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Abstract
Vacuum frying conditions were investigated with respect to physical, chemical and sensorial properties of French fries 
and frying oil, besides determining the effect of frying conditions in terms of frying temperature and time. In order to 
determine the optimum frying conditions of the French fries optimization study was carried out according to Central 
Composite Rotatable Design. The results were evaluated to determine optimum vacuum frying conditions targeting 
minimum oil content, 30–45 N in range of hardness, minimum acrylamide content and maximum overall preference. 
The optimum vacuum frying condition was selected as 124.39 °C of frying temperature and 8.36 min of frying time for 
French fries. The French fries obtained at optimum conditions for vacuum frying preserved the desired color, textural 
properties and flavor and it has low oil content and reduced acrylamide formation. In addition, the frying oil quality was 
preserved with vacuum frying.
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1. Introduction
Deep fat frying is one of the earliest and most popular 

way of cooking process where the food is immersed into the 
hot oil (150–200 °C) at atmospheric pressure. Due to attrac-
tive color, texture and flavor of fried foods, deep fat frying is 
commonly applied both at home and in the food industry.1 
Nowadays, deep fat frying has been remarkably interested 
by researchers due to rising consumption of fast food and 
pre-cooked food. Unfortunately, many studies related with 
deep fat frying reported that excessive oil uptake and high 
frying temperature had negative effects on health such as 
coronary heart diseases, cancer, diabetes and hypertension.2

As a result of simultaneous heat and mass transfer 
during deep-fat frying chemical and physical changes in 
foods have occurred for instance; moisture loss, oil uptake, 
crust formation, starch gelatinization and color change 
with the Maillard reaction, oxidation, hydrolysis and po-
lymerization of oil. In addition to these changes, acryl-
amide was also formed during deep-fat frying process.3 

Although consumer awareness of the relationship between 
nutrition and health increases, deep fat frying still contin-
ues to be one of the main cooking methods.4 That is why, 
the researchers have tried to develop alternative frying 
methods to eliminate the negative effects of deep fat frying 
and get healthier fried products.

Vacuum frying is one of the new technologies as an 
alternative to atmospheric pressure frying and it is performed 
by immersing the food into the oil in a closed system at pres-
sures lower than atmospheric pressure.5,6 Even though vacu-
um frying process carried out under the pressure of 6.65 
kPa,7–10 it is increased up to 27.5 kPa in some studies.6,11–12

The vacuum frying process is performed at low tem-
perature in low-oxygen frying medium.9,13 Thus, the vacu-
um frying is superior to atmospheric frying in terms of the 
protection of nutritional composition, color and flavor of 
the fried product, reusability of frying oil and acrylamide 
formation.13 Acrylamide, classified as a potential carcino-
gen by the International Agency for Research on Cancer, is 
formed in foods rich in both carbohydrates and proteins 
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during cooking process at high temperatures.14 Many stud-
ies in literature showed that vacuum frying of potato chips 
led to form less acrylamide compared to those of atmo-
spheric pressure.3,15–16 Although reduction of acrylamide in 
vacuum fried products is clear, the effect of vacuum on oil 
uptake is highly complex. According to Garayo and Morei-
ra,13 potato chips had 30% less fat content with vacuum fry-
ing than atmospheric frying, while the potato chips with 
similar color and textural properties obtained with both 
frying methods. In contrast to this study, Troncoso et al.,8 
found that vacuum frying resulted in an increase in oil con-
tent of potato chips compared to atmospheric frying.

The quality of frying oil is also an important param-
eter affecting the quality of the fried food. Limited number 
of studies have been in literature investigating the effect of 
vacuum application on quality of frying oil.9,17 Crosa et 
al.,9 investigated the effect of vacuum frying and tradition-
al frying on sunflower oil degradation, fatty acid composi-
tion and alpha-tocopherol content. It was determined a 
significant increase in the usage time of the oil with vacu-
um frying process compared with atmospheric frying pro-
cess. Similarly, Aladedunye and Przybylski,17 reported that 
vacuum frying reduced the total polarity by 76% com-
pared to atmospheric frying and lower oxidative degrada-
tion was observed. They also found that the rate of tocoph-
erol degradation was three and twelve slower with vacuum 
frying than with other methods.

During frying, the texture of the fruits and vegeta-
bles becomes initial soft and then hard due to progressive 
development of a dehydration crust. In addition, there is 
less structural change with vacuum frying than with atmo-
spheric frying.14 Visual observations in apple slices showed 
that the surface of vacuum fried products was less expand-
ed than atmospheric frying.6 Dueik et al.,18 determined 
that the maximum power of fried carrot chips is not affect-
ed by frying technology and temperature, so that vacuum 
fried chips have the same crispness as atmospheric fried 
ones. Da Silva and Moreira,19 did not found significant dif-
ferences in the textural parameters of sweet potato, mango 
and green beans between atmospheric and vacuum frying.

