed aluminum pans on 
a hotplate set to 60 °C. After drying completely, the pans 
were placed in an oven set at 100  °C and weighed every 
5  min until a constant weight was achieved. The per-
centages of total polar compounds were calculated as: 
100 −  [100 ×  (non-polar fraction(g)/sample weight(g))]. 
The weight of the polar fraction was used to determine the 
final yield to verify complete elution of the two fractions. 
Each sample was analyzed in duplicate.

Analysis of Fatty Acid Composition

Oil samples were converted to fatty acid methyl esters 
(FAME) using the method described by Ichihara et al. [14]. 
Fatty acid compositions were analyzed by GC as described 

by Bakota et al. [15]. In brief, about 10 mg of the oil sam-
ple was dissolved in 1.4  mL hexane. Methanolic KOH 
(2 N, 200 μL) was added and the solution was vortexed for 
2 min. After allowing to sit for 1 min, the hexane portion 
was transferred to autosampler vials. A Supelco SP-2380 
capillary column (Bellefonte, PA, USA, 30  ×  0.25  mm 
ID  ×  0.20  μm film) equipped in an Agilent 6890 GC 
(Palo Alto, CA, USA) was used to analyze fatty acid con-
centrations of each sample. The flow rate of the carrier 
gas, Helium, was 1 mL/min, the injector temperature was 
220 °C, the split ratio was 50:1, the oven temperature was 
185  °C, and the FID temperature was 220  °C. Commer-
cial FAME standards were used to identify peaks. For each 
chromatogram, peaks were integrated and the relative area 
ratio (%) of a fatty acid peak to the sum of the areas of all 
the fatty acid peaks is reported. Samples were analyzed in 
duplicate.

Analysis of Polymerized Triacylglycerols (PTAG)

A standard method, AOAC Official Method 993.25 
was slightly modified and used to determine the PTAG 
formed during heating and frying [16]. In brief, the oil 
sample (10.0 ±  1  mg) was dissolved in dichloromethane 
(10  mL) and 1.0  mL of the solution was transferred to 
an autosampler vial. The solution (10  μL) was injected 
into a size exclusion column (PLGel 5 μm, 100  Å pore 
size, 300 × 7.5 mm, Polymer Labs, Amherst, MA, USA) 
equipped in a Shimadzu HPLC (model LC20AT, Kyoto, 
Japan). The ELSD was used as a detector, which was oper-
ated with nitrogen as the nebulizer gas (99.999%, pres-
sure: 3.0 Bar, Gain: 1) at a temperature of 40 °C. Shimadzu 
EZStart Chromatography Software Version 7.3 was used 
for HPLC control, data collection and analysis. The ELSD 
was reported to be more reliable, more sensitive, and less 
influenced by the molecular structure of the substance than 
the refractive index (RI) detector [17]. All samples were 
analyzed in duplicate. Peak area percentages are reported.

1H NMR Spectroscopy

Relative Peak Change Analysis [11]

An approximate amount of oil sample (about 50–80 mg) 
and an approximate amount of CDCl3 (0.9  mL) were 
added a 2  mL vial and mixed. The solution was trans-
ferred to an NMR sample tube (5 mm dia. 7 inch length, 
Wilmad-LabGlass, Vineland, NJ, USA). 1H NMR spectra 
were acquired with a Bruker Avance 500 spectrometer 
(Billerica, MA, USA) operating at 500  MHz. Chemi-
cal shifts are reported relative to the chloroform peak 
(7.29 ppm). SpinWorks 3.1.7 software was used for analy-
sis of spectra. Signals were integrated using four protons 
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of the glyceride backbone CH2 signal (5.30–5.46  ppm). 
The 1H NMR spectra of oils used in this study is shown 
in Fig.  1 and proton numbers of all the peaks are sum-
marized in Table  1. As shown in Fig.  1, the glyceride 
methine (CH) peak (peak B, 5.30–5.46  ppm) was over-
lapped with the olefinic signal (peak A, 5.16–5.30  ppm) 
and it was practically impossible to accurately divide 

these two peaks. Therefore, one proton (the glyceride CH) 
was subtracted from the number of protons shown in the 
range of 5.16–5.46 ppm to obtain the number of olefinic 
protons in an assumption that the bond breaking between 
the glyceride methine (CH) and glyceride methylene 
(CH2) was impossible under the typical heating and frying 
conditions. 

