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Physicochemical properties, volatile compounds, and
oxidative stability of cold pressed kernel oils from raw
and roasted pistachio (Pistacia vera L. Var Kerman)
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Pistachio kernel oil (PKO) was prepared by cold-pressing from raw (RPKO), conventional (CRPKO),
and microwave (MRPKO) roasted kernels for Kerman pistachio. Physicochemical properties, bioactive
compounds, antioxidant activities, and thermal behaviors of extracted oils were determined in this study.
Volatile compounds were tentatively identified and semi-quantified by headspace solid-phase micro-
extraction combined with gas chromatography-mass spectrometry technique. The results showed that
there was no significant difference between oil samples for some physicochemical parameters and fatty
acid profiles. Roasting treatments caused an increase in total phenolics and antioxidant capacity and a
decrease in levels of total tocopherols and chlorophylls. The thermal transition temperatures of the
RPKO were �47.15 and �19.85°C for crystallization, and �13.11 and 3.11°C for melting. Among the
43 volatile compounds identified, the major compounds were limonene, a-pinene, b-myrcene, hexanoic
acid, and nonanal in RPKO. The levels of these compounds decreased after roasting. However,
concentrations of pyrazines, furans, and pyrroles increased significantly as a result of roasting, especially
for CRPKO. Using a PV of 15meq/kg oil as a quality criterion, PKO stored in transparent glass bottles
after exposed to fluorescent light (720 Lux) and room temperature conditions had an acceptable quality
for only 30 days of storage.

Practical applications: Pistachios are normally consumed as salted and roasted snacks or as an
ingredient in bakery and confectionery products, desserts, and ice-creams. With the increasing
consumption and demand for novel edible oils, the market is expanding and creating space for the
production of the pistachio kernel oil. After analyzing the physicochemical characteristics and volatile
compounds, roasting treatments may provide additional volatile compounds in the pistachio kernel oil.
The research results suggest that cold-pressed pistachio kernel oil is highly susceptible to photo-oxidative
degradation, and must be stored in containers with light-barrier properties together with the addition of
some appropriate natural antioxidants.
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1 Introduction

Nuts are nutrient dense foods, generally rich in unsaturated
fatty acids, plant protein, and micronutrients, with wide-
ranging cardiovascular and metabolic benefits [1]. Among
these nuts, the pistachio (Pistacia vera L.) is an increasingly
important crop, and one of the popular tree nuts of the world.
The global pistachio production increases dramatically
during the past decade. Based on reports by FAO, as the
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production has been raised from 542037Mt in 2003 to
916921Mt in 2013, which are mainly contributed by three
world producers: Iran, USA, and Turkey [2].

Pistachios are normally consumed as salted and roasted
snacks or as an ingredient in bakery and confectionery
products, desserts, and ice-creams. With the increasing
consumption and demand for novel edible oils, the market is
expanding and creating for productions of the pistachio
kernel oil (PKO). The oil content ranges from 50 to 60% (dry
weight, d.w.) in kernels, depending mainly on the cultivar,
crop year, and geographic location [3]. Triglycerides
constitute the major components of PKO, in which
monounsaturated and polyunsaturated fatty acids are present
in high levels [4]. The presence of other micronutrients, such
as tocopherols, sterols, and plant pigments, has been also
documented [5, 6].

PKO is not described by the current Committee on Fats
and Oils of the Codex Alimentarius, but it is prized as a
specialty oil owing to beneficial effects on human health [7].
Commercial PKO products have been appeared in some
Middle East and Europe countries for several purposes,
mainly as a salad dressing or gourmet oil, but also used for
cosmetic and therapeutic products [8]. Due to high
unsaturation and micronutrient levels of nut oils, an extreme
care needs to be taken to prevent quality degradation
reactions during extraction processes. Mechanical pressing is
a simple and safe technique, although more oil remains in the
meal than by solvent extraction. For specialty oils with
unique in flavor, odor, and special characteristics, such as nut
oils, pressing methods could maintain their raw and roasted
aroma as compared with solvent extraction, in which
subsequent refining may lead to refined oil with a neutral
aroma. Especially, cold pressing is the most reliable method
for nut oils since heating is not applied to oil seeds during the
pressing and can yield very pure, safe, nutritionally rich, and
sensorially acceptable virgin oils, which do not require
refining and can be consumed directly [9].

Over the last few years, physicochemical properties,
aromatic profiles, and oxidative stability of cold pressed oil
obtained by either screw press or hydraulic press have been
studied for various nuts. Oro et al. [10] studied the
physicochemical properties and storage stability of pecan
nut oil obtained by hydraulic pressing and found that sensory
characteristics of pecan nut oil were unaltered for up to
60 days of storage at room temperature in dark. Bendini
et al. [11] using quantitative descriptive analysis evaluated
the sensory quality of cold pressed sunflower oil and found
that volatile profiles of the sunflower oil were well in
agreement with the data provided by the sensory judgment.
Uquiche et al. [12] found that microwave pretreatment could
be applied to hazelnut oil extraction by hydraulic pressing to
improve the oil recovery and quality.

Previous studies concerning PKOhavemainly focused on
yields of extracted oil, chemical composition, and changes in
oxidative stability after roasting [13–15]. In the literature,

however, comprehensive studies on physicochemical or
aromatic properties and storage stability of PKO extracted
by cold press methods were scarce. The aims of this research
were to analyze physicochemical characteristics and volatile
compounds of cold-pressed PKO from raw and two roasted
kernels prepared by conventional and microwave roasting
treatments and to investigate their storage stability during a
4-month storage period with light and dark conditions.

2 Materials and methods

2.1 Materials

Raw and dried pistachio nuts (in-shell) of the Kerman variety
were obtained from Paramount Farming Company (Lost
Hills, CA, USA), which is the major cultivar of Pistacia vera
grown in California, USA. After cleaned manually to remove
all foreign matter and broken nuts, they were sealed into
polyethylene bags at 4� 1°C until use. The tested samples
were randomly selected from a batch of 10 kg pistachio nuts.
All chemicals used in this study were purchased from
either Sinopharm Chemical Reagent Co., Ltd (Shanghai,
P. R. China) or Sigma–Aldrich (St. Louis, MO, USA).