In this study, a vacuum cooking equipment having 
frying function was developed to investigate the effect of 
frying conditions in terms of temperature and time on 
physical, chemical and sensorial properties of French fries 
and frying oil. In order to determine the optimum frying 
conditions (temperature and time), optimization study 
was carried out according to Central Composite Rotatable 
Design (CCRD) and the effects of the temperature and 
time of vacuum frying were investigated.

2. Experimental
2. 1. Material

Frozen French fries and sunflower oil were obtained 
from a local supermarket in Izmir. Sunflower oil was select-

ed as frying medium due to preferring mostly at home. Pri-
or to frying process, frozen French fries were sorted with 
respect to their size (1 × 1 × 8 cm) and stored at –24 °C. The 
moisture and oil content of the frozen French fries were 
determined 71.7 ± 1.7% and 3.9 ± 0.5%, respectively.

2. 2. Developed Vacuum Frying Equipment
The vacuum frying equipment was designed to allow 

frying at wide range of temperature and vacuum pressure. 
Tomruk et al.20 already gave the constructional and work-
ing details of the equipment used in this study. The devel-
oped equipment consisted of three parts that were vacuum 
vessel, condenser and vacuum pump as shown in Fig. 1. 
The vacuum vessel was capacity of 6 liter and a basket, 
which can be moved up and down, was added to the vacu-
um vessel and it was difference from Tomruk et al.20. Also, 
a thermocouple (PT 100) was placed in the vacuum vessel 
to determine temperature of frying oil. Electrical heater 
was 1.5 kW and the vacuum pump (0.55 Hp) was oily type. 
The condenser includes refrigerant (R-404a). In this devel-
oped equipment, while the vacuum level and cooking time 
were controlled by PLC system, the heater was pro-
grammed by PID control system.

Fig. 1. Developed vacuum frying equipment

2. 3. Frying Process
In this study, French fries were fried under vacuum. 

French fries to sunflower oil ratio was 1:6 (w/v). Vacuum 
frying process was consisted of eight steps: (1) heating oil 
to selected temperature, (2) loading of French fries in a bas-
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ket and closing the lid, (3) applying vacuum until 13.3 kPa, 
(4) immersing the French fries into the hot oil, (5) frying 
French fries for selected time, (6) lifting the basket from 
the oil, (7) waiting for 30 seconds to allow the surface oil 
flow down, (8) pressurizing the vessel.

The level of vacuum in this study was 13.3 kPa for all 
vacuum frying experiments. This level of vacuum was 
maximum vacuum pressure can be applied in the devel-
oped equipment.

For vacuum frying experiments, French fries were 
fried at 120–150 °C for 5–15 min according to Central 
Composite Rotatable Design (CCRD). Experimental 
CCRD design was given in Table 1. All the frying experi-
ments were done in duplicate.

2. 4. French Fries Analysis
Moisture Content

For determination of moisture content in raw and 
fried French fries, samples were crushed with sand and 
dried in vacuum oven (Vacucell, U.S.A) at 65 °C for 24–
48h until constant weight.21

Color
Color of the raw and fried French fries were deter-

mined with a Minolta Chroma Meter (Konica Minolta, 
CR-400, Osaka, Japan). Hunter L, a, and b values were re-
corded to calculate the browning index (BI) of French fries 
(Eq. 1).22,23

	  		  (1)

Texture
The firmness of raw and fried French fries was mea-

sured by using the Texture Analyzer equipment (TA-XT2, 
Stable Micro Systems, UK) equipped with Multiple Chip 
Rig probe. Puncture test was simultaneously applied to 10 
potato samples and the maximum power (N) was record-
ed. Puncture test was performed under these conditions: 
pre-test speed: 2 mm/s, test speed: 1 mm/s, post-test speed: 
10 mm/s, distance: 5 mm and trigger force: 20 g.