Fig. 1   NMR spectra of SBO, 
NuSun and HOSBO. A olefinic 
protons, B glyceride methine 
(CH), C glyceride methylene 
(CH2), D bisallylic CH2, E 
(C=O)CH2, F allylic CH2, G 
aliphatic CH2, H terminal CH3 
of linolenic acid, I terminal CH3

Table 1   NMR signals and fatty acid composition of fresh oils used in this study

Signal (ppm) NMR signals and their proton numbers relatives to glyceride CH2

Assigned protons SBO NuSun HOSBO

A (5.16–5.30) Olefinic H 8.93 ± 0.08 6.88 ± 0.01 6.00 ± 0.01

B (5.30–5.46) Glyceride methine (CH) 1.00 ± 0.01 1.00 ± 0.00 1.00 ± 0.00

C (4.04–4.39) Glyceride methylene (CH2) 4.00 ± 0.04 4.00 ± 0.01 4.00 ± 0.01

D (2.70–2.88) Bisallylic CH2 3.95 ± 0.06 1.36 ± 0.00 0.60 ± 0.00

E (2.22–2.41) (C=O)CH2 6.15 ± 0.07 6.16 ± 0.01 6.16 ± 0.01

F (1.94–2.15) Allylic CH2 10.22 ± 0.10 11.19 ± 0.00 10.91 ± 0.03

G (1.05–1.71) Aliphatic CH2 59.91 ± 0.56 67.21 ± 0.07 69.37 ± 0.18

H (0.95–1.01) Terminal CH3 (linolenic) 0.67 ± 0.00 0.09 ± 0.00 0.23 ± 0.00

I (0.74–0.95) Terminal CH3 8.59 ± 0.05 9.23 ± 0.04 9.00 ± 0.02

Fatty acid composition, area ratios in GC chromatogram

Fatty acid SBO NuSun HOSBO

C14:0 0.07 ± 0.00 0.05 ± 0.00 0.04 ± 0.00

C16:0 10.46 ± 0.01 4.60 ± 0.08 6.79 ± 0.17

C18:0 5.05 ± 0.00 3.60 ± 0.06 3.64 ± 0.09

C18:1 23.40 ± 0.00 66.70 ± 0.13 79.24 ± 0.23

C18:2 53.49 ± 0.02 23.49 ± 0.03 7.54 ± 0.02

C18:3 6.83 ± 0.01 0.34 ± 0.01 2.15 ± 0.01

C20:0 0.39 ± 0.00 0.33 ± 0.00 0.36 ± 0.00

C22:0 0.31 ± 0.00 0.90 ± 0.02 0.24 ± 0.18
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Absolute Peak Change Analysis

Although the relative peak change analysis is recom-
mended for the practical application of the NMR method 
for assessment of oil oxidation, the absolute peak change 
analysis was conducted in this study in an attempt to deter-
mine which signal is the best signal as the standard signal 
for the relative peak change analysis. For this, the same 
procedure in the relative peak change analysis was fol-
lowed except that the exact amounts of sample (80 mg) and 
the solvent (CDCl3, 1.00 g) were weighed in the NMR tube 
and the CHCl3 peak (7.28 ppm) was used as the standard 
peak for integration of other peaks, which existed in the 
NMR solvent (CDCl3). Actual weights were recorded and 
errors in weighing were corrected in the calculation of peak 
areas. Initially, the intensity of the CHCl3 peak in the spec-
trum was determined as 0.14 protons by comparison with 
four protons of the glyceride methylene (CH2) of fresh oil. 
Then, all the other signals of oxidized oils were integrated 
based on the CHCl3 peak.

Statistical Analysis

All heating experiments were carried out in triplicate and 
the frying experiment was conducted in duplicate. All the 
oil analyses were conducted at least in duplicate for each 
sample except for 1H NMR analysis. For the 1H NMR 
analysis, analytical replicates were not needed because no 
substantial differences were observed with repeated analy-
ses with one sample. The standard deviations of signal 
intensities of olefinic, bisallylic, and allylic signals deter-
mined by three replicates of three different samples were 
0.02–0.06%. One-way analysis of variance (ANOVA) was 
performed with the program JMP 9 (SAS Institute, Cary, 
NC, USA) for TPC, PTAG, fatty acid composition, and all 
the peak areas in the NMR spectrum. Means of data were 
compared by Tukey–Kramer HSD test with statistical sig-
nificance at P < 0.05. Correlation tests were conducted with 
simple linear regressions with the program JMP 9.

Results and Discussion

Table  1 shows fatty acid compositions (the relative peak 
areas in GC) of oils used in this study. The contents of 
oleic acid (18:1) were 23.40, 66.70, and 79.24% for SBO, 
NuSun, and HOSBO, respectively. Accordingly, the con-
tents of linoleic acid (18:2) were lower for oils with 
the higher content of oleic acid (SBO: 53.49%; NuSun: 
23.49%; HOSBO: 7.54%). Signals of 1H NMR of the three 
oils well reflected the fatty acid compositions analyzed by 
GC (Table  1). For example, theoretical integration values 
(=number of protons) of olefinic protons [3 × (2 × %oleic 

