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a b s t r a c t

In this study, walnut paste was heated at 60, 75, and 90 �C with three selected times for enzyme inac-
tivation, and its quality stability was determined under accelerated storage conditions by evaluating
peroxide value (PV), conjugated diene value (CDV), fatty acid value (FFA) and fatty acid composition. The
results showed that the mean PV, CDV and FFA values of the heated paste samples increased with
increasing treatment temperature and time. The PV and CDV were reduced or stable, while the FFA
values increased significantly during storage period. However, no significant quality difference was
observed between controls and heated walnut paste samples with vacuum package after accelerated
storage for 20 days. Compared with unheated walnut kernels and cold-pressed oils in vacuum or normal
package under same storage conditions, the mean PV of the unheated paste were the lowest, while its
mean FFA values were the highest. FFA values of the paste were still lower than the acceptable range
(FFA < 0.6%) used by industry for good walnut quality, suggesting that vacuum or normal packages can be
used to keep quality of walnut paste for 20 days at 35 �C simulating 2 years of storage at 4 �C or 2 months
at 25 �C.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Walnut (Juglans regia L.) is a tree nut with high economic values
to the food industry. The world production of in-shell walnuts was
around 3.282 Mt in 2012 and China is the leading world producer
with about 50% of the total world production (FAOSTAT, 2012). The
edible kernel represents 40e60 g/100 g of the nut weight, which is
commonly used as functional ingredients in food products, such as
candy, chocolate, breads, cake, etc (Bakkalbasi, Yilmaz, Javidipour,
& Artik, 2012). With the increasing demand for ready-to-eat pro-
cessed foods with extended shelf life, pleasant taste, easy porta-
bility and high nutritional quality, walnut products in various forms
such as oils, paste and defatted flour have been developed
continuously (Ayo, Carballo, Solas, & Jim�enez-Colmenero, 2005;
Cofrades, Serrano, Ayo, Carballo, & Jim�enez-Colmenero, 2008;
Martinez, Barrionuevo, Nepote, Grosso, & Maestri, 2011; Martinez
& Maestri, 2008).
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Walnut kernel is a nutrient-rich food mainly owing to its high-
biological-value proteins (low lysine/arginine ratio), high levels of
oil (60 g/100 g in average mainly polyunsaturated fatty acids, PUFA)
and antioxidants (phytosterols and polyphenols) (Shimoda et al.,
2008; Venkatachalam & Sathe, 2006; Zwarts, Savage, & Mcneil,
1999). Although fatty acid compositions in walnuts are favorable
from a nutritional point of view, higher contents of PUFAmay result
in poorer quality stability and shorter shelf life of walnut products.

Watkins (2005) reported that the quality stability of walnut
kernels during storage is limited mainly by rancidity development
because of oxidation and lipolysis. Environmental factors such as
oxygen, storage temperature, relative humidity, and light are major
factors to accelerate lipid oxidation (Crowe & White, 2003; Mate,
Saltveit, & Krochta, 1996; Mexis, Badeka, Riganakos, Karakostas, &
Kontominas, 2009). Lipolysis caused by enzymes such as lipase
(LPS), peroxidase (POD) and lipoxygenase (LOX) is another impor-
tant factor that could play an essential role in rancidity of walnut
kernels (Piccirillo, Fasano, Mita, De Paolis, & Santino, 2006; Piffaut
& Metche, 1991; Yeşilo�glu & Demirkan, 2010; Zacheo, Cappello,
Gallo, Santino, & Cappello, 2000).

Various storage procedures have been developed for maintain-
ing the post-harvest quality of walnut kernels. Lopez, Pique,
Romero, and Aleta (1995) found that the whole walnut quality
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Fig. 1. Schematic diagram of a hermetically sealed test cell (All dimensions are in mm).

Table 1
Treatment temperature and holding time for walnut paste.

Temperature (�C) Heating time (min)

60 10 20 30
75 10 15 20
90 5 10 15
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was acceptable after 12 months storage at 10 �C and 60% relative
humidity. Mexis et al. (2009) reported that key factors influenced
the quality of shelled walnuts during storage in following order:
temperature > degree of O2 barrier > lighting conditions. Mate et al.
(1996) reported that lipid oxidation was inhibited by using a
packaging material with low oxygen permeability or by storing the
walnuts in controlled atmospheres with low oxygen content.