Acrylamide content
Acrylamide content of French fries was analyzed with 

LC/MS-MS (ThermoFisher Scientific, USA). This method 
consisted of three sections, which were acrylamide stan-
dards preparation, sample preparation and purification.23

Oil content
Oil content of samples was gravimetrically determined 

by using hexane as the solvent with Soxhelet system.21

Microstructure
Microstructure of the raw and fried French fries 

were determined by using Micro Computer Tomography 

(Micro-CT) equipment (Scanco Medical μCT 50, Switzer-
land). 3D models were created with the images received 
cross-section of the sample by using X-rays. The average 
pore diameter (μm) of the raw and fried samples were also 
measured.24

Sensory evaluation
Sensory properties of fried French fries were evalu-

ated in terms of appearance, color, texture, flavor (taste 
and smell) and overall acceptance. Sensory analysis was 
performed according to Altuğ and Elmacı,25 with 10 pan-
elists. All panelists were non-smokers. The intensity of the 
properties was determined using a 5–point scale (1 being 
the lowest and 5 being the highest).

2. 5. Frying Oil Analysis
Free Fatty Acids

Free fatty acids (FFA) content of frying oil was deter-
mined using a titrimetric method and expressed as free 
oleic acid percentage.26

Peroxide Value (PV)
Peroxide value (PV) expressed in milliequivalents of 

active oxygen per kilogram oil (mEq O2/kg oil), was deter-
mined. 26

Total Polar Compounds (TPC)
Total polar compounds estimation was based on di-

electric constant changes directly measured on hot oil with 
Deep Frying Oil Tester testoT270, when frying oil tem-
perature was approximately 80 ( ± 5) °C.

Experimental Design and Statistical Analysis
Response surface methodology (RSM) was used to 

investigate the main effects of frying temperature and time 
on physical, chemical and sensorial properties of French 
fries fried under vacuum and optimize the responses. All 
experimental data were fitted to a second-order polynomi-
al model and regression coefficients were obtained for 
each response. Significant terms in the models were found 
by analysis of variance (ANOVA). Design Expert Ver. 7.0.0 
(Stat-Ease, 2005) and were used to fit response surfaces, 
where significant differences (p < 0.05) were detected.

All of the analysis were done in triplicates. Results 
are shown as mean ± standard deviation.

Optimization
Numerical methods (desirability function) were 

used for optimization. At least five attempts were carried 
out at the optimum point as determined by the model (the 
optimum process conditions) and the optimum point was 
confirmed experimentally. In this study, desirability func-
tions were evaluated for the criteria of minimum oil con-
tent, 30–45 N in range of hardness, minimum acrylamide 
content and maximum overall preference. These criterions 
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were chosen according the literature data. Furthermore, 
response surface graphs and contour lines that helps to de-
termine the optimum point is plotted using models ob-
tained by regression analysis.

3. Results and Discussion
3. 1. Effect of Vacuum Frying on French Fries

The physical, chemical and sensorial properties of 
the French fries at different experimental conditions are 
given in Table 1.

ANOVA and regression analysis were evaluated to fit 
the model and determined the statistical significance of 
the model terms, as shown in Table 2. The quadratic poly-
nomial model represented significantly the experimental 
values of responses at p < 0.05 level, besides the lack of fit 
of models were not significant. The counter plots of the 
predicted model of BI, hardness, oil content, acrylamide 
content, moisture content, overall acceptance, average 
pore diameter and peroxide value are given in Fig. 2.

Moisture content was an important quality criteria 
for fried foods due to its effect on final product texture, 
microstructure and sensorial acceptability.27 The moisture 
content of fried foods varied with initial moisture content 
and dimensions of the product, and frying temperature 
and time.24 The moisture content of French fries decreased 
with an increase in frying temperature and time as shown 
in Table 1. Garayo and Moreira,13 explained this circum-
stance as follows; the boiling point of water reduced with a 
decrease in pressure, so the water in the potato begun to 
vaporize faster under vacuum. Lisinska and Golubows-
ka,28 have reported that French fries had a moisture con-
tent of 44.7% because of atmospheric frying at 180 °C for  
7 min. Besides, Romani et al.,29 observed that moisture 
content of French fries changed from 43.38% to 29.37% at  
180 °C for 10 min depending on type of fryer and potato to 
oil ratio. These results were in consistent with our findings 
for vacuum frying. The ANOVA results also showed that, 
the moisture contents of French fries fried under vacuum 
significantly changed with frying temperature and time as 
shown in Table 2. In addition, it can be clearly seen in 
Fig.2.

The oil content of fried products was also one of the 
most important quality features in many ways such as 
number of calories supplied by the food and growing trend 
on consuming foods produced with healthier methods. 
Beside the health issues about oil consumption, it had spe-
cific functional effects on flavor, appearance and smooth 
mouthfeel, which contributes the sensorial quality of the 
product.30 For this reason, many studies focused on pro-
ducing fried products with low oil content that still pro-
tecting the desirable texture and flavor. Oil absorption was 
affected by the quality of frying oil, frying temperature, 
time and pressure, shape and chemical composition of 
food and applied pre-treatments.4 In literature, critical Ta
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Fig. 2 Response surface graphics and isohips curves for the quality characteristic of vacuum fried French fries



30 Acta Chim. Slov. 2021, 68, 25–36

Devseren et al.:   Effect of Vacuum Frying Conditions   ...