acid + 4 × %linoleic acid + 6 × %linolenic acid) ÷ 100] 
calculated from the fatty acid composition [18] were 9.05, 
6.88, and 6.05 protons for SBO, NuSun, and HOSBO, 
respectively, and were very close to the values determined 
by the 1H NMR spectra (Table  1). Similarly, theoretical 
integration values of allylic protons calculated from the 
fatty acid composition [3 × (4 × %oleic acid + 4 × %lin-
oleic acid  +  4  ×  %linolenic acid)  ÷  100] were 10.05, 
10.86, and 10.67, for SBO, NuSun, and HOSBO, respec-
tively, which was well matched the proton numbers deter-
mined from the NMR spectra. Theoretical integration val-
ues of bisallylic protons (3.25, 1.67, and 0.45 protons for 
SBO, NuSun, and HOSBO, respectively) calculated by 
the equation [3 ×  (2 × %linoleic acid +  4 × %linolenic 
acid) ÷ 100] were somewhat different from the empirical 
values from the NMR spectra. The reason for this relatively 
large deviation is likely that the relatively small bisallylic 
signal in the NMR spectrum was affected by background 
noises and peaks of other minor ingredients in oil.

1H NMR of SBO Heated at 180 °C

Because of the time and extensive labor required for an 
actual frying study, heating studies are popularly used in 
many laboratories for a preliminary comparison of oxida-
tive stabilities of different oils, an initial evaluation or a 
screening of a variety of antioxidants, and other basic oil 
oxidation studies before conducting actual frying studies. 
For this reason, the reliability of the NMR method for heat-
ing studies was evaluated. Soybean oil (SBO) is of great 
interest for frying due to its low price, availability, and 
healthfulness regardless of its vulnerability to oxidation. 
Therefore, the heating study with SBO was conducted, in 
which SBO was oxidized at 180 °C until it reached beyond 
the 25% TPC level, which is the regulatory limit for frying 
oils in many countries [19].

The use of signal changes of reactive to non-reactive 
protons was suggested for the practical application of the 
NMR method for evaluation of oil oxidation [6, 11]. This is 
because new analytical methods must be not only reliable 
but also fast and convenient. The method using the rela-
tive peak changes in 1H NMR spectrum offers a very short 
time for analysis: the time required for sample preparation 
is typically about 1 min per sample, the acquisition of one 
spectrum takes less than 10 min, and analysis of data takes 
about 1 min per sample. In addition, since there are no sub-
stantial opportunities for the introduction of human errors, 
typically no analytical replicates are needed. Therefore, in 
general, only occasional checking on the repeatability is 
required. The repeatability ranged at ±0.03–0.06%.

For this relative peak change analysis method, the ali-
phatic protons (the region of signals G–I) [6, 20] and the 
glyceride methylene (CH2) protons (signal C) [11] were 
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suggested as the internal standard for integration of other 
signals. There are also some other non-reactive protons 
that can be used as a standard signal such as the methyl-
ene protons (CH2) at α-position of a fatty acid (signal E) 
and terminal CH3 (signal I). We monitored the absolute 
peak changes of these four signals during heating SBO at 
180 °C to evaluate these peaks as the standard signal for 
integration of other peaks. Figure  2a shows the changes 
of non-reactive signals in 1H NMR. Difference between 
changes of these four signals was not statistically signifi-
cant at P = 0.05 indicating that using any of these signals 
as a standard signal would not make significant differ-
ences. Although the difference was not statistically signifi-
cant and all these four signals may be good standard peaks, 
the glyceride backbone CH2 (signal C) and methylene pro-
tons at α-position of a fatty acid (signal E) appeared to 
change the least (0.79% decrease and −0.43% increase, 
respectively). We preferred the glyceride backbone CH2 
(signal C) to the methylene protons at α-position (signal E) 

simply because the range of 1.52–1.71 ppm is, in general, 
more crowded than the lower field area (4.04–4.39  ppm) 
and there may be a higher chance to have interferences 
with signals of some other components in oil such as 
antioxidants.

Figure  2b shows the NMR signal changes relative to 
the glyceride CH2 signal. All the signals including olefinic 
protons (A), bisallylic protons (D), allylic protons (F), and 
the terminal CH3 group of linolenic acid (H) of SBO gradu-
ally decreased over the heating process. The most reactive 
bisallylic protons (D) decreased the fastest. The trends of 
the four NMR signals were very similar to the curves of 
TPC, TPAG, and losses of linoleic acid and linolenic acid 
observed by GC (Fig.  2c, d). Since fatty acids were ana-
lyzed by the relative peak areas to the total peak area and 
the reactivity of oleic acid is much lower compared to lin-
oleic and linolenic acids, the relative peak area percentages 
of oleic acid appeared to increase by time due to faster 
decreases of peak areas of linoleic acid and linolenic acid. 