Thermal processing as a pre-storage treatment applied for
inhibiting enzymes activity has been studied for several nut prod-
ucts. Mitchell and Malphrus (1977) reported that the LOX was not
found in whole shelled peanuts after steam heating at 100 �C for
2 min, and very little POD activity could be detected for 30 min. LPS
in hazelnuts was reported to be inactivated by saturated steam
treatment for 20 min (Laskawy, Senser, & Grosch, 1983). Senter,
Forbus, Nelson, Wilson, and Horvat (1984) studied the pecan ker-
nels exposed to dielectric or steam heating and reported that heat
treatments in the range of 90e100 �C would be optimal for stabi-
lization of pecan kernel quality during storage, probably because of
partial inactivation of enzymes. Zacheo et al. (2000) reported that
the LOX activity of the crude extracts of almonds was lost after
10 min exposure to 80 �C. Cam & Kilic (2009) reported that the
blanching treatment at 120 �C for 15 min could improve the
oxidative stability of hazelnut meal. Buranasompob, Tang, Mao, and
Swanson (2003) found that hot air heating of walnut and almond
kernels at 60 �C for up to 10 min did not increase rancidity, which
might be due to possible inactivation of the LOX by thermal treat-
ments. Although substantial research has been performed about
effects of thermal treatment on enzyme inactivation in different
nut products, studies related to thermal inhibition of enzyme ac-
tivity together with storage stability of walnut paste are limited.

The objectives of this study were: (1) to investigate the lipid
stability of walnut paste as affected by heat treatment at three
selected temperatures and holding times, (2) to evaluate the effects
of different heating treatments on the storage stability of walnut
paste under accelerated storage conditions, and (3) to compare the
lipid stability of walnut kernels, paste, and cold-pressed oils with
different package during accelerated storage.

2. Materials and methods

2.1. Materials

Walnuts (Juglans regia L.) with green husks were harvested from
a commercial orchard in Yangling, Shaanxi, China, in September,
2013. To ensure uniform maturity and quality of samples, the
walnuts were prescreened by sample size and then transported to
the laboratory within 2 h. The green husks were peeled off within
1 d and the in-shell nuts were washed with tap water. After
cleaning, the nuts were dried under direct sunlight about 10 h per
day and ambient air conditions for three days to obtain kernel
moisture content of about 4.5 g/100 g inwet basis. The nuts in-shell
with uniform size and without mechanical damage and pest in-
festations were randomly selected and placed into polyethylene
bags and stored at 2e4 �C and 65e70% relative humidity. Dried
walnuts were shelled manually and whole kernels were stored at
the same condition before conducting heat treatments.

2.2. Thermal treatments

To minimize the influence of slow heat transfer on sample
quality during the heating up time, walnut paste was heated in a
custom-designed test cell, which is illustrated in Fig.1. The cells had
a net inner space of 84mm in diameter and 4mm in depth. This test
cell made by two pieces of aluminum alloy lids with a rubber o-ring
on the top lid, could provide adequate strength and hermetic seal
when a moist sample was heated at high temperatures, and ease in
loading and unloading liquid and solid samples. The temperature
range of 60e90 �C was selected based on enzyme inactivation
(Mitchell & Malphrus, 1977; Senter et al., 1984). A pre-calibrated
thin type-T thermocouple sensor was inserted through a rubber
gland in the top lid to record the temperature-time history of
sample core using a data logger (CR-1000, Campbell Scientific. Inc.,
Logan, Utah, USA). Because of the high aspect ratios of surface area
to volume and the high thermal conductivity (180 Wm�1 K�1) of
aluminum alloy, the come-up time (CUT: the time needed for the
geometric center of a sample temperature to reach 0.5 �C less than
the set point) in this test cell was small, resulting in a close-to-ideal
isothermal condition. Similar test cells have been successfully used
to study the quality changes of salmon, blue mussel and purple-
fleshed potato during thermal processing (Kong, Tang, Rasco, &
Crapo, 2007; Nayak, Berrios, Powers, & Tang, 2011; Ovissipour,
Rasco, Tang, & Sablani, 2013).

Walnut kernels were ground in a blender (JYL-D022, Joyoung,
Jinan, China) toobtainpaste samples. About 24gpastewasfilled into
the cells, and then the cells were sealed and heated in a digitally
controlled constant-temperature water bath (SC-15, Scientz
Biotechnology Co., Ltd., Ningbo, China) at the specified tempera-
tures. Table 1 shows the temperature and time conditions employed,
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which were selected based on the requirements for inhibiting
enzyme activity in nuts (Laskawy et al., 1983; Mcglamery & Hood,
1951; Mitchell & Malphrus, 1977; Zacheo et al., 2000). When
reaching the set-point temperature, the holding time was counted.
After heating, the cells were immersed immediately into an ice
water to cool down the samples till the central sample temperature
was below 25 �C. After cooling, the pastewas removed from the cell
for oil quality analysis or storage treatment.
2.3. Storage experiment

Heat treated walnut paste and unheated walnut paste or kernels
(140 g each) were packaged in two different methods: a) vacuum
package under 93.3 kPa in polyamide/polyethylene laminate
pouches having 90 mm total thickness (90 M PA/PE); b) normal
package in a glass beaker (500mL), which was loosely coveredwith
filter paper to allow air to pass through. For walnut oil storage,
50 mL of cold-pressed oils were poured into 50 mL screw-cap test
tubes and then the lid was closed tightly. All the samples were
stored in the dark at 35 �C and 30% relative humidity (RH) for 20 d
in an incubator (BSC-150, Shanghai Boxun Industry & Commerce
Co., Ltd, Shanghai, China) and samples were taken at 5-day in-
tervals for quality analysis. All the experiments were conducted in
triplicate. The storage conditions at 35 �C for 20 d were chosen to
accelerate storage tests, and simulate approximately 2 years stor-
age periods at 4 �C or 2 months storage periods at ambient tem-
perature (25 �C) based on a Q10 value of 3.4 at 35 �C (Taoukis,
Labuza, & Saguy, 1997). The Q10 concept has been successfully
used to design the accelerate shelf life tests for walnuts, almonds
and powdered guavira pulp (Breda, Sanjinez-Argando~na, & Correia,
2012; Gao, Tang, Wang, Powers, & Wang, 2010; Wang et al., 2006)
and calculated as:

Q ðT2�T1Þ=10
10 ¼ qsðT1Þ

qsðT2Þ
(1)

where T1 and T2 are normal and accelerated storage temperatures
(�C), respectively, and qs stands for the storage time (d) of walnuts.
2.4. Oil extraction and quality analyses

The oil was extracted from the walnut paste or kernels using a
hydraulic oil press (Lefen, Dezhou, China) without additional heat
treatment. About 50 g of oil were obtained from approximately
140 g of walnut paste. The extracted oil was centrifuged at 2862� g
for 1 min. The supernatant oil was then transferred into amber
glass containers at 4 �C. All the quality analyses were performed
within 3 h after pressing. Quality parameters were peroxide values
(PV), and conjugated diene values (CDV) for assessing oxidative
rancidity, or fatty acid values (FFA) and fatty acid composition for
analyzing hydrolytic rancidity.
2.4.1. Peroxide value (PV)
Peroxide value was determined by official method Cd 8-53 and

recommended practices of the American Oil Chemists Society
(AOAC, 1997). This method determines iodine liberated from po-
tassium iodide by the peroxides present in the oil:

PVðmeq=kgÞ ¼ ðS� BÞ � N � 1000
m

(2)

where: B is the volume (mL) of titrant for blank, S is the volume
(mL) of titrant for sample, N is the normality of Na2S2O3 solution
(0.1mol equi/L), and m is the weight (g) of oil sample.
2.4.2. Conjugated diene values (CDV)
The CDV were determined according to the method reported by

Chandrasekara and Shahidi (2011). In brief, a specified amount of
oil (~0.2 g) was weighed into a 25mL volumetric flask, andmade up
to the mark with 2,2,4-trimethylpentane. The solution was thor-
oughly mixed before reading its absorbance at 233 nm using a
UVeVis spectrophotometer (Model UV2000, UNICO Co., Ltd.,
Shanghai, China). Pure 2,2,4-trimethylpentane was used as a
reference. CDV were calculated using the following equation:

CDV ¼ A233

C � L
(3)

where: A233 is the absorbance of solution at 233 nm, C is the con-
centration of oil in g per 100mL, and L is the length of the cuvette in
cm.

2.4.3. Fatty acid values (FFA)
FFAwas analyzed by official method Ab 5-49 and recommended

practices of the American Oil Chemists Society (AOAC, 1997). FFA
was a quantitative determination of fatty acids in oil by titration
against a standardized alkali solution (NaOH) as follows:

FFA ðOleic acid g=100gÞ ¼ V � N1 � 28:2
m

(4)

where: V is the titration of sample (mL), and N1 is the normality of
NaOH solution.

2.4.4. Free fatty acid composition
The fatty acid composition of an oil can be used as an indicator of

its stability, physical properties, and nutritional value (Crews et al.,
2005), which could be determined by forming fatty acid methyl
esters (FAME) (Arena, Campisi, Fallico, & Maccarone, 2007). FAMEs
were prepared by refluxing 0.05 g of oil samples with 5 mL of 1 N
sodium hydroxide solution in methanol. Five minutes after boiling,
5 mL of BF3-methanol were added, and followed by 5 mL of hep-
tanes after another 5 min. After cooling the mixture, 5 mL of satu-
rated NaCl solution were added and the organic layer with the
FAMEs was recovered and dried over a hydrous Na2SO4 and then
analyzed by gas chromatograph (GC). FAME were separated on a
capillary DB-Wax column (30 m � 0.25 mm id � 0.25 mm film
thickness, Agilent Technologies, J&W Scientific, USA) by using a GC
(Thermo Fisher Scientific, USA) equipped with flame ionization
detection (FID). The oven temperature was programmed from
180 �C for 2min and then to 240 �C at 8 �C/min. The temperatures of
injector and detector were 230 and 250 �C, respectively. Nitrogen
was used as the carrier gas at a flow rate of 1 mL/min, with an in-
jection volume of 1 mL using a split ratio of 80:1. Each fatty acid in
the chromatogramwas identified by comparing the retention times
with certified standard mixes (Grain FAMEMix Supelco, Bellefonte,
PA; Catlog No: 47801) and quantified by the peak areas on the
chromatogram using Chrom-Card data system version 2.3 software
for Windows (Thermo Electron, Rodano, Italy). The results were
expressed as g of FA per 100 g of total FAs. Polyunsaturated fatty acid
(PUFA) contents were calculated as sums of individual fatty acids.