2.2 Kernel preparation and oil extraction

At the beginning of the study, the outer shells of nuts were
removed manually. Then the kernels were portioned to be
three parts for unroasted raw, conventional and microwave
roasting. Conventional roasting was following a traditional
method commonly used for industrial roasting treat-
ment [16]. Each batch of 500 g kernels were spread on a
stainless tray as a single layer and roasted in a forced
convection hot-air oven at 160°C for 20min. The microwave
roasting intensity for pistachios was selected according to the
equivalent thermal energy to the conventional roasting and
was thus performed in a 1 kW domestic microwave
oven (LGWD700, LG Electronic Appliances, Tianjin,
P. R. China) on low power (0.3 kW) with the kernels of
300 g in a Pyrex beaker (500mL) for 6min as proposed by
Ozel et al. [17]. During microwave heating, the kernels were
mixed up at 1min intervals and the internal temperature was
about 130°C measured by thermocouples at the end of
treatment. The roasting process was conducted in triplicate.

After roasting, kernels were cooled to ambient tempera-
ture and thoroughly mixed before preparation of unroasted
raw PKO (RPKO), conventional roasting PKO (CRPKO),
and microwave roasting PKO (MRPKO), respectively. Each
batch 200� 0.5 g of crushed samples were transferred to the
hydraulic press (LefenT50, Dezhou, P. R. China) and then
pressed at 60 kg/cm2 for 15min without additional heat
treatment. When oil and press cake were collected and
weighed after each cold pressing, the fine particles in the
extracted oils were separated by centrifugation at 2862g for
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10min (SC-3610, Anhui USTC Zonkia Scientific Instru-
ments Co., Ltd, Hefei, P. R. China). The supernatant oil was
then transferred into airtight glass containers and stored at
�20°C in the dark until required. Press cakes were ground in
a blender to obtain a homogeneous flour sample and then put
into zipped bags and frozen at �20°C until the analyses.

2.3 Proximate analysis of pistachio kernel and press
cake

Raw pistachio kernels and press cake flours from different
treatments were analyzed for determining their moisture
(Vacuum oven, 95–100°C, 68–85 kPa), ash (Muffle fur-
nace, 550°C), fat (Soxhlet, petroleum ether, 16 h), and
protein (N�5.30) contents by the standard methods of
AOAC [18]. Total carbohydrate content was estimated by
the difference from the total contents. All proximate
composition data were reported on a wet basis (w.b.).
Sample color was measured using a computer vision system
(CVS) described by Kong et al. [19] and expressed as CIE
(L�, a�, and b�) color values.

2.4 Physical and chemical analysis of cold pressed
oils

2.4.1 General properties and composition

The general properties and composition of cold pressed PKO
included: free fatty acid (FFA), peroxide value (PV), and
conjugated diene value (CDV), which were determined
according to standard methods of AOCS [20]. Refractive
index (RI) was obtained using an Abbe refractometer (Model
2WAJ, SHANGHAI CSOIF CO., LTD., Shanghai,
P. R. China) at 25°C. CIE (L�, a�, and b�) color values
were also measured by a computer vision system (CVS)
described by Kong et al. [19]. The fatty acid (FA) profile
was determined by gas chromatography (GC) according to
Ling et al. [21].

2.4.2 Bioactive compounds and antioxidant activity

Quantification of tocopherols was using a 510Waters HPLC
with a Radial Pak C18 column (5mm, 8mm� 10 cm) and UV
detector according to the GB/T 5009.82-2003 standard
method [22], which is the National Standard of the People’s
Republic of China issued by China State Bureau of
Standards. The mobile phase was methanol and H2O (v/v,
98:2). The flow rate was 1.7mL/min. The detection
wavelength was 290nm. a�VE, d�VE, and g�VE were
used as VE standard. Chlorophylls were determined
spectrophotometrically at 669 nm in cyclohexane via specific
extinction values using the method of Cai et al. [23] and the
results expressed as pheophytin an equivalent. Total
polyphenol content (TPC) and antioxidant capacity
(AOC) were determined according to the method of Arranz

et al. [24] with minor modifications. Briefly, 1 g of oil was
dissolved in 2mL of methanol, and the mixture was
vigorously stirred for 5min. After centrifuged at 2862g for
5min, the methanol phase was taken and the residue was
re-extracted with same procedure, the methanol phases were
combined as polar fraction (PF), and the remaining oil was
used as the non-polar fraction (NPF). TPC was determined
in the PF by Folin–Ciocalteau method as described by Cai
et al. [23]. AOC was measured by DPPH assay as described
by Orthofer and Lamuela-Raventos [25] in total oils (TO),
PF, and NPF, respectively. AOC was also determined in PF
by ABTS assay according to S�anchez-Gonz�alez et al. [26] in
comparison to DPPH assay.

2.4.3 Thermal behavior

Thermal properties of PKOwere determined by a differential
scanning calorimeter (DSC Q2000, TA Instruments, New
Castle, Delaware, USA) equipped with Refrigerated Cooling
System RCS90. The instrument was calibrated using indium
and gallium. Nitrogen (99.99% purity) was used as the purge
gas at a rate of 50mL/min. Oil samples (10–15mg) were
placed in the hermetically sealed Tzero aluminum pan and
the reference pan was an empty aluminum panwith its lid. All
samples were subjected to the following temperature
programs: 60°C isotherm for 1min, cooled at 3°C/min to
�80°C, then held at�80°C isotherm for 1min, and heated at
3°C/min to 60°C. The enthalpy change (DH, J/g), onset
temperature (Ton, °C), offset temperature (Toff, °C) and peak
temperature (Tp, °C) of transition for cooling and heating
curves were obtained using Universal Analysis Software
(Version 4.5A, TA Instruments).