Fig. 2   Oxidation of heated SBO at 180 °C. a Change of NMR sig-
nals of less sensitive sites (C: glyceride methylene (CH2), E: (C=O)
CH2, G: aliphatic CH2, I: terminal CH3), b change of NMR signals 
relative to glyceride CH2 signal (A: olefinic protons, B: glyceride 

methine (CH), D: bisallylic CH2, F: allylic CH2, H: terminal CH3 of 
linolenic acid), c %TPC and %PTAG, and d losses of linoleic acid 
(18:2) and linolenic acid (18:3). Error bars represent standard devia-
tions
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For this reason, the loss of oleic acid was not used for com-
parison with the NMR analysis.

Correlation tests between the losses of four NMR sig-
nals (signals A, D, F, and H) and conventional methods 
showed very strong correlations conferring R2 values 
(the coefficient of determination), ranging from 0.9704 
to 0.9925 (Table  2). These correlations were as strong as 
the correlations between the four conventional analyti-
cal methods, of which the R2 values ranged from 0.9586 
to 0.9919. Saito and Shahidi research groups [6, 20] used 
ratios of olefinic and bisallylic protons to the aliphatic 
protons at 0.6–2.5 ppm to measure oil oxidation. We also 
tested reliability of methods using changes of olefinic 
(Rao), bisallylic (Rab = Rad in the literature), and allylic 
(Raa) protons relative to the aliphatic proton signal dur-
ing the heating process of SBO at 180 °C. In this study, we 
slightly modified the previous methods and used a narrow 
area (1.05–1.71 ppm) for aliphatic CH2 protons (signal G) 
to exclude the area where the CH3 signal of linolenic acid 
appeared and showed the significant intensity change over 
time. Correlation tests of Rao, Rab, and Raa with conven-
tional analytical methods also showed strong correlations 
(R2  =  0.9711–0.9954) indicating that these methods are 
also very reliable.

It is interesting that the change of the linolenic CH3 
signal (signal H) also showed a strong correlations with 
conventional methods even though the peak intensity 
was smaller than other peaks (0.67 protons). Although it 
showed high reliability in this study, this peak is not pre-
ferred to other three signals (signals A, D and F) because 
of the relatively low peak intensity that can be easily influ-
enced by the adjacent large aliphatic CH2 peak (signal G, 
1.05–1.71  ppm) and other terminal CH3 peaks (signal I, 
0.74–0.95 ppm).

1H NMR of Oils Rich in Oleic Acid Heated at 180 °C

Oils rich in oleic acid are of great interest for frying due 
to their outstanding oxidative stability and a variety of 
health benefits of oleic acid [21]. Therefore, we exam-
ined the NMR method for two oils rich in oleic acid, mid-
oleic sunflower oil (NuSun®), and high oleic soybean oil 
(HOSBO). When the oxidative stabilities of different oils 
are to be compared, it is important to choose a signal that is 
reliable for all different oils. We expected that, due to their 
stronger peak intensity, olefinic proton and allylic proton 
signals would be more reliable than bisallylic proton and 
linolenic CH3 signals. Figure  3 shows changes of NMR 

Table 2   Correlations (R2 values) between NMR signal changes and conventional analytical methods for heated SBO

TPC total polar compounds, PTAG polymerized triacylglycerols, (18:2) %linoleic acid determined by GC, (18:3) %linolenic acid determined by 
GC

Correlations (R2)

NMR peak ratio TPC PTAG (18:2) (18:3)

Olefinic H/glyceride CH2 0.9785 0.9780 0.9830 0.9917

Bisallylic H/glyceride CH2 0.9856 0.9719 0.9782 0.9925

Allylic H/glyceride CH2 0.9720 0.9754 0.9793 0.9870

Linolenic CH3/glyceride CH2 0.9704 0.9741 0.9797 0.9872

Rao (olefinic H/aliphatic CH2) 0.9856 0.9951 0.9851 0.9954

Rab (bisallylic H/aliphatic CH2) 0.9891 0.9711 0.9775 0.9932

Raa (allylic H/aliphatic CH2) 0.9857 0.9805 0.9845 0.9954

Data used for correlation tests

Signals Day 0 Day 1 Day 2 Day 3 Day 4 Day 6

Olefinic H 8.93 ± 0.08 8.71 ± 0.03 8.47 ± 0.01 8.15 ± 0.13 7.68 ± 0.07 6.69 ± 0.10

Bisallylic H 3.95 ± 0.06 3.83 ± 0.02 3.68 ± 0.01 3.50 ± 0.07 3.24 ± 0.02 2.74 ± 0.04

Allylic H 10.22 ± 0.10 10.03 ± 0.04 9.84 ± 0.01 9.57 ± 0.13 9.18 ± 0.10 8.33 ± 0.11

Linolenic CH3 0.67 ± 0.00 0.66 ± 0.00 0.64 ± 0.00 0.62 ± 0.01 0.59 ± 0.00 0.52 ± 0.01

Glyceride CH2 4.00 ± 0.04 3.98 ± 0.01 3.99 ± 0.01 3.98 ± 0.03 3.98 ± 0.05 3.97 ± 0.03