2.5. Statistical analysis

Results were expressed as means ± standard deviations (SD)
over three independent experiments. Differences were estimated
by the analysis of variance (ANOVA) followed by Tukey's test and
considered significantly at p � 0.05. All statistical analyses were
performed using the statistical software SPSS 16.0 version (SPSS
Inc., Chicago, IL, USA).



Fig. 2. Typical temperature-time history for walnut kernel paste samples in the test
cell center (,60 �C, B75 �C, △90 �C).
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3. Results and discussion

3.1. Heat treatments

Fig. 2 shows temperature-time histories for the central samples
in the custom-designed test cell at three selected temperatures.
Come-up-times averaged approximately 200 s for all the test
temperatures, after which the samples experienced close to ideal
isothermal exposure. The sample temperature during holding time
was relatively constant and the cooling process took less than 60 s
for sample core temperatures to drop to less than 25 �C. Kong et al.
(2007) used similar test cell (∅: 30 mm � H: 6 mm) to investigate
the salmon quality changes in high temperature range of 100～
131 �C, the CUT was on the order of 2.5e3 min. Ovissipour et al.
(2013) also used similar test cells (∅: 50 mm � H: 8 mm) to eval-
uate the quality changes in whole blue mussel over the tempera-
ture range of 65～90 �C, the CUT was on the order of 6.8e4.7 min.
Many factors have influence on CUT and cooling time, in which the
sizes of test cell, set temperature, cooling medium and thermal
properties of food products are the major ones. The short CUT using
the test cell may ensure reliable and repeatable quality analyses.

3.2. Chemical analyses for oxidative rancidity of walnut paste

The initial mean PV was 0.40 meq/kg for unheated walnut paste
without storage, which was significantly lower (p < 0.05) than that
(0.51e0.72 meq/kg) for heated walnut paste stored at 0 day
(Table 2). The maximum PV after heat treatments was still lower
than the limited value (1.0 meq/kg) for good walnut quality
Table 2
Peroxide value (PV, meq/kg oil) changes (mean values± standard deviation over three repl
accelerated storage.

Treatment Storage time (d) at 35 �C

0 5

Control 0.40 ± 0.03dBC 0.48 ± 0.03abA

60�C/10 min 0.51 ± 0.03cA 0.43 ± 0.03abcB

60�C/20 min 0.60 ± 0.02bA 0.37 ± 0.02cB

60�C/30 min 0.72 ± 0.04aA 0.53 ± 0.08aB

75�C/10 min 0.60 ± 0.03bcA 0.50 ± 0.02abB

75�C/15 min 0.63 ± 0.01bA 0.41 ± 0.02bcB

75�C/20 min 0.63 ± 0.04bA 0.42 ± 0.02abcB

90�C/5 min 0.62 ± 0.03bA 0.44 ± 0.04abcB

90�C/10 min 0.67 ± 0.01abA 0.52 ± 0.06aB

90�C/15 min 0.67 ± 0.04abA 0.46 ± 0.02abcB

Mean values are not significantly different (p > 0.05) for the same capital letters within
among the heating treatments.
recommended by walnut industry in California, USA (Wang,
Monzon, Johnson, Mitcham, & Tang, 2007). Generally, the initial
mean PV increased with treatment temperature and time except
for some PV variations caused by heterogeneous nature of the
samples. The PV of heated walnut paste decreased significantly
with increasing storage time and reached a minimum value below
0.27 for all treated samples after 20 d of accelerated storage. The
results described above are completely different from those re-
ported by Mitcham et al. (2004) and Wang et al. (2006, 2007) in
which in-shell walnuts in same storage conditions could develop
pronounced oxidative changes. However, the results observed in
this experiment are in general agreement with those reported by
Vanhanen and Savage (2006) who showed that the oil in thewalnut
flour slightly decreased or remained stable for up to six-months
storage, probably because the flour contained high levels of
vitamin E, a natural antioxidant. Similarly, Labuckas, Maestri, and
Lamarque (2011) found that defatted walnut flour with
aluminum-coated packages can be stored at 25 �C for 8 months
period without any major changes of PV. Under a flour matrix, the
remaining oils could be protected by phenolic compounds, mostly
present in the pellicle, which persist in the flour after processing.

The initial mean CDV of oils extracted from heated walnut paste
ranged from 0.41 to 0.48, which was significantly higher (p < 0.05)
than that (0.33) for unheated samples. This trend was similar to
those obtained for PV. However, the initial mean CDV of oils
extracted from walnut paste heated at 90 �C were slightly higher
than those at 60 and 75 �C, which exhibited insignificant difference
(p > 0.05) in walnut paste (Table 3). The CDV of control samples
increased slightly but those for heated samples decreased generally
with increasing storage time. There was no significant (p > 0.05)
effect of heating on CDV among different paste samples after 20 d of
accelerated storage. Labuckas et al. (2011) reported that the CDV
fromdefatted walnut flourwith aluminum-coated packages did not
vary significantly along storage period even after stored at 25 �C for
8 months. In contrast, Cai, Cao, Aisikaer, and Ying (2013) and
Chandrasekara and Shahidi (2011) reported that the CDV of pine
nut oils and cashew nut oils in glass vials stored at 60 �C increased
significantly with increasing storage time. Various results of
oxidative stability were probably caused by different material
properties, storage temperatures, and packaging methods.