2.5 Volatile compounds

Volatile compounds were analyzed by headspace solid-
phase micro-extraction (HS-SPME) coupled to GC–MS as
reported earlier with minor modifications [27]. Briefly,
Three grams of the oil sample and 10mL of 1,2,
3-trichloropropane (2.000mg/mL in methanol) as internal
standard (IS) were weighed into a 15mL glass vial,
sealed with aluminum foil and crimped with aluminum
caps, and heated at 50°C for 10min to equilibrate the
volatiles in the headspace. Then volatiles were sampled for
30min from the headspace of the vial, with a pre-
conditioned Supelco 57348 2 cm, 50/30mm DVB/Car-
boxen/PDMS Stable-Flex (Supelco, Bellafonte, PA, USA)
fiber. After sampling, the fiber was immediately inserted
into the injection port (250°C) of a Thermo Finnigan Trace
GC (Thermo Elecron, San Jose, CA, USA) coupled to a
Trace DSQ MS, and was thermally desorbed for 3min in
splitless mode. The tested components were separated on a
capillary column DB-WAX (30m� 0.25mm id, 0.25mm
film thickness, J&W Scientific, Folsom, Ca, USA). The GC
oven temperature was initially maintained at 40°C for
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2.5min and then programmed at 8°C/min to the final
temperature of 230°C, which was maintained for 3min.
Helium was the carrier gas at 0.8mL/min flow rate. The
mass spectrometer in the electron impact mode (MS/EI) at
70 eV was scanned in the range of 33–450 amu. The ion
source temperature was 200°C. Volatile compounds were
identified by comparison of their mass spectra data with
those of the NIST (National Inst of Standards and
Technology) mass spectra search library and Kov�at indices
(KI). Identification was considered as tentative when it was
based on only mass spectral data. Volatile compounds were
semi-quantification to follow the relative changes in course
of the roasting process and to find out the influence of
roasting on the flavor of pistachio kernel oil. Therefore,
given concentration values are not noted as absolute
concentration values but as equivalents to the internal
standard. The relative concentrations of the investigated
compounds were calculated by relating the areas of the IS to
the areas of the compounds of interest. Mean relative
concentration (mg/kg)¼ concentration of IS�peak area of
compound/peak area of the IS.

2.6 Storage stability test

PKO (100mL) samples were transferred separately into
transparent grinding mouth glass bottle (100mL). The
bottled oils were placed inside a thermostated chamber at
25� 1°C. Two sets of bottled oils were prepared: one set was
stored under illumination (720 Lux and a photoperiod of
10:14 (L:D) h), and the another one was kept in the dark by
wrapping each bottle with an aluminum foil. Each treatment
was prepared in duplicate. The progress of lipid oxidation of
the oil was assessed by measuring PV and CDVwith drawing
an aliquot of the sample and testing it every 15 days for a
period of 4 months.

2.7 Statistical analysis

Data were reported as mean� standard deviation of triplicate
measurements. Significant differences (p< 0.05) within
means were analyzed using variance and Tukey’s honestly
significant difference (HSD) test in the statistical software
SPSS 16.0 version (SPSS Inc., Chicago, IL, USA).

3 Results and discussion

3.1 Proximate analysis of pistachio kernel and press
cake flour

As shown in Table 1, the pistachio kernels used in this study
contained 3.13% moisture, 20.26% crude protein, 23.88%
carbohydrate, 2.52% ash, and 50.11% oil, and the results are
in agreement with those in the literature [3]. The general
compositions of the remaining press cake after aforemen-
tioned pressing conditions are also shown in Table 1. No
significant differences were observed in different press cake
samples in terms of protein, fat and oil yield. However, oil
recovery was slightly higher in the treated kernels (33.27 and
32.95%) than those of raw kernel (31.57%). Similar trends
were also observed in carbohydrate and ash content, which
may be due to the different initial moisture content of kernels
caused by roasting. Use of the cold press resulted in the loss
of 36% of the oil compared to the Soxhlet method (32 vs.
50%oil onw.b.), which is an unavoidable problem associated
with cold pressing. However, with a low-fat and high-protein
contents press cake flour seemed to be a promising product,
which can be further used as a food ingredient. Compared to
full fat kernel flour, defatting significantly improved the a�

value and reduced the b� values (decreased intensity of green
and yellow color) as lipid-soluble pigments (e.g., carotenoids

Table 1. Proximate composition of the pistachio kernel and press-cake flour

Press-cake flour

Parameter Kernel Raw Conventional roasting Microwave roasting

Moisture (%) 3.13 � 0.09 4.58 � 0.04a1 0.91 � 0.09c 2.06 � 0.03b

Protein (N%�5.3) 20.26 � 0.27 34.10 � 0.52a 34.75 � 0.39a 34.93 � 0.46a

Carbohydrate (%)2 23.88 � 0.97 31.85 � 0.23b 35.37 � 0.15a 36.29 � 0.69a

Ash (%) 2.52 � 0.02 3.83 � 0.09b 4.08 � 0.04a 3.89 � 0.07b

Fat (%) 50.11 � 1.34 25.38 � 0.11a 24.68 � 0.37a 23.20 � 0.25b

Oil yield (%) – 31.57 � 1.56a 33.27 � 1.12a 32.95 � 1.39a

L� 70.21 � 0.953 68.27 � 0.93a 66.63 � 0.34b 67.69 � 0.89b

a� �(5.81 � 0.29) �(2.15 � 0.34)c 1.10 � 0.11a 0.14 � 0.03b

b� 42.96 � 0.52 18.59 � 0.12c 23.65 � 0.33a 20.58 � 0.49b

1Means followed by different superscript letters represent significant differences in the treatments for measured properties (p�0.05).
2Carbohydrate content was calculated by subtracting other nutrients from the total weight.
3Color values were obtained from kernel flour to reduce the data variability caused by kernel membrane.
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and chlorophylls) could be removed with the kernel lipid
removal.