Aliphatic CH2 59.91 ± 0.56 59.53 ± 0.15 59.60 ± 0.15 59.40 ± 0.47 59.17 ± 0.86 58.20 ± 0.69

TPC, % 5.96 ± 0.48 9.17 ± 0.77 16.33 ± 1.52 22.04 ± 2.01 32.02 ± 2.33 49.18 ± 1.08

PTAG, % 0.00 0.37 ± 0.05 2.20 ± 0.17 5.01 ± 0.81 9.39 ± 0.49 19.62 ± 0.71

(18:2), % 53.49 ± 0.02 53.02 ± 0.24 52.67 ± 0.05 52.05 ± 0.17 51.14 ± 0.16 48.77 ± 0.19

(18:3), % 6.83 ± 0.01 6.66 ± 0.03 6.44 ± 0.04 6.17 ± 0.07 5.75 ± 0.07 4.92 ± 0.06
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signals relative to the glyceride CH2 signal, TPC, PTAG, 
and %losses of linoleic acid and linolenic acid in the GC 
chromatogram for these two oils during heating at 180 °C. 
The trends of NMR signals relative to the aliphatic CH2 

signal (Rao, Rad, and Raa) were almost identical to Fig. 3a, 
d and data are not shown in this paper. The linolenic CH3 
signal (signal H) was too small to produce reliable data for 
NuSun and HOSBO and was not included in Fig. 3a, d. The 
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Fig. 3   Oxidation of oils rich in oleic acid heated at 180 °C. a Change 
of NMR signals of NuSun relative to glyceride CH2 signal (A: 
olefinic protons, D: bisallylic CH2, F: allylic CH2, H: terminal CH3 
of linolenic acid), b %TPC and %PTAG of NuSun, c losses of lin-
oleic acid (18:2) and linolenic acid (18:3) of NuSun, and d change of 

NMR signals of HOSBO relative to glyceride CH2 signal (A: olefinic 
protons, D: bisallylic CH2, F: allylic CH2, H: terminal CH3 of lino-
lenic acid), e %TPC and %PTAG of HOSBO, and f losses of linoleic 
acid (18:2) and linolenic acid (18:3) of HOSBO. Error bars represent 
standard deviations
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order of the signal reduction rate found in heated SBO, bis-
allylic H > olefinic H > allylic H, was also observed with 
NuSun® and HOSBO.

Table  3 shows the results of correlations tests. Since 
there were no statistical differences (P  =  0.05) between 

changes of non-reactive signals including the glyceride 
CH2 (signal C), the methylene protons at α-position of a 
fatty acid (signal E), aliphatic CH2 (signal G), and termi-
nal CH3 (signal I) after 10-h heating for NuSun and 12-h 
heating for HOSBO (data not shown), we used only the two 

Table 3   Correlations (R2 values) between NMR signal changes and conventional analytical methods for oils rich in oleic acid

TPC total polar compounds, PTAG polymerized triacylglycerols, (18:2) %linoleic acid determined by GC, (18:3) %linolenic acid determined by 
GC

Correlations (R2) for NuSun

NMR peak ratio TPC PTAG (18:2) (18:3)

Olefinic H/glyceride CH2 0.9189 0.9820 0.9647 0.8915

Bisallylic H/glyceride CH2 0.9124 0.9783 0.9634 0.8892

Allylic H/glyceride CH2 0.9321 0.9788 0.9691 0.9125

Rao (olefinic H/aliphatic CH2) 0.8925 0.9700 0.9488 0.8660

Rab (bisallylic H/aliphatic CH2) 0.9023 0.9736 0.9565 0.8800

Raa (allylic H/aliphatic CH2) 0.9029 0.9731 0.9546 0.8834

Data used for correlation tests (NuSun)

Signals Day 0 Day 2 Day 4 Day 6 Day 8 Day 10

Olefinic H 6.88 ± 0.01 6.61 ± 0.06 6.39 ± 0.04 6.19 ± 0.06 5.95 ± 0.09 5.61 ± 0.01

Bisallylic H 1.36 ± 0.01 1.28 ± 0.01 1.19 ± 0.01 1.06 ± 0.01 0.98 ± 0.02 0.75 ± 0.00

Allylic H 11.19 ± 0.00 10.81 ± 0.11 10.55 ± 0.06 10.41 ± 0.12 10.11 ± 0.14 9.85 ± 0.03

Glyceride CH2 4.00 ± 0.01 3.93 ± 0.04 3.94 ± 0.03 4.03 ± 0.04 4.02 ± 0.03 4.16 ± 0.02

Aliphatic CH2 67.21 ± 0.07 65.80 ± 0.66 65.76 ± 0.40 67.33 ± 0.83 66.88 ± 0.63 69.95 ± 0.30