3.3. Chemical analyses for hydrolytic rancidity of walnut paste

FFA values are often used as an indicator for lipid hydrolysis by
lipase, and the hydrolysis may be promoted by reaction of oil with
moisture. The initial mean FFA value of oils extracted from un-
heated walnut paste was 0.12 g/100 g, but that from heated walnut
paste ranged from 0.11 to 0.19 g/100 g. Generally, the mean FFA
icates) of walnut paste packed under vacuumwith different heating condition during

10 15 20

0.42 ± 0.02aAB 0.34 ± 0.01abC 0.22 ± 0.02aD

0.35 ± 0.03abC 0.33 ± 0.01abCD 0.26 ± 0.01aD

0.33 ± 0.02abB 0.34 ± 0.02abB 0.27 ± 0.03aC

0.34 ± 0.03abDE 0.36 ± 0.04abCD 0.24 ± 0.00aE

0.39 ± 0.02aC 0.29 ± 0.04bCD 0.23 ± 0.02aD

0.35 ± 0.03abBC 0.32 ± 0.02abC 0.25 ± 0.03aD

0.28 ± 0.04bC 0.30 ± 0.03bC 0.21 ± 0.02aC

0.35 ± 0.02abC 0.37 ± 0.02aBC 0.23 ± 0.03aD

0.36 ± 0.03abC 0.38 ± 0.03aC 0.21 ± 0.01aD

0.40 ± 0.04aBC 0.37 ± 0.02aC 0.26 ± 0.01aD

a row among the storage time, and for the same lower case letters within a column



Table 3
Conjugated diene (CD) value changes (mean values ± standard deviation over three replicates) of walnut paste packed under vacuumwith different heating during accelerated
storage.

Treatment Storage time (d) at 35 �C

0 5 10 15 20

Control 0.33 ± 0.02eC 0.39 ± 0.03dAB 0.42 ± 0.02abA 0.37 ± 0.01bcBC 0.37 ± 0.03abBC

60�C/10 min 0.41 ± 0.01cdBC 0.47 ± 0.02aA 0.43 ± 0.03aAB 0.38 ± 0.01bC 0.37 ± 0.04abC

60�C/20 min 0.45 ± 0.02abcdA 0.42 ± 0.02bcdA 0.37 ± 0.03bcB 0.38 ± 0.01B 0.39 ± 0.02abB

60�C/30 min 0.41 ± 0.03dAB 0.44 ± 0.02abcA 0.40 ± 0.01abcAB 0.39 ± 0.02bB 0.35 ± 0.03bC

75�C/10 min 0.42 ± 0.01cdA 0.42 ± 0.03bcdA 0.37 ± 0.03cB 0.43 ± 0.01aA 0.38 ± 0.01abB

75�C/15 min 0.45 ± 0.02abcdA 0.45 ± 0.02abA 0.38 ± 0.01bcB 0.44 ± 0.01aA 0.40 ± 0.02aB

75�C/20 min 0.44 ± 0.03bcdA 0.40 ± 0.02cdB 0.41 ± 0.02abAB 0.42 ± 0.01aAB 0.39 ± 0.03abB

90�C/5 min 0.46 ± 0.02abA 0.40 ± 0.02cdB 0.38 ± 0.01bcBC 0.37 ± 0.02bcC 0.36 ± 0.02abC

90�C/10 min 0.48 ± 0.02aA 0.41 ± 0.02bcdB 0.36 ± 0.01cC 0.35 ± 0.01cC 0.35 ± 0.01bC

90�C/15 min 0.46 ± 0.02abcA 0.38 ± 0.03dB 0.41 ± 0.01abB 0.38 ± 0.01bB 0.39 ± 0.02abB

Mean values are not significantly different (p > 0.05) for the same capital letters within a row among the storage time, and for the same lower case letters within a column
among the heating treatments.

Table 4
FFA (Oleic g/100 g) changes (mean values ± standard deviation over three replicates) of walnut paste with different heating during accelerated storage.