Ta
bl

e 
2.

 A
N

O
VA

 re
su

lts
 fo

r q
ua

lit
y 

an
al

ys
is 

of
 v

ac
uu

m
 fr

ie
d 

Fr
en

ch
 fr

ie
s a

nd
 fr

yi
ng

 o
il

	
p-

 v
al

ue
Va

ri
at

io
n 

	
BI

	
H

ar
dn

es
s (

N
)	

Av
er

ag
e 

po
re

	
O

il 
co

nt
en

t	
M

oi
st

ur
e	

A
cr

yl
am

id
e	

O
ve

ra
ll	

Fr
ee

 fa
tt

y 
ac

id
s	

Pe
ro

xi
de

 v
al

ue
	

To
ta

l p
ol

ar
So

ur
ce

			



di

am
et

er
 (µ

m
)	

(%
)	

co
nt

en
t (

%
)	

co
nt

en
t (

pp
b)

	
ac

ce
pt

an
ce

	
 (%

 o
le

ic
 a

ci
d)

	
 (m

eq
 O

2 /
kg

 o
il)

	
co

m
po

un
ds

 (%
)

M
od

el
	

0.
00

01
* 	

0.
00

07
* 	

0.
00

17
*	

<0
.0

00
1* 	

0.
00

05
*	

0.
00

02
* 	

<0
.0

00
1* 	

0.
57

10
	

0.
00

05
*	

0.
69

23
X

1	
0.

00
13

* 	
0.

17
27

	
0.

00
09

*	
0.

00
02

* 	
0.

02
07

*	
<0

.0
00

1* 	
0.

88
34

	
0.

80
59

	
<0

.0
00

1*
	

0.
37

45
X

2	
<0

.0
00

1* 	
<0

.0
00

1* 	
0.

00
04

*	
<0

.0
00

1* 	
<0

.0
00

1*
	

0.
00

40
* 	

0.
00

85
* 	

0.
22

16
	

0.
01

76
*	

0.
67

69
X

1 X
2	

0.
14

30
	

0.
91

77
	

0.
09

33
	

0.
07

87
	

0.
93

77
	

0.
61

41
	

<0
.0

00
1* 	

0.
42

62
	

0.
50

51
	

0.
76

75
X

12	
0.

02
77

* 	
0.

22
23

	
0.

72
11

	
0.

01
34

* 	
0.

73
57

	
0.

24
83

	
0.

00
24

* 	
0.

95
45

	
0.

01
68

*	
0.

73
33

X
22 	

0.
02

36
* 	

0.
02

04
* 	

0.
70

90
	

0.
00

02
* 	

0.
84

48
	

0.
05

35
	

<0
.0

00
1* 	

0.
25

74
	

0.
53

97
	

0.
21

36
La

ck
 o

f fi
t	

0.
30

94
	

0.
05

43
	

0.
70

88
	

0.
37

76
	

0.
74

89
	

0.
05

39
	

0.
83

70
	

0.
07

82
	

0.
17

99
	

0.
36

26

* S
ig

ni
fic

an
t d

iff
er

en
ce

s a
t 0

.0
5 

le
ve

l  
 X

1: 
Te

m
pe

ra
tu

re
 (º

C
), 

X
2: 

Ti
m

e 
(m

in
)

temperatures for frying which were important for ensur-
ing desirable structural and textural properties of the fried 
product were stated as 160 and 180  °C.31 Pedreschi and 
Moyano,32 found that increase in frying temperature re-
sulted in a decrease in the oil absorption. This was oc-
curred by the reason of that the surface of the food dried 
faster and a crust formed, which acted as a barrier to the 
absorption of oil at high temperature.33

The literature data indicated that vacuum frying de-
creased oil content, even though it occurred at low tem-
peratures.6,13,15 For vacuum frying, Fig. 2 showed that the 
oil content of French fries increased with increasing frying 
temperature and time. The lowest oil content (12.9%) was 
observed at 135 °C for 5 min (Table 1). Oil content of 
French fries was significantly affected by frying time and 
temperature (p < 0.05) (Table 2).