TPC, % 6.27 ± 0.57 10.51 ± 1.48 13.70 ± 2.02 22.80 ± 2.66 26.41 ± 3.01 36.83 ± 2.48

PTAG, % 0.00 0.19 ± 0.03 1.48 ± 0.21 4.53 ± 0.09 6.26 ± 0.32 12.69 ± 0.32

(18:2), % 23.49 ± 0.03 22.96 ± 0.04 21.86 ± 0.08 20.36 ± 0.08 19.39 ± 0.18 16.75 ± 0.05

(18:3), % 0.34 ± 0.01 0.33 ± 0.01 0.30 ± 0.02 0.26 ± 0.01 0.22 ± 0.01 0.17 ± 0.02

Correlations (R2) for HOSBO

NMR peak ratio TPC PTAG (18:2) (18:3)

Olefinic H/glyceride CH2 0.9410 0.9244 0.9696 0.9548

Bisallylic H/glyceride CH2 0.9546 0.8367 0.9671 0.9844

Allylic H/glyceride CH2 0.9185 0.9272 0.9496 0.9275

Rao (olefinic H/aliphatic CH2) 0.9533 0.9232 0.9818 0.9707

Rab (bisallylic H/aliphatic CH2) 0.9468 0.8252 0.9585 0.9768

Raa (allylic H/aliphatic CH2) 0.9532 0.9089 0.9815 0.9740

Data used for correlation tests (HOSBO)

Signals Day 0 Day 2 Day 4 Day 6 Day 8 Day 12

Olefinic H 6.00 ± 0.01 5.84 ± 0.13 5.85 ± 0.36 5.74 ± 0.39 5.37 ± 0.02 4.30 ± 0.25

Bisallylic H 0.60 ± 0.00 0.55 ± 0.01 0.53 ± 0.03 0.49 ± 0.03 0.41 ± 0.01 0.26 ± 0.04

Allylic H 10.91 ± 0.03 10.65 ± 0.25 10.75 ± 0.68 10.66 ± 0.73 10.06 ± 0.04 8.37 ± 0.46

Glyceride CH2 4.00 ± 0.01 3.97 ± 0.07 4.07 ± 0.25 4.09 ± 0.25 3.97 ± 0.02 3.83 ± 0.12

Aliphatic CH2 69.37 ± 0.18 68.67 ± 1.69 70.37 ± 4.35 70.64 ± 4.59 68.54 ± 0.53 63.85 ± 2.90

TPC, % 4.58 ± 0.36 9.53 ± 2.12 14.68 ± 2.11 17.12 ± 1.90 22.07 ± 3.05 40.16 ± 3.36

PTAG, % 0.00 0.13 ± 0.02 0.46 ± 0.01 1.00 ± 0.12 2.68 ± 0.23 13.21 ± 2.51

(18:2), % 7.54 ± 0.02 7.22 ± 0.01 6.92 ± 0.01 6.61 ± 0.03 6.11 ± 0.02 4.20 ± 0.01

(18:3), % 2.15 ± 0.00 1.97 ± 0.00 1.80 ± 0.00 1.63 ± 0.00 1.39 ± 0.00 0.66 ± 0.01
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signals, the glyceride backbone CH2 and aliphatic CH2 sig-
nals, as the standard signal. For NuSun, the NMR method 
using both the standard signals had strong correlations with 
PTAG (R2  =  0.9700–0.9820) and %loss of linoleic acid 
(18:2) (R2 = 0.9546–0.9691). However, the weaker correla-
tion between the NMR data and the %linoleic acid deter-
mined by GC (R2 = 0.8660–0.9125) was expected due to 
the low content of linolenic acid (0.34 ± 0.01%) in NuSun. 
The weaker correlations between the NMR data and TPC 
(R2 = 0.9546–0.9691) were possibly caused by the greater 
experimental errors in measurements of TPC. For HOSBO, 
all R2 values were high (R2 =  0.9185–0.9844) except for 
the correlations between PTAG and bisallylic protons rela-
tive to the glyceride CH2 signal (R2 = 0.8367) and between 
PTAG and Rab (R2 = 0.8252), which were likely caused by 
the smaller number of bisallylic protons (0.6 protons per oil 
molecule).

As hypothesized, the bisallylic proton signal showed a 
relatively low reliability and the linolenic acid CH3 signal 
cannot be used for NuSun and HOSBO as the intensity of 
this peak is too small to produce reliable responses to oil 
oxidation. Correlation tests showed weak correlations of 
the linolenic acid CH3 signal giving R2 values of 0.4085, 
0.3699, 0.3847, and 0.4825 for NuSun and 0.7423, 0.5466, 
0.7158, and 0.7588 for HOSBO with TPC, PTAG, %loss 
of linoleic acid (18:2) and %loss of linolenic acid (18:3), 
respectively. Therefore, for oils rich in oleic acid, olefinic 
protons, and allylic protons relative to either the glyceride 
CH2 or the aliphatic CH2 protons are the best indications 
of oil oxidation. In addition, among conventional analytical 
methods, the GC method monitoring linolenic acid is not 
recommended due to the relatively small amount of lino-
lenic acid in oils rich in oleic acid.