Treatment Storage time (d) at 35 �C

0 5 10 15 20

Control 0.12 ± 0.02bD 0.27 ± 0.02cC 0.41 ± 0.01abB 0.46 ± 0.03abB 0.52 ± 0.01aA

60�C/10 min 0.11 ± 0.03bD 0.32 ± 0.02aC 0.43 ± 0.03aB 0.46 ± 0.01abcAB 0.51 ± 0.01aA

60�C/20 min 0.11 ± 0.01bE 0.29 ± 0.00abcD 0.37 ± 0.02bcC 0.44 ± 0.01abcB 0.52 ± 0.02aA
60�C/30 min 0.12 ± 0.01bE 0.26 ± 0.00cD 0.35 ± 0.01cdC 0.45 ± 0.00abcB 0.52 ± 0.01aA

75�C/10 min 0.13 ± 0.01bC 0.29 ± 0.01abcB 0.31 ± 0.01dB 0.40 ± 0.02cA 0.49 ± 0.03aA

75�C/15 min 0.15 ± 0.02abE 0.27 ± 0.01cD 0.34 ± 0.01cdC 0.42 ± 0.01abcB 0.51 ± 0.02aA

75�C/20 min 0.16 ± 0.02abE 0.28 ± 0.01bcD 0.34 ± 0.01cdC 0.44 ± 0.05abcB 0.52 ± 0.01aA

90�C/5 min 0.12 ± 0.02bD 0.32 ± 0.01aC 0.35 ± 0.02cdC 0.42 ± 0.01bcB 0.50 ± 0.03aA

90�C/10 min 0.15 ± 0.02abE 0.29 ± 0.00abcD 0.37 ± 0.01bcC 0.47 ± 0.01aB 0.51 ± 0.01aA

90�C/15 min 0.19 ± 0.01aD 0.32 ± 0.02abC 0.42 ± 0.01abB 0.46 ± 0.02abA 0.50 ± 0.01aA

Mean values are not significantly different (p > 0.05) for the same capital letters within a row among the storage time, and for the same lower case letters within a column
among the heating treatments.

Fig. 3. GC chromatogram of (a) certified standard mixes and (b) walnut oil of control
sample at 0 storage day. GC column and conditions could be found in materials and
methods.
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value increased with increasing treatment temperature and time at
each storage day. The mean FFA values for both control and heated
walnut paste increasedwith storage time. No significant differences
(p > 0.05) were observed among initial treatment samples, except
for heated samples at 90 �C for 15 min (Table 4). However, no sig-
nificant differences (p > 0.05) were observed between oils extrac-
ted from control and heated walnut paste after 20 days of storage at
35 �C, indicating that the heat treatment temperature and time
selected for enzyme inactivation had little influence on FFA values.
But there was a significant effect of blanching treatment at 120 �C
for 15 min on the FFA values of hazelnut meal, resulting in the
increased FFA values with storage time (Cam & Kilic, 2009). Various
effects on FFA values could be probably caused by different treat-
ment/storage temperature and time. FFA value less than 0.6 g/100 g
indicate acceptable walnut quality walnuts recommended by wal-
nut industry in California, USA (Wang et al., 2007) even after heat
treatments at 90 �C for 15 min followed by 20 d of accelerated
storage at 35 �C. The results described above are in good agreement
with those reported by Buranasompob et al. (2003) andWang et al.
(2006), in which FFA values of heated walnut kernels increase with
increasing storage time.

Fig. 3 shows the GC profile of the FA from certified standard
mixes (a) and walnut paste oil of control sample at 0 storage day
(b). Fatty acid data of the walnut paste oils determined by GC are
listed in Table 5. Immediately after heating (0 storage day), the
major monounsaturated fatty acid (MUFA) present in walnut paste
was oleic acid (C18:1), which ranged from 21.38 to 23.84 g/100 g.
Meanwhile, linoleic acid (C18:2) was the most abundant poly-
unsaturated fatty acid (PUFA) at 57.04e60.11 g/100 g with a less



Table 5
Fatty acid composition (relative g/100 g) of oil extracted from walnut paste with different heating during accelerated storage.

Fatty
acid

Storage
time (d)

Treatment

Control 60 �C/10 min 60 �C/20 min 60 �C/30 min 75 �C/10 min 75 �C/15 min 75 �C/20 min 90 �C/5 min 90 �C/10 min 90 �C/15 min

16:0 0 7.51 ± 0.2 6.93 ± 0.2 6.64 ± 0.1 6.53 ± 0.2 6.42 ± 0.2 7.39 ± 0.4 6.62 ± 0.1 6.60 ± 0.2 7.58 ± 0.1 6.42 ± 0.2
10 6.43 ± 0.1 6.52 ± 0.3 6.40 ± 0.2 6.38 ± 0.3 6.55 ± 0.1 6.51 ± 0.3 6.68 ± 0.2 6.58 ± 0.2 6.42 ± 0.1 6.56 ± 0.0
20 6.48 ± 0.3 7.01 ± 0.1 6.79 ± 0.1 6.53 ± 0.1 6.82 ± 0.2 6.62 ± 0.2 6.56 ± 0.0 6.24 ± 0.4 6.08 ± 0.2 6.55 ± 0.2

18:0 0 1.82 ± 0.1 1.73 ± 0.0 1.56 ± 0.0 1.42 ± 0.0 1.60 ± 0.1 1.42 ± 0.0 1.47 ± 0.0 1.58 ± 0.0 1.41 ± 0.0 1.43 ± 0.0
10 1.29 ± 0.0 1.43 ± 0.1 1.38 ± 0.0 1.47 ± 0.1 1.39 ± 0.1 1.27 ± 0.1 1.47 ± 0.0 1.41 ± 0.0 1.38 ± 0.1 1.32 ± 0.0
20 1.43 ± 0.1 0.99 ± 0.0 1.32 ± 0.0 1.32 ± 0.0 1.27 ± 0.0 1.22 ± 0.0 1.20 ± 0.0 1.23 ± 0.0 1.20 ± 0.0 1.35 ± 0.0