Troncoso et al.,8 determined that oil content of vacu-
um fried potato chips was higher than atmospheric fried 
chips whereas Garayo and Moreira13, Da Silva and Morei-
ra19 and Dueik et al.,34 reported that vacuum fried potato 
chips contained less oil compared to atmospheric frying 
chips. Furthermore, it was determined that by centrifuging 
the fried product after vacuum frying process resulted in 
70-81% reduction in oil content.10,35

Color of fried foods was also an important physical 
quality attribute generally considered when making a deci-
sion to consume the product. The color of French fries was 
developed as a result of Maillard reaction, which was 
mainly dependent on chemical composition of raw mate-
rial and frying conditions in terms of temperature and 
time.36 In this study, the color alternation of French fries 
caused by either frying conditions or frying methods was 
evaluated with Browning index (BI). Because the BI was 
considered as a reliable indicator of acrylamide concentra-
tion.23 The results showed that the higher frying tempera-
ture and/or the longer frying time resulted in the higher 
BI. Because the color development mechanism for French-
fries in thermal processing was dependent upon the rate of 
heat transfer. Vacuum fried vegetables and fruits had lower 
color changes and lighter color than atmospheric fried 
products.6,8,16,19 In case of high heat rates in atmospheric 
frying, the color of French fries turned rapidly to brown.37 
However, in the vacuum frying method, low frying oil 
temperature resulted in slowing down the rate of heat 
transfer to the interior of food and the color of food prod-
ucts was preserved. Moreover, Moyano et al.,38 found out 
that moisture content and color changes of French fries 
was highly correlated to each other. The similar results 
were also observed in BI and moisture content relations in 
this study.

The ANOVA results (Table 2) also showed that BI was 
significantly affected by frying temperature and frying time 
for vacuum frying (p < 0.05). Diamante et al.,39 also ob-
served the similar effect of frying temperature and time on 
BI value of vacuum fried gold kiwifruit slices. However, the 
effect of frying temperature on BI is limited for short frying 
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times in vacuum frying method (Fig. 2). The maximum val-
ue of BI (58.26) was observed at 145.6 °C for 13.5 min in 
vacuum fried French fries (Table 1). As far as BI results were 
concerned, vacuum frying protected the desired color of 
French Fries. Because the natural color and flavor of food 
product could be preserved during vacuum frying due to 
frying at low temperature and low oxygen content. Da Silva 
and Moreira,19 studied with different fruits and vegetables 
to determine the effect of vacuum frying on their physical 
and chemical properties and they found out that most of the 
products retained their natural colors.

For frying process, the size of food is another im-
portant parameter affecting the oil content and colour of 
fried food. Studies have shown that the oil absorption in-
creases as the thickness of the product decreases and the 
surface area increases.40 The best example of this is that 
French fries absorb less oil than potato chips due to their 
smaller surface area / volume ratio.41 Similarly, Guil-
laumin42 and Krokida et al.43 reported that there was a lin-
ear relationship between the thickness of potato chips and 
the amount of oil absorbed. Higher oil content as thickness 
decreases has been determined for potato chips. Also, the 
color change phenomenon gets more intense at smaller 
sample thickness. As thickness of French Fries was consid-
ered, lower thickness resulted in lower lightness and high-
er yellow color of the product.43 There are no studies ex-
amining the effect of food size for vacuum frying in the 
literature, but studies for atmospheric frying are sufficient 
to understand the effect of food size.

The texture of French fries was analyzed considering 
hardness, which was the maximum force (N) needed to 
penetrate the probe into sample. The changes in the hard-
ness of French fries with respect to frying temperature and 
time were given in Table 1 for vacuum frying. The hard-
ness of French fries increased with increasing frying tem-
perature and time. The hardness of French fries was only 
affected by frying time in vacuum frying (p < 0.05) (Table 
2). The 3-D response surface graph of hardness also ap-
proved the sole effect of frying time on hardness of vacu-
um fried French fries (Fig 2).

In the literature, there were different results about 
the effect of frying methods mainly atmospheric and vac-
uum frying. Troncoso et al.,8 studied on vacuum fried po-
tato chips and determined that the values of hardness and 
crispiness of chips were decreased by vacuum frying. In 
contrast, Mir-Bel et al.,12 indicated that vacuum fried 
dough had a much crunchier texture compared to atmo-
spheric fried dough. However, Da Silva and Moreira,19 
Dueik et al.,18 and Moreira et al.,35 observed no significant 
differences in the texture of vegetables prepared by atmo-
spheric and vacuum frying processes. In addition to frying 
method, the frying conditions, the chemical composition 
of fried sample, the size and thickness of fried sample, the 
kind of oil used as frying medium should also take a con-
sideration during interpreting the texture of fried samples. 
Indeed, Kita and Lisinska,44 found out that the type of fry-

ing medium significantly affected the texture of French 
fries. 