3.2 Physical and chemical properties of the cold
pressed oils

3.2.1 General properties and compositions

Table 2 shows the general properties and compositions of
cold pressed PKO prepared from raw and roasted kernels.
No significant differences were observed in oil samples in
terms of RI, FFA, and FA compositions. Values for RI in
PKO was 1.471 on average, this index is a specific variable
for edible oil related to the degree of unsaturation and
presence of unusual components, which can be used to
quickly evaluate the level of suspected adulteration in edible
oils, Yildiz et al. [28] also reported a similar average RI value
of 1.469 for PKO from five variety of Turkey pistachio nut.
Both conventional and microwave roasting methods led to a
clear decrease in L� and b� values and increase in a� value. In
this way, the color of PKO changed gradually from
yellow–green before roasting to yellow–brown after roasting,
which is most probably due to the appearance of products
from the Maillard reaction and the degradation of chlor-
ophylls. Considered for degree of lipid hydrolytic and
oxidation, RPKO had very low FFA (0.27), PV (0.40) and
CDV (0.72) values. However, roasting treatments caused the
PV andCDV of oils increased significantly, but they were still
much lower than the maximum values (PV< 15 and
FFA<4.0) established by the Codex Alimentarius [29] for
non-refined oils. Six major FAs determined in PKO were in
agreement with the FA profile in Kerman pistachios reported
by Tsantili et al. [3]. However, there was no significant
difference in FA profile between different samples. These
results are in accordance with those reported by Durmaz and

Gokmen [14], since roasting caused slight variations in fatty
acid composition of pistachio kernel oil but without
significant difference.

3.2.2 Bioactive compounds and antioxidant activity

As shown in Table 3, the total tocopherols were 366.
72mg/kg in RPKO and the major isomers are b and g

tocopherols. It is observed that the contents of a-tocopherol,
bþ g tocopherol and total tocopherols decreased clearly after
roasting, especially for CRPKO. These results were in
accordance with previous studies reported by Durmaz and
Gokmen [14], which are generally attributed to the thermal
degradation or microstructural changes in kernels during
roasting. Chlorophylls are usually associated with color and
quality of some plant oils, and RPKO contains relatively high
level of chlorophylls (12.21mg/kg oil), which is similar to the
values reported by Saber-Tehrani et al. [30] for cold-pressed
pistachio kernel oil from Iran (17.21mg/kg oil). After
roasting chlorophylls levels were reduced slightly
(9.95–10.23mg/kg oil). This degradation may be due to
the conversion of chlorophylls to pheophytins and pyro-
pheophytins during thermal treatment. Regarding TPC,
PKO showed very low concentrations (38.70–49.46mg
GAE/g oil) compared to those of the dried pistachio kernels
(6.3–14.2mg GAE/g d.w) reported by Tsantili et al. [31].
This might be due to their low oil solubility, and only minor
amounts of phenolics could be present in the extracted oil.
The AOC of PKO determined by DPPH assay expressed as
Trolox equivalent antioxidant capacity (TEAC) values
ranging between 136.26 and 171.01mg/g oil, with roasted
samples having higher values. It could be noted that the NPF
had always a higher AOC than the PF in three oil samples.
Similar results were also observed by previous studies for
commercial oilseeds [32], and they generally consider that

Table 2. General properties and composition of cold-pressed PKO

Parameter RPKO CRPKO MRPKO

RI at 25°C 1.4712 � 0.0003a1 1.4710 � 0.0002a 1.4711 � 0.0003a

L� 42.37 � 0.62a 29.22 � 0.02c 36.89 � 0.18b

a� –(3.84 � 0.10)a –(0.59 � 0.07)c –(2.22 � 0.18)b

b� 32.12 � 0.26a 25.41 � 0.11c 26.30 � 0.07b

FFA (% oleic acid) 0.27 � 0.01a 0.28 � 0.03a 0.27 � 0.03a

PV (meq/kg oil) 0.40 � 0.04c 2.65 � 0.17a 1.16 � 0.15b

CDV(K232) 0.72 � 0.03b 0.81 � 0.02a 0.79 � 0.02a

Palmitic acid (16:0)2 10.95 � 0.12a 11.03 � 0.08a 11.11 � 0.10a

Palmitoleic acid (16:1) 1.05 � 0.01a 1.08 � 0.02a 1.01 � 0.12a

Stearic acid (18:0) 1.05 � 0.02a 1.06 � 0.10a 1.11 � 0.01a

Oleic acid (18:1) 55.37 � 1.67a 55.89 � 1.09a 56.05 � 0.92a

Linoleic acid (18:2) 31.32 � 1.08a 30.69 � 0.92a 30.46 � 0.51a

Linolenic acid (18:3) 0.26 � 0.04a 0.26 � 0.01a 0.23 � 0.05a

1Means followed by different superscript letters represent significant differences in the treatments for measured properties (p�0.05).
2The results were expressed as g of FA per 100 g of total FAs.
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the higher AOC of NPF might be attributed to the high
amount of lipid–soluble compounds, such as tocopherols and
pigments, compared to minor amounts of phenolics and
water-soluble compounds in oils. Compared to DPPH assay,
the TEAC values in PFwere significant higher determined by
ABTS assay, which was probably due the more sensitivity of
ABTS radical for antioxidant compounds. Furthermore, the
AOC of PKO determined by ABTS assay for PF showed
slight increase after thermal treatment both for conventional
andmicrowave roasting. Similar results were also reported by
Wagner et al. [33], and they generally considered that the
increase in AOC of polar fraction of food systems with
roasting might be due to the formation of Maillard reaction
products (MRPs), which was a more efficient antioxidant in
hydrophilic media systems especially for ABTS radical
scavenging assay.