1H NMR of SBO During Frying at 180 °C

Results found in a heating study sometimes differ from 
those observed in a frying study and observations found in 
a heating experiment must be confirmed with an actual fry-
ing experiment. For this reason, the reliability of the NMR 
method was examined for the frying process in which tor-
tilla chips were fried in RDB SBO for five consecutive 
days. Again, as seen in heated SBO, NuSun, and HOSBO, 
there were no statistical differences (P  =  0.05) between 
changes of the four non-reactive signals (data not shown) 
and, therefore, we used the glyceride backbone CH2 and 
aliphatic CH2 signals as the standard signal. Figure 4 shows 
the results of the NMR methods along with those of the 
conventional methods. Both the data from the NMR anal-
ysis and from the conventional methods indicated that the 
oil oxidized rapidly after day 3 unlike the smoother trend 
found in the heating study with SBO (Fig. 2). The differ-
ence might have been caused by the different oil oxidation 

pattern due to ingredients leached out from tortilla chips, 
different oxidation products produced, and the different 
experimental procedure (e.g. replenishing oil for frying). It 
should be noted that the NMR signals and %loss of lino-
lenic acid in GC were more sensitive to oxidation during 
the first 3 days than PTAG, TPC, and %loss of linoleic acid 

Fig. 4   Oxidation of SBO during frying at 180 °C. a Change of NMR 
signals relative to glyceride CH2 signal (A: olefinic protons, B: glyc-
eride methine (CH), D: bisallylic CH2, F: allylic CH2, H: terminal 
CH3 of linolenic acid), b %TPC and %PTAG, (18:3), and c losses of 
linoleic acid (18:2) and linolenic acid. Error bars represent standard 
deviations
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in GC, which may be an advantage of the NMR methods 
and GC method for linolenic acid over other conventional 
methods. Strong correlations between the NMR methods 
and conventional methods (R2  =  0.9598–0.9950) con-
firmed the high reliability of the NMR methods for the fry-
ing process in SBO (Table 4).

Detection of Oxidation Products

Unlike the 1H NMR spectra of oils oxidized at lower tem-
peratures, intermediate oxidation products, hydroperoxides 
(8.3–8.9  ppm), did not appear in the 1H NMR spectra of 
SBO, NuSun, and HOSBO heated at 180 °C, or SBO under 
frying conditions, which was consistent with the previous 
observation with sunflower oil heated at 190 °C [10]. Some 
oxidation products such as aldehydes, aldehydes of con-
jugated dienes and epoxides were observed in oils heated 
at the frying temperature and signals of these products 
increased by time as shown in Fig. 5. The aldehyde proton 
(CHO) of alkanals was shown at 9.76 ppm as a triplet signal 
(signal a) [4]. The signals in the region of 9.48–9.66 ppm 
(signal b) in Fig. 5 are assigned as aldehyde proton (CHO) 
of different kinds of aldehydes. The peak appeared at 
9.51 ppm is likely the aldehyde proton (CHO) of a kind of 

2-alkenal for its splitting pattern (doublet) and the chemi-
cal shift [5]. The doublet shown at 9.54 ppm is the aldehyde 
proton (CHO) of a branched alkanal according to the litera-
ture [4]. It is interesting that SBO under heating and frying 
conditions produced similar concentrations of the two alde-
hydes, branched alkenals and 2-alkenals (the peaks at 9.54 
and 9.51 ppm) while NuSun and HOSBO produced mainly 
2-alkenals indicating that branched alkenals or any alkenals 
at 9.54 ppm were produced mainly by linoleic acid and/or 
linolenic acid. The signals appearing at 5.8–7.2  ppm (sig-
nals c) are known to be signals of conjugated dienic systems 
of aldehydes and of other secondary oxidation products 
[10]. According to the reports by Guillén et al. and Ruiz [4] 
and Patrikios and Mavromoustakos [22], signals shown in 
3.5–3.8 ppm (signal d) can be either CH2-OH of an alcohol 
or -O-CHR1R2 of an ether linkage in polymers. Signals at 
2.85–3.18 ppm (signal e) are possibly the sign of epoxides 
[5]. Signals at 2.65 ppm (signal f) and 2.52 ppm (signal g) 
are unknown. Signal f appeared only in the spectra of SBO 
under heating and frying indicating that linoleic acid and/
or linolenic acid can produce the oxidation product giving 
this signal. Signals indicating carboxylic acids (10–12 ppm 
in 1H NMR and 180 ppm in 13C NMR) were not observed 
under the experimental conditions used in this study.