As previously mentioned, the moisture content of 
French fries had directly effect on textural properties of 
French fries. The highest hardness value for vacuum fried 
sample (68.8 N) was observed at 145 °C for 13.5 min and 
this sample also had the lowest moisture content (20.1%). 
In order to highlight the effect of the moisture content on 
hardness, Pearson correlation tests were evaluated for vac-
uum frying. The results of these tests showed that hardness 
of vacuum fried French fries were inversely correlated 
with the moisture content, and the correlation coefficients 
(r) of vacuum fried French fries were found as –0.827.

Fig. 3. Micro-CT images of vacuum fried French fries

The physical structure of fried products changed be-
cause of simultaneous heat and mass transfer during frying 
process. These changes played a key role in fat absorption 
and formation of textural structure.45,46 That is why, the 
structural changes in French fries during frying was ana-
lyzed with Micro Computer Tomography (Micro-CT) in 
this study. Micro-CT images of vacuum fried French fries 
are shown in Fig. 3. In these images, the change of colors 
from blue to red indicated to enlarge the pore diameter of 
French fries. Alam and Takhar,24 also found that the pore 
diameter of deep fat fried potato increased with increasing 
frying time while the total number of pores decreased.
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The average pore diameters of vacuum fried French 
fries enlarged with increasing frying time and tempera-
ture, and ranged between 116.8 and 342.2 μm. As men-
tioned above, the microstructure namely average pore di-
ameter had a key role on texture and oil absorption. Thus, 
Pearson correlation test was applied between the pore di-
ameter values and the hardness and oil content of vacuum 
fried French fries. The correlation coefficient values (r) 
were 0.788 for hardness and 0.794 for oil content at vacu-
um frying. Bouchon et al.,46 explained the oil absorption 
mechanism in deep fat frying of potato that was directly 
dependent upon microstructure as follow; suction of oil 
into the porous crust region after removing of potato from 
frying medium and the competition between capillary 
suction of oil into the crust region and drainage of oil 
along the surface of the product.

Using frozen or non-frozen potato in the frying pro-
cess can cause some effect on the fried product. If non-fro-
zen potatoes are used, the temperature difference between 
the oil and the product decreases and crust occurs slower 
than for the frozen ones. The slower crust formation caus-
es the product to absorb more oil. Also, Grop47 explained 
that one of the factors influencing acrylamide formation 
during frying is whether the food is fresh or frozen. French 
fries prepared from fresh potato contained more than the 
double the level of acrylamide compared with those from 
frozen potato.

Pedreschi et al.,48 determined that acrylamide con-
tent of potatoes increased about 58 times due to an in-
crease in the frying temperature from 120 °C to 150 °Cat 
atmospheric pressure. There were many studies indicating 
that increasing temperature caused higher acrylamide 
content during frying of potato products. 48

The amount of acrylamide in vacuum fried French 
fries varied between 42.0 and 516.9 ppb under different 
operating conditions (Table 1). It could be clearly seen in 
Fig. 2 and ANOVA analysis (Table 2), the acrylamide con-
tent of French fries was significantly affected by the frying 
temperature and time (p < 0.05) and it increased with in-
creasing frying temperature and time. Surdyk et al.,49 and 
Brathen and Knutsen,50 also observed a strong correlation 
between acrylamide formation and the baking tempera-
ture and time. The 3-D counter plot of acrylamide content 
also demonstrated the effect of frying temperature and 
time (Fig. 2). In addition, it has been determined that fry-
ing temperature was more effective on acrylamide content 
than frying time. The highest acrylamide content (516.9 
ppb) was detected at the highest temperature (150 °C) for 
10 min of frying time. This indicated that frying tempera-
ture was the most effective parameter for acrylamide for-
mation.

Ölmez et al.,51 investigated the acrylamide content of 
atmospheric fried foods in Turkey and stated that the high-
est acrylamide content was found in potato chips (59–2336 
ppb) and the secondly was in French fries (355–436 ppb). 
Granda et al.,15 examined the acrylamide content in potato 

chips fried at atmospheric (150, 165 and 180 °C) and vacu-
um frying conditions (118, 125 and 140 °C, 1.3 kPa). The 
acrylamide content of chips was found in the range of 358–
5021 ppb at 165 °C for 4 minutes of atmospheric frying and 
25–437 ppb at 118 °C for 8 minutes of vacuum frying. Sim-
ilarly, reduction in acrylamide content with vacuum frying 
was determined as 39–60% while frying of shrimp com-
pared to atmospheric frying.16 In this study, the reduction 
in acrylamide content with vacuum frying of French fries 
was found between 36% and 96% at 10 min.