3.2.3 Thermal behavior

DSC is the most widely used thermo-analytical method for
oils and fats, and has been used for determination of solid fat
content, crystallization and melting profiles, polymorphic
forms, and adulteration of edible oils [34, 35]. Table 4 lists
the complete thermal transition points derived from DSC
curves of three PKO samples. Both crystallization and
melting curves of three oils showed two distinct exothermic
and endothermic peaks. The major peaks (peak 1 of
Fig. 1A and B) were observed at lower temperatures together
with the minor (peak 2 of Fig. 1A and B) ones at higher
temperatures of DSC curves. Obviously, the cooling curves
appeared to be not altered after roasting treatment, and
comparisons among these thermal parameters showed no
significant differences between three oil samples. The heating

Table 3. Bioactive compounds and antioxidant capacity of cold-pressed PKO

Parameter RPKO CRPKO MRPKO

a-tocopherols1 33.57 � 1.74a2 24.44 � 0.08b 34.69 � 1.32a

bþ g-tocopherols 308.65 � 4.31a 280.00 � 2.26c 296.70 � 3.54b

d-tocopherols 24.50 � 0.23a 25.47 � 0.31a 20.25 � 0.30b

Total tocopherols 366.72 � 6.29a 329.91 � 2.04c 351.64 � 1.92b

Chlorophylls 12.21 � 0.97a 9.95 � 0.68b 10.23 � 0.56b

TPC3 38.70 � 2.94b 49.46 � 2.49a 46.97 � 2.00a

AOC-TO4 136.26 � 9.15b 171.01 � 11.10a 156.93 � 6.74a

AOC-NPF 95.56 � 10.99b 118.44 � 3.05a 109.64 � 10.37ab

AOC-PF 56.34 � 6.91a 66.87 � 3.64a 61.01 � 5.98a

AOC-PF5 75.29 � 5.65b 90.12 � 7.07a 84.64 � 5.92ab

1Tocopherols and chlorophylls contents were expressed as mg/kg oil.
2Means followed by different superscript letters represent significant differences in the treatments for measured properties (p�0.05).
3The results were expressed as mg gallic acid equivalents (GAE)/g oil.
4Antioxidant capacity was expressed as mg trolox equivalent/g oil in TO, NPF, and PF determined by the DPPH assay.
5Antioxidant capacity was expressed as mg trolox equivalent/g oil in PF determined by the ABTS assay.

Table 4. Thermal transition temperatures of cold-pressed PKO

Thermal behavior RPKO CRPKO MRPKO

Crystallization
Ton –18.41 � 0.54a1 –19.24 � 0.65a –18.96 � 0.36a

Toff –51.06 � 0.27a –50.32 � 0.43a –50.38 � 0.64a

Tp1 –47.15 � 0.36a –46.61 � 0.51a –46.78 � 0.43a

Tp2 –19.85 � 0.41a –20.54 � 0.43a –20.08 � 0.39a

DH 54.18 � 1.16a 53.43 � 0.35a 52.92 � 0.21a

Melting
Ton –20.63 � 0.46a –20.50 � 0.24a –20.71 � 0.41a

Toff 4.07 � 0.11a 3.32 � 0.28b 3.37 � 0.15b

Tp1 –13.11 � 0.20a –13.06 � 0.32a –13.44 � 0.21a

Tp2 3.11 � 0.11a 2.57 � 0.03b 2.51 � 0.05b

DH 55.87 � 0.91a 52.67 � 0.64b 53.60 � 0.41b

1Means followed by different superscript letters represent significant differences in the treatments for measured properties (p�0.05).
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curves of oils exhibited a more complex than cooling with
multiple overlapping transitions. These results illustrate the
complex nature of triglyceride in PKO due to the well known
phenomena of polymorphism [36]. Although a slight
decrease of enthalpy, Toff and Tp2 were observed after
roasting treatment, and the curves were not altered. In a
broader comparison, the RPKO displayed a lower transition
point than crude olive oil (�37.1 and �13.8°C for
crystallization, �5.8 and 7.8°C for melting) but higher than
cold pressed hemp seed oil (�61.11°C for crystallization,
�40.10 and �18.12°C for melting) as determined by
Caponio et al. [37] and Teh and Birch [38], respectively.
Taking into account the similarities in total of the percentages
of individual unsaturated fatty acids in the above oils, the
DSC curves of the two oils are likely influenced more by
triglyceride composition and crystal structure than total
unsaturation, which requires further research.

3.3 Volatile compounds

Forty-three volatiles including 7 aldehydes, 5 alcohols, 2
acids, 13 pyrazines, 4 pyrroles, 5 furans, 5 Terpenes, and 2
additional volatiles were detected in PKO by HS-SPME-
GC-MS (Table 5). Sixteen of them were detected in RPKO,
and limonene, a-pinene, b-myrcene, hexanoic acid, and
nonanal were the major components, and constitute up to
90% of the total relative concentration of RPKO and the rest
were minor constituents. Unfortunately there was no
information about volatile compounds from cold pressed
PKO to compare with this study. In two studies, however,
volatiles of raw pistachio kernels were quantified. In one
study, Hojjati et al. [39] characterized 26 volatiles of raw
pistachio using a hydrodistillation method and the most
abundant compounds were limonene, a-pinene, nonanal,
and terpinolene. Similarly, volatile components of raw
pistachio were extracted by HS-SPME and analyzed by
GC-MS, 22 compounds were tentatively identified, limo-
nene, a-Pinene, and 3-carene were found with the highest
content [40]. Furthermore, hexanoic acid was found
naturally in pistachio kernel and nut oils, such as walnut
oil and hazelnut oil [41, 42].

Both conventional and microwave roasting significantly
changed the types of volatile compounds and their
relative concentrations present in the PKO. New volatile