Table 4   Correlations (R2 values) between NMR signal changes and conventional analytical methods for frying SBO

TPC total polar compounds, PTAG polymerized triacylglycerols, (18:2) %linoleic acid determined by GC, (18:3) %linolenic acid determined by 
GC

Correlations (R2)

NMR peak ratio TPC PTAG (18:2) (18:3)

Olefinic H/glyceride CH2 0.9813 0.9897 0.9807 0.9791

Bisallylic H/glyceride CH2 0.9758 0.9877 0.9816 0.9795

Allylic H/glyceride CH2 0.9814 0.9935 0.9842 0.9740

Linolenic CH3/glyceride CH2 0.9720 0.9598 0.9607 0.9658

Rao (olefinic H/aliphatic CH2) 0.9779 0.9908 0.9816 0.9779

Rab (bisallylic H/aliphatic CH2) 0.9726 0.9877 0.9812 0.9778

Raa (allylic H/aliphatic CH2) 0.9764 0.9950 0.9852 0.9719

Data used for correlation tests

Signals Day 0 Day 1 Day 2 Day 3 Day 4 Day 5

Olefinic H 8.93 ± 0.08 8.71 ± 0.06 8.59 ± 0.05 8.34 ± 0.01 7.88 ± 0.11 7.19 ± 0.12

Bisallylic H 3.95 ± 0.06 3.82 ± 0.03 3.75 ± 0.02 3.64 ± 0.00 3.36 ± 0.04 2.97 ± 0.04

Allylic H 10.22 ± 0.10 10.05 ± 0.07 9.95 ± 0.06 9.70 ± 0.01 9.34 ± 0.12 8.75 ± 0.14

Linolenic CH3 0.67 ± 0.00 0.65 ± 0.00 0.64 ± 0.00 0.63 ± 0.00 0.59 ± 0.01 0.56 ± 0.01

Glyceride CH2 4.00 ± 0.04 3.98 ± 0.03 3.98 ± 0.02 3.91 ± 0.01 3.94 ± 0.04 3.95 ± 0.05

Aliphatic CH2 59.91 ± 0.56 59.64 ± 0.38 59.49 ± 0.40 58.32 ± 0.08 58.57 ± 0.82 58.37 ± 1.03

TPC, % 5.96 ± 0.48 7.63 ± 0.13 9.27 ± 1.85 12.79 ± 2.32 24.88 ± 1.92 37.33 ± 0.21

PTAG, % 0.00 1.09 ± 0.03 1.91 ± 0.04 2.70 ± 0.02 9.85 ± 0.06 19.13 ± 0.03

(18:2), % 53.49 ± 0.02 53.38 ± 0.20 52.99 ± 0.00 53.12 ± 0.00 51.18 ± 0.02 49.37 ± 0.00

(18:3), % 6.83 ± 0.01 6.72 ± 0.18 6.39 ± 0.01 6.35 ± 0.00 5.70 ± 0.00 5.05 ± 0.01
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Fig. 5   Oxidation products 
detected in 1H NMR of a SBO, 
b NuSun and c HOSBO heated 
at 180 °C, and d SBO under fry-
ing at 180 °C. a aldehyde proton 
(CHO) of alkanals, b aldehyde 
proton (CHO) branched alkenal 
and 2-alkenal, c conjugated 
dienic systems, d CH2-OH of 
an alcohol or -O-CHR1R2 of 
an ether, e epoxides, f and g 
unknown
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Conclusions

Signal changes of olefinic and allylic protons relative 
to the glyceride backbone CH2 signal (5.30–5.46  ppm) 
showed very strong correlations with the conventional 
analytical methods for oil oxidation including TPC, 
PTAG, and %linoleic acid and %linolenic acid determined 
by GC. We also slightly modified the previously reported 
method in which 1H NMR signals relative to the aliphatic 
protons were monitored and tested its reliability. The sig-
nal changes of olefinic and allylic protons (Rao and Raa) 
relative to the aliphatic CH2 (1.05–1.71  ppm) showed 
strong correlations with the conventional methods. We 
strongly recommend this NMR method as a tool to assess 
lipid oxidation since this method was found to be a very 
convenient, fast, reliable, and non-destructive analytical 
method.

In conclusion, the following experimental procedure 
is recommended for the routine oil analysis: (1) approxi-
mately 50–100 mg of oil sample is dissolved in CDCl3 in 
an NMR tube (no need to weigh the exact amount of the 
sample since the relative peak intensity will be measured), 
(2) the NMR spectrum is obtained, (3) olefinic and allylic 
proton peaks (and bisallylic proton peak if the oil is not a 
high-oleic oil) are integrated using the glycerol CH2 peak 
as standard, and (4) peak changes are recorded to deter-
mine the deterioration of lipid. If TPC, PTAG, or the fatty 
acid composition is needed to be determined, a calibration 
curve prepared with known samples may be used. Espe-
cially, to determine the discard point of frying oil based 
on TPC, a calibration curve with TPC is needed.
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