It is well known that the formation of acrylamide is 
related with Maillard browning reaction and content of 
reducing sugar and asparagine in the potato product.52 
Because of the relation of Maillard browning reaction and 
acrylamide formation, colour values can be utilized as an 
indicator of acrylamide formation. Many studies have 
pointed out that there was a correlation between the 
acrylamide content and colour of fried potatoes.36,48,53 In 
our study, similar to literature, it was determined that as 
the browning index increased higher acrylamide content 
was determined in fried French fries. According to cor-
relation analysis, the acrylamide content and the brown-
ing index gave a correlation of r = 0.64 in vacuum fried 
French fries.

In addition, there is a relationship between the acryl-
amide content and the moisture and oil contents and the 
pore diameters of the samples. The acrylamide content of 
the samples increased by increasing the oil content and de-
creased by the increase in moisture content. The increase 
in pore diameters of samples also showed a positive cor-
relation with the increase of acrylamide content. As previ-
ously mentioned, the moisture content of the samples de-
creased after the frying process at high temperatures and 
long processing times, while the oil contents and pore di-
ameters were growing. These changes in oil and moisture 
content and pore diameter were also effective on the acryl-
amide content of the samples. Acrylamide generally 
formed at high temperatures and low moisture conditions 
related with frying, baking, and roasting.54 During the fry-
ing process, most of the heat energy transferred from oil to 
food in order to evaporate the moisture in the food. With 
the prolongation of the frying process, especially the mois-
ture content of the food surface decreases, but the heat 
transfer from the oil to the food continues and the tem-
perature of the food rises above the wet bulb temperature. 
Thus, the proteins and sugars that make up the dry matter 
of the food are exposed to high temperatures, and the for-
mation of compounds such as acrylamide takes place. 
Gökmen et al.,54 also reported that acrylamide formed 
even at temperatures below 120 °C when the moisture con-
tent becomes adequately low upon prolonged frying. At 
high temperature frying process, rapid evaporation on the 
surface of the food can provide the necessary conditions 
for acrylamide formation.

Depending on potato cultivars, there are difference 
in dry matter, starch, protein ratio, phosphorus com-
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pounds, amylose, amylopectin ratio, total sugar, sucrose 
and ascorbic acid content. In previous studies, it was found 
that the oil content, acrylamide formation and colors of 
fried potato differ according to the potato cultivars.55–56 
The reducing sugars and asparagine, as acrylamide precur-
sors, are very important for reducing the acrylamide con-
tent in fried potato products.57 So, the selection of the po-
tato cultivar is very important to reduce acrylamide 
formation.58 Some cultivars are more suitable than others 
for frying, due to the low reducing sugar content. Yang et 
al.56 evaluated three potato cultivars to investigate acryl-
amide formation during frying and they determined that 
the composition of the fresh potato cultivar is the primary 
factor in the formation of acrylamide. Additionally, fried 
potato color is the result of the Maillard reaction that de-
pends on the content of reducing sugars and amino acids 
or proteins at the surface, and the temperature and time of 
frying. So, the cultivars of potato have effect on color of 
fried potatoes, as acrylamide content.59 Moreover, dry 
matter content of potato can be change depending on cul-
tivars and oil uptake of fried potato products is known to 
have a highly significant negative relationship with dry 
matter content. Kaur et al.60 evaluated 5 different cultivars 
of potato and the cultivars with higher dry matter content 
showed lower oil uptake.

The consumer perceived the sensory quality as food 
quality. Sensory evaluation was used to determine the 
quality of both the raw material and the final product. In 
this study, the sensorial quality of vacuum fried French 
fries represented as overall acceptance, which was deter-
mined considering appearance, color, texture and taste of 
French fries.

The overall acceptance scores of vacuum fried French 
fries as sensorial quality are given in Table 1. It was found 
that the most effective independent variable on the overall 
acceptance values was frying temperature until 10 min; af-
terward the overall acceptance value decreased possibly 
due to the browning of the color, losses in texture and taste 
of burnt flavor in vacuum fried French fries (Fig. 2). The 
region where the response surface curves had a circular 
shape showing the highest score of the overall acceptance 
and it was determined as 4.75 score for frying at 135 °C for 
10 min. Frying temperature did not have a significant ef-
fect on the overall acceptance of vacuum fried French fries 
compared to the frying time. This result was also coherent 
with ANOVA results (Table 2).