18:1 0 22.76 ± 1.2 23.82 ± 0.6 23.84 ± 0.7 22.53 ± 1.6 23.14 ± 0.2 22.48 ± 0.9 22.30 ± 0.3 22.88 ± 0.1 21.44 ± 1.0 21.38 ± 0.2
10 21.48 ± 0.9 21.89 ± 1.1 21.62 ± 0.5 20.72 ± 1.1 18.94 ± 0.1 18.88 ± 0.1 19.41 ± 0.5 20.42 ± 0.3 20.55 ± 0.6 18.99 ± 0.6
20 20.97 ± 0.9 20.73 ± 0.3 21.2 ± 0.1 19.74 ± 0.2 20.94 ± 0.8 19.71 ± 0.4 20.61 ± 1.2 22.16 ± 0.8 20.52 ± 0.3 19.04 ± 0.3

18:2 0 59.25 ± 1.8 57.04 ± 0.4 57.95 ± 0.7 57.38 ± 0.5 57.99 ± 1.1 60.60 ± 0.1 60.11 ± 0.2 58.35 ± 0.1 59.11 ± 1.2 59.03 ± 0.6
10 58.90 ± 1.1 56.82 ± 0.2 57.38 ± 0.1 58.61 ± 1.4 58.51 ± 0.5 59.91 ± 0.3 58.89 ± 0.5 57.96 ± 0.9 57.91 ± 0.7 58.61 ± 0.3
20 57.02 ± 0.7 58.52 ± 0.5 57.09 ± 0.5 59.21 ± 0.9 57.47 ± 0.2 59.79 ± 0.4 58.55 ± 0.3 57.48 ± 0.4 57.12 ± 0.1 59.92 ± 1.0

18:3 0 10.65 ± 0.1 10.49 ± 0.3 10.21 ± 0.9 9.14 ± 0.2 10.86 ± 0.5 9.51 ± 0.1 9.51 ± 0.1 10.59 ± 0.2 8.86 ± 0.6 9.74 ± 0.8
10 11.90 ± 0.2 13.34 ± 0.5 13.21 ± 0.6 12.82 ± 0.1 14.61 ± 0.4 13.43 ± 0.3 13.75 ± 0.0 13.63 ± 0.1 13.74 ± 0.2 14.52 ± 0.6
20 14.10 ± 0.1 12.75 ± 0.1 13.60 ± 0.2 13.21 ± 0.4 13.50 ± 0.1 12.65 ± 0.3 13.08 ± 0.6 12.90 ± 0.4 15.08 ± 0.5 13.41 ± 0.1

PUFA 0 69.90 ± 1.1 67.53 ± 0.2 68.16 ± 0.4 66.52 ± 0.3 68.85 ± 0.7 70.11 ± 0.2 69.62 ± 0.1 68.94 ± 0.2 67.97 ± 0.4 68.77 ± 0.4
10 70.80 ± 0.5 70.16 ± 0.3 70.59 ± 0.2 71.43 ± 0.8 73.12 ± 0.3 73.34 ± 0.2 72.64 ± 0.2 71.59 ± 0.3 71.65 ± 0.4 73.13 ± 0.3
20 71.12 ± 0.3 71.27 ± 0.2 70.69 ± 0.1 72.42 ± 0.6 70.97 ± 0.2 72.44 ± 0.2 71.63 ± 0.5 70.38 ± 0.3 72.20 ± 0.1 73.33 ± 0.4

16:0: Palmitic acid, 18:0: Steariic acid, 18:1: Oleic acid, 18:2: Linoleic acid, 18:3: Linolenic acid, PUFA: Linoleic acid þ Linoleic acid.
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amount of linolenic acid (C18:3) at 8.86e10.86 g/100 g. The primary
saturated fatty acids (SFA) identified in walnuts were palmitic acid
(C16:0) and stearic acid (C18:0), which had 6.42e7.58 and
1.41e1.82 g/100 g, respectively. Overall, the concentrations of total
SFA, MUFA and PUFA remained unchanged for oils extracted from
different heated walnut paste, suggesting that heating had little
effect on the fatty acid composition of the oils tested, which was
probably caused by the relatively stable fatty acids in thewalnut oil.
These unchanged FA compositions under different heating tem-
perature and time combinations were also reported for rice germ
and safflower seed oils (Chandrasekara & Shahidi, 2011; Kim et al.,
2002; Lee, Oh, Chang, & Kim, 2004; ).