compounds, such as N-heterocyclic (pyrazines and pyrroles),
O-heterocyclic (furans), and some Non-heterocyclic (alde-
hydes and alcohols), appeared after roasting. But terpenes
were still among the predominant volatiles, with the
exception of 3-carene and styrene, which disappeared after
roasting. Similar results were also observed by Gogus
et al. [42] in raw and roasted pistachio kernels. Twelve
pyrazines were found in the CRPKO that accounted for 35%
total relative concentration and were the highest contributors
to the volatile profile of CRPKO. In general, pyrazine
compounds contribute significantly to the nutty/roasty aroma
with some eliciting earthy or potato-like comments of
thermal-treated foods, such as roasted nuts [43], and
pretreatment plant oils [44]. Most of the pyrazines identified
had high relative concentrations. However, Susan [45] and
Mottram [46] reported that replacing one or more of the
methyl groups in pyrazines with ethyl can result in a marked
decrease in odor threshold value, and some ethyl-substituted
pyrazines have sufficiently low threshold values for them to be
important in the roast aroma of cooked foods, such as 2-
ethyl-5-methyl-pyrazine, 2-ethyl-3-methyl-pyrazine, 3-ethyl-
2,5-dimethyl-pyrazine, and 3,5-diethyl-2-methyl-pyrazine
probably play a major role in CRPKO aromas. Four pyrroles
were detected in CRPKO. However, pyrrole derivates have
been confirmed as Maillard reaction products, but their
importance as dominant aroma constituents is still limited
until now. Among these, 2-acetyl-pyrrole has ever been
frequently reported to intensify the roast flavor of some plant
oils [47]. Furan-containing compounds generated through
the thermal degradation of fructose and glucose, and
contributed to the caramel-like, sweet and nutty odors of
heated carbohydrates. Among four furans identified in
CRPKO, the odor threshold values of furfural and furanones
are generally at the ppm level [45]. Dihydro-2(3H)-furanone
and 2,5-dimethyl-4-hydroxy-3(2H)-furanone have ever been
identified in the flavor of roasted peanut oil [27]. Aldehydes
were the major non-heterocyclic compounds and generally
described as green, tallow, metallic, or rancid flavors. Among
these, hexanal is a key volatile compound contributing to
rancid flavors and thus considered as an indicator of oil
quality, but it did not show remarkable concentration
changes after roasting. Furthermore, 2-methyl-propanal,
2-methyl-butanal, and 3-Methyl-butanal were previously
reported to be derived from Strecker degradation of leucine

Fig. 1. DSC crystallization (A) and melting (B)
curves of cold-pressed PKO.

1374 B. Ling et al. Eur. J. Lipid Sci. Technol. 2016, 118, 1368–1379

� 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ejlst.com



T
ab

le
5.

V
ol
at
ile

co
m
po

un
ds

of
th
e
co

ld
pr
es

se
d
P
K
O

an
al
yz
ed

by
H
S
-S
P
M
E
-G

C
-M

S

R
el
at
iv
e
co

nc
en

tr
at
io
n
(m

g/
kg

P
O
)1

A
ro
m
at
ic

co
m
po

un
d

K
I E

xp
2

K
I L

it
3

A
ro
m
a
de

sc
ri
pt
io
ns

4
R
P
K
O

C
R
P
K
O

M
R
P
K
O

A
ld
eh

yd
es

2-
M

et
hy

l-
pr
op

an
al

<
10

00
81

9
P
un

ge
nt
,
m
al
t,
gr
ee
n

n.
d5

1.
16

�
0.
39

n.
d

2-
M

et
hy

l-
bu

ta
na

l
<
10

00
91

4
C
oc

oa
,
al
m
on

d
n.
d

3.
55

�
0.
17

0.
95

�
0.
11

3-
M

et
hy

l-
bu

ta
na

l
<
10

00
91

8
M

al
t

n.
d

5.
43

�
0.
54

2.
29

�
0.
34

H
ex
an

al
11

04
10

91
G
ra
ss
,
ta
llo

w
,
fa
t

0.
88

�
0.
16

0.
71

�0
.1
3

0.
60

�
0.
23

N
on

an
al

14
04

13
99

F
at
,
ci
tr
us
,
gr
ee
n

1.
21

�
0.
06

n.
d

n.
d

B
en

za
ld
eh

yd
e

15
46

15
34

A
lm

on
d,

bu
rn
t
su
ga
r

n.
d

1.
52

�
0.
47

0.
56

�
0.
19

(Z
)-
2-
D
ec
en

al
16

61
16

41
T
al
lo
w

0.
30

�
0.
06

nd
nd

T
ot
al

al
de

hy
de

s
2.
39

(3
.9
%
)6

12
.3
7
(8
.9
%
)

4.
4
(6
.6
%
)

A
lc
oh

ol
s

1-
H
ex
an

ol
13

49
13

55
R
es
in
,
fl
ow

er
,
gr
ee
n

0.
26

�
0.
06

1.
15

�
0.
21

0.
59

�
0.
07

1-
O
ct
en

-3
-o
l

14
42

14
43

M
us
hr
oo

m
n.
d

0.
79

�
0.
05

n.
d

1-
O
ct
an

ol
15

59
15

57
C
he

m
ic
al
,
m
et
al
,
bu

rn
t

0.
61

�
0.
16

n.
d

n.
d

1-
N
on

an
ol

16
59

16
60

F
at
,
gr
ee
n

0.
68

�
0.
11

3.
21

�
0.
35

2.
34

�
0.
14

P
he

ny
le
th
yl

al
co

ho
l

19
38

19
21

H
on

ey
,
sp
ic
e,

ro
se
,
lil
ac

n.
d

1.
17

�
0.
26

0.
81

�
0.
06

T
ot
al

al
co

ho
ls

1.
55

(2
.5
%
)

6.
32

(4
.5
%
)

3.
74

(5
.6
%
)

A
ci
d P
en

ta
no

ic
ac
id

17
38

17
33

S
w
ea
t

0.
87

�
0.
22

n.
d

0.
69

�
0.
10

H
ex
an

oi
c
ac
id

18
45

18
46

S
w
ea
t

11
.4
1
�
0.
10

6.
19

�
0.
72

5.
68

�
0.
38

T
ot
al

ac
id

12
.2
8
(2
0.
0%

)
6.
19

(4
.4
%
)

6.
37

(9
.5
%
)

P
yr
az
in
es

2-
M

et
hy

l-
py

ra
zi
ne

12
79

12
76

P
op

co
rn

n.
d

3.
59

�
0.
93

0.
44

�
0.
06

2,
5-
D
im

et
hy

l
-p
yr
az
in
e

13
30

13
31

C
oc

oa
,
ro
as
te
d
nu

t,
ro
as
t
be

ef
,
m
ed

ic
in
e

n.
d

8.
54

�
0.
01

1.
77

�
0.
49

2,
6-
D
im

et
hy

l-
py

ra
zi
ne

13
36

13
39

R
oa

st
ed

nu
t,
co

co
a,

ro
as
t
be

ef
n.
d

1.
11

�
0.
22

1.
07

�
0.
25

2-
E
th
yl
-p
yr
az
in
e

13
44

13
37

P
ea
nu

t
bu

tt
er
,
w
oo

d
n.
d

0.
63

�
0.
06

n.
d

2,
3-
D
im

et
hy

l-
py

ra
zi
ne

13
57

13
53

N
ut
,
pe

an
ut

bu
tt
er
,
co

co
a,

m
ea
t

n.
d

0.
40

�
0.
04

n.
d

2-
E
th
yl
-6
-m

et
hy

l-
py

ra
zi
ne

13
94

13
97

—
n.
d

1.
90

�
0.
27

0.
23

�
0.
02

2-
E
th
yl
-5
-m

et
hy

l-
py

ra
zi
ne

14
00

13
97

F
ru
it
,
sw

ee
t

n.
d

7.
00

�
0.
74

n.
d

2-
E
th
yl
-3
-m

et
hy

l-
py

ra
zi
ne

14
14

14
16

R
oa

st
n.
d

6.
41

�
0.
28

n.
d

2,
3,
5-
T
ri
m
et
hy

l-
py

ra
zi
ne

14
16

14
10

R
oa

st
,
po

ta
to
,
m
us
t

n.
d

nd
0.
65

�
0.
11

3-
E
th
yl
-2
,5
-d
im

et
hy

l-
py

ra
zi
ne

14
51

14
51

P
ot
at
o,

ro
as
t

n.
d

8.
09

�
1.
07

n.
d

2-
E
th
yl
-3
,5
-d
im

et
hy

l-
py

ra
zi
ne

14
69

14
64

P
ot
at
o

n.
d

1.
00

�
0.
37

2.
50

�
0.
35

3,
5-
D
ie
th
yl
-2
-m

et
hy

l-
py

ra
zi
ne

15
01

14
96

B
ak
ed

n.
d

2.
03

�
0.
30

n.
d

P
yr
az
in
am

id
e

17
34

17
40

—
n.
d

8.
00

�
0.
67

2.
23

�
0.
33

T
ot
al

py
ra
zi
ne

s
0
(0
%
)

48
.7

(3
5.
0%

)
8.
89

(1
3.
2%

)
P
yr
ro
le
s

1-
M

et
hy

l-
1H

-p
yr
ro
le
,

11
64

11
53

—
n.
d

7.
18

�
0.
00

0.
70

�
0.
04

1-
M

et
hy

l-
2-
py

rr
ol
id
in
on

e
17

05
16

78
—

n.
d

3.
03

�
0.
58

n.
d

2-
A
ce
ty
l-
py

rr
ol
e

19
97

19
85

N
ut
,
w
al
nu

t,
br
ea
d

0.
25

�0
.0
3

3.
18

�
0.
29

1.
54

�
0.
15

(C
on
tin

ue
d)

Eur. J. Lipid Sci. Technol. 2016, 118, 1368–1379 Cold pressed kernel oils from raw and roasted pistachio 1375

� 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ejlst.com



T
ab

le
5.

(C
on

tin
ue

d
)

R
el
at
iv
e
co

nc
en

tr
at
io
n
(m

g/
kg

P
O
)1

A
ro
m
at
ic

co
m
po

un
d

K
I E

xp
2

K
I L

it
3

A
ro
m
a
de

sc
ri
pt
io
ns

4
R
P
K
O

C
R
P
K
O

M
R
P
K
O

2-
P
yr
ro
lid

in
on

e
20

78
20

32
—

n.
d

1.
50

�
0.
24

n.
d

T
ot
al

py
rr
ol
es

0.
25

(0
.4
%
)

14
.8
9
(1
0.
7%

)
2.
24

(3
.3
%
)

F
ur
an

s
2-
P
en

ty
l-
fu
ra
n

12
44

12
40

G
re
en

be
an

,
bu

tt
er

n.
d

0.
40

�
0.
02

n.
d

F
ur
fu
ra
l

14
75

14
72

B
re
ad

,
al
m
on

d,
sw

ee
t

n.
d

1.
41

�
0.
21

n.
d

D
ih
yd

ro
-2
(3
H
)-
fu
ra
no

ne
16

62
16

47
C
ar
am

el
,
sw

ee
t

n.
d

4.
73

�
0.
18

n.
d

5-
E
th
yl
di
hy

dr
o-
2(
3H

)-
fu
ra
no

ne
17

31
17

10
C
ou

m
ar
in
,
sw

ee
t

0.
27

�
0.
06

n.
d

n.
d

2,
5-
D
im

et
hy

l-
4-
hy

dr
ox

y-
3

(2
H
)-
fu
ra
no

ne
20

49
20

42
C
ar
am

el
n.
d

3.
12

�
0.
32

1.
09

�
0.
06

T
ot
al

fu
ra
ns

0.
27

(0
.4
%
)

9.
66

(6
.9
%
)

1.
09

(1
.6
%
)

T
er
pe

ne
s

a
-P
in
en

e
10

31
10

28
P
in
e,

tu
rp
en

ti
ne

10
.6
1
�
1.
84

6.
07

�
0.
69

9.
51

�
0.
02

3-
C
ar
en

e
11

69
11

54
L
em

on
,
re
si
n

0.
27

�
0.
04

n.
d

n.
d

b
-M

yr
ce
ne

11
81

11
68

B
al
sa
m
ic
,
m
us
t,
sp
ic
e

1.
02

�
0.
06

1.
15

�0
.0
6

0.
75

�
0.
13

D
-L

im
on

en
e

12
19

12
07

C
it
ru
s,

m
in
t

32
.6
1
�
1.
07

32
.8
2�

1.
21

30
.1
7
�
2.
42

S
ty
re
ne

12
74

12
71

B
al
sa
m
ic
,
ga
so
lin

e
0.
16

�
0.
04

n.
d

n.
d

T
ot
al

te
rp
en

es
44

.6
7
(7
2.
8%

)
40

.0
4
(2
8.
8%

)
40

.4
3
(6
0.
2%

)
A
dd

it
io
na

l
vo

la
ti
le
s

1-
M

et
hy

le
ne

-1
H
-i
nd

en
e

17
77

17
63

—
n.
d

0.
46

�
0.
06

n.
d

T
ol
ue

ne
10

57
10

53
P
ai
nt

0.
31

�
0.
08

0.
50

�
0.
10

0.
27

�
0.
07

T
ot
al

ad
di
ti
on

al
vo

la
ti
le
s

0.
31

(0
.5
%
)