On the contrary, the concentration of stearic acid (C18:0) and
oleic acid (C18:1) showed slight decreases during storage, while the
concentration of linolenic acid (C18:3) and PUFA clearly increased
with storage time. However there was no significant difference
(p > 0.05) among heated samples during storage (Table 5).
Fig. 4. Changes of (a) peroxide values, (b) conjugated diene values and (c) fatty acid values o
at 35 �C (-Kernel in vacuum package BKernel in glass beakers :Oil in screw-cap test tu
3.4. Comparison between walnut kernel paste and oils with
different packages during storage

Fig. 4 shows the mean PV, CDV, and FFA value of three different
walnut products with different packages over the 20 d of acceler-
ated storage at 35 �C. The mean PV of oils extracted from vacuum
packaged walnut paste decreased with increasing storage time,
while that for oils extracted from normally packaged walnut paste
remained almost constant during storages. After 20 d of storage the
mean PV of oils extracted from two types packaged walnut paste
were 0.22 and 0.40 meq/kg, respectively. The mean PV of oils
extracted from vacuum packaged walnut kernels did not vary
significantly (p > 0.05) over storage period, but that for oils
extracted from normally packaged walnut kernels increased with
increasing storage time. After 20 d of storage, the mean PV of oils
extracted from walnut kernels with normal and vacuum packages
were 0.47 and 0.85 meq/kg, respectively. In contrast, the mean PV
f oil from unheated walnut products with different packages during accelerated storage
bes >Paste in vacuum package +Paste in glass beakers).
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of cold-pressed walnut oil in screw-cap tubes was significantly
higher (p < 0.05) than that in walnut kernels and paste during
storage. After 5, 10, 15, and 20 d of storage at 35 �C, the PV increased
sharply and reached 2.04, 3.95, 4.71, and 6.65 meq/kg of oil,
respectively. The mean CDV of oils extracted from walnut kernels
and paste packaged in normal or cold-pressed walnut oils in screw-
cap tubes increased gradually as the storage time increased and
reached 0.55, 0.59 and 0.90, respectively, after 20 d of storage. The
CDV of oils extracted from walnut kernels and paste packaged in
vacuum remained almost constant during storages, which were
0.36 and 0.37, respectively, after 20 d of storage.

Data from this experiment indicate that the walnut paste is
more stable against oxidation than walnut kernels and cold-
pressed walnut oils, even after 20 d of accelerated storage at
35 �C with normal package. As the walnut paste has a large surface
area and damaged structure, it might have been expected that
deterioration reactions may take place fast compared with intact
kernel, particularly as it contains high levels of PUFA. Arranz,
Perez-Jimenez, and Saura-Calixto (2008) reported that the
defatted matter flour provided the bulk of the antioxidant ca-
pacity of walnut, a major proportion derived from insoluble tan-
nins, which are located mainly in the pellicle that separates the
nut kernels. Arcan and Yemenicio�glu (2009) reported removal of
pellicle reduced the total antioxidant activity of walnut kernels by
almost 90%. Samaranayaka, John, and Shahidi (2008) reported
walnut phenolics, similar to other seeds, grains and nuts, may be
expected to reside in highest concentration in the pellicle of the
nut. It is possible that the oil in the walnut paste only remained
stable because the phenolic compounds present in the pellicle are
active in paste oils but not in cold pressed oils. However,
Vanhanen and Savage (2006) indicate that the residual oil con-
tained in ground walnut flour is more stable than commercial
walnut oil stored in sealed bottles since the flour contains high
levels of vitamin E.

Regarding FFA values, two types packaged walnut kernels and
walnut oils in screw-cap tubes did not vary significantly along
storage period, which were 0.14, 0.15 and 0.10%, respectively, after
20 d of storage. In contrast, the FFA value of oils extracted from two
selected packaged walnut paste increased with increasing storage
time and were 0.52 and 0.37%, respectively, after 20 d of storage.
This implies that the oils contained in walnut paste are more likely
to hydrolytic rancidity than those in walnut kernels and cold-
pressed oils, especially for vacuum packaged paste. Walnut paste
may be effectively used as an ingredient for bakery products and for
many frequently consumed foods (Ayo et al., 2007; ErcoŞKun &
Demirci-ErcoŞKun, 2010; G�omez, Oliete, Caballero, Ronda, &
Blanco, 2008; Oliete et al., 2008). The results observed in this
experiment demonstrate that FFA values in walnut paste should be
used as a key parameter for walnut quality evaluation during
storage.

4. Conclusions

Thermal treatment for enzyme inactivation had an adverse ef-
fect on the initial quality of walnut paste, but still provided
acceptable quality recommended by the USwalnut industry. The PV
and CDV of the walnut paste were reduced or stable, while the FFA
values increased during storage time. After 20 days of storage,
however, the oil quality in all heated walnut paste was not changed
significantly. Walnut paste with normal or vacuum package was
more stable than walnut kernels and cold-pressed walnut oils
during storage. Since walnut paste was prone to hydrolytic
rancidity, the FFA value significantly increased during storage and
was themajor parameter to limit long-term storage of walnut paste
in commercial practices. The storage experimental results showed
that walnut paste kept in vacuum or normal package at ambient
temperature (25 �C) could be easily stored for up to two months
with entirely satisfactory quality.
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