0.
96

(0
.7
%
)

0.
27

(0
.4
%
)

T
ot
al

ar
om

a
co

m
po

un
ds

61
.3
2
(1
00

%
)

13
9.
13

(1
00

%
)

67
.1
6
(1
00

%
)

1
R
el
at
iv
e
co

nc
en

tr
at
io
n
to

th
e
in
te
rn
al

st
an

da
rd

(1
,2
,3
-t
ri
ch

lo
ro
pr
op

an
e,

6.
67

m
g/
kg

P
O
),

av
er
ag
e
of

th
re
e
re
pl
ic
at
io
ns

w
it
h
th
e
co

rr
es
po

nd
in
g
re
la
ti
ve

st
an

da
rd

de
vi
at
io
n.

2
K
I E

xp
,
ex
pe

ri
m
en

ta
l
K
ov

� at
in
de

x
(K

I)
de

te
rm

in
ed

on
D
B
-W

A
X

co
lu
m
n
us
in
g
a
ho

m
ol
og

ou
s
se
ri
es

of
n-
al
ka
ne

s
(C

10
–
C
26

)
as

ex
te
rn
al

re
fe
re
nc

es
.

3
K
I L

it
,
K
I
fr
om

N
IS
T

m
as
s
sp
ec
tr
a
lib

ra
ry

(N
IS
T

20
14

).
4
A
ro
m
a
de

sc
ri
pt
io
n
ad

ap
te
d
fr
om

fl
av
or
ne

t
(h
tt
p:
//fl

av
or
ne

t.
or
g;

ac
ce
ss
ed

Ja
n
30

,
20

15
).

5
n.
d,

no
t
de

te
ct
ed

.
6
R
el
at
iv
e
pe

rc
en

ta
ge

of
to
ta
l
re
la
ti
ve

co
nc

en
tr
at
io
n.

1376 B. Ling et al. Eur. J. Lipid Sci. Technol. 2016, 118, 1368–1379

� 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ejlst.com

http://flavornet.org


and increased significantly even at low temperatures [48]. As
for aliphatic alcohols, some new compounds appeared after
roasting. However, it is generally not considered to be
important contributors to the flavors of oils and fats due to
their relatively high odor threshold values [49].

The MRPKO showed similar groups of volatile com-
pounds as compared to those found in CRPKO. However,
their total number and relative concentration of volatiles were
significantly lower than those in CRPKO, especially for some
key roasted compounds (e.g., pyrazines). These results may
be explained by the roasting intensity in microwave roasting
condition (final temperature was 130°C after microwave
heating for 6min) was lower than conventional roasting
(160°C/20min). This is agreed that long time roasting under
the high temperature is necessary for the formation of the key
roasted compounds [39].

The results of aromatic compounds presented in Table 5
are similar to those found in previous studies for raw and
roasted pistachios [39, 50]. They found that clear correla-
tions of aroma intensity based on six descriptors (green,
sweet, roasted, chocolate/coffee, rancid, and nutty) are
observed between measurement technique and sensory
evaluation. Generally the nutty and roasted score was highest
in the roasted samples, where the pyrazine and furan
compounds were in high concentrations. The aroma of the
oil obtained from this study with short time and high
precision might be also perceived by the consumers. The
confirmation study would be next step of the research.

3.3.1 Oxidative stability of the oils

Figure 2 shows the changes in the PV and CDV of cold-
pressed PKO during storage in the dark and light at room
temperature. The PV and CDV of three PKO samples stored
in light were significantly greater than those of the oils stored
in dark. These results indicated the extremely low stability of
PKO against photo-oxidative, and the relative high contents

of chlorophylls present in PKO probably played a major role
in the photochemical oxidation. Moreover, it was also
showed that CRPKO and MRPKO samples oxidized at
similar rate than RPKO under same storage condition, which
was different from those previously reported for oils that
indicated a better oxidative stability from roasted seeds based
on the accelerated quality tests. These differencesmay be due
to different roasting intensity and thermal sensitivity of oil
seeds. Furthermore, extreme conditions in the accelerated
test may not be identical with real-time storage. Accord to
Codex Alimentarius [29], the quality of non-refined oil
remains acceptable until the PV reach 15meq/kg oil. This
end point for three oil samples was reached after only 30 and
75 days when stored under light and dark, respectively. Since
clear glass and plastic bottles have become popular for storing
edible oils due to low cost and direct attractions to
consumers, protections against photo-oxidation and addition
of appropriate natural antioxidants in these bottles are
necessary to keep oil oxidation at the lowest possible level.

4 Conclusions

This study showed that good quality virgin oil was extracted
using a cold press from raw and roasted pistachio
kernels prepared from two roasting methods. Most PKO
physicochemical attributes did not change significantly after
treated by selected roasting conditions for conventional and
microwave roasted pistachios. However, roasted kernels
produced slightly oxidized oil and dark color with the
decreased contents of tocopherols and chlorophylls but
increased TPC and AOC. Three PKO samples exhibited
similar transition points of crystallization and melting curves.
Differences were observed in volatile compounds among
three PKO samples, which were significantly influenced by
roasting conditions. Terpenes concentrations of RPKO
decreased in roasted samples, but pyrazines, furans, and

Fig. 2. Peroxide value (a) and conjugated diene value (b) from PKO during storage stability test.
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pyrroles were present only in roasted samples and their
concentrations increased significantly in CRPKO.
Highlighted differences between CRPKO and MRPKO
were found in some volatile compounds, especially for
pyrazines. With high contents of chlorophylls, cold-pressed
PKO was highly susceptible to photo-oxidative degradation,
and must be stored in containers with light-barrier properties
together with the addition of some appropriate natural
antioxidants
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