3. 2. Effect of Vacuum Frying on Frying Oil
During frying process, oil undergoes to chemical 

deterioration. This leads to the formation of more polar 
compounds than the triacylglycerol’s of frying oil. These 
are called total polar material (TPM), and concentration 
of TPM is considered as an indicator of the quality of fry-
ing oil.61 The amount of TPM depend on processing con-
ditions as frying temperature, frying time, oxygen and 

water content of food.62 Because TPM is harmful for hu-
man healthy, some countries have a limit of TPM in fry-
ing oil. The limit of TPM is 25% in France, Turkey, Bel-
gium, Italy, Spain and South Africa, while it is 27% in 
Austria and Germany.63,64 According to Table 1, the total 
polar material content of the frying oils obtained at the 
end of the frying process varies between 8.25% and 
8.83%. Although different frying time and temperature 
were applied, the total polar material contents of frying 
oils were found to be very close to each other. According 
to ANOVA analysis, the effect of frying time and tem-
perature was not significant statistically (p > 0.05). In ad-
dition, the frying oil has a polar substance content of 8.08 
± 0.20% before frying process, this was indicated that the 
vacuum frying process does not produce significant dif-
ferences in the total polar material content. In our study, 
the results of the total polar material content were found 
to be in accordance with the current regulation of frying 
oil in all countries.

The free fatty acid content of the frying oil is widely 
used as an indicator of oil degradation. Free fatty acidity 
can be followed quickly and reliably during frying.65 It is 
usually formed by the decomposition of triglycerides as a 
result of hydrolysis in the oil with the effect of air and hu-
midity at high temperature.66 According to the frying oil 
regulation in Turkey, the acids number can be maximum 
2.5 mg KOH /g oil.64 The acids number is equal to two 
times free fatty acids content. This limit value may vary 
between countries. The maximum permissible free fatty 
acid values of some countries are as follows; 1.25% in 
Austria , 2.5% in Belgium , 1% in Germany, 1.25% in Japan 
and 2.25% in the Netherlands.67 In addition, frying oil is 
changed according to the free fatty acid content in the in-
dustry and the point determined for changing the oil var-
ies depending on the product. This value is 0.5% for potato 
chips and 1% for French fries.

The effects of vacuum frying process variables on 
the free fatty acid content of frying oil were investigated 
and the free fatty acid content of frying oil were found 
between 0.0323% and 0.0486% oleic acids. These values 
were very close to each other. The free fatty acid content 
of the oil was determined as 0.0310 ± 0.0019% before fry-
ing process. It was observed that the free fatty acid con-
tent of the oil increased with the frying process, but the 
frying oil was suitable for reuse according to the regula-
tions.

According to ANOVA analysis, the effect of vacuum 
frying process conditions on the free fatty acidity of fry-
ing oil could not be explained by the selected quadratic 
model (p > 0.05). This is because the values of free fatty 
acid of frying oils are very close to each other. Frying 
temperature and time did not have a significant effect on 
the free fatty acid content of vacuum frying oil (Table 2).

The peroxide value increases with the progression of 
primary oxidation in oil. As oxidation progresses, primary 
oxidation products (hydroperoxide) are broken down to 
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Table 3. Results of statistical analysis for verification the optimization results 

Responses	 Predicted value	 Experimental valuea	 SEb	 Difference	 % Errorc	 p-value

Hardness (N)	   32.03	 37.95 ± 1.38	 0.619	     5.92	 15.60	 0.001
Overall acceptance	     4.09	   4.51 ± 0.17	 0.076	     0.42	   9.41	 0.005
Acrylamide content (ppb)	 87.4	 65.1 ± 3.9	 1.739	 –22.32	 34.28	 0.000
Oil content (%)	   16.35	 13.18 ± 1.27	 0.569	   –3.16	 24.01	 0.005

a Experimental values were given as mean ± standard deviation   b Mean standard error   c % Error = (|yexp – ypre|/ yexp ) * 100

produce secondary oxidation products (aldehydes and ke-
tones).9 Therefore, while peroxide value give information 
about the quality of the oil, but it is insufficient in deter-
mining the usage period of the oil.

The peroxide value of the frying oil at different 
temperatures and times under vacuum, are given in Ta-
ble 1. When the peroxide values were examined, it was 
determined that increasing in temperature and time in-
creased the peroxide values, but the effect of time was 
very low. It was observed that the values of peroxide var-
ied between 0.113 and 0.481 meq O2 /kg and the highest 
value was reached in the condition at the highest tem-
perature (150 °C). According to the results of variance 
analysis, the effect of temperature and time of the frying 
oil on the peroxide number was statistically significant (p 
< 0.05).

3. 3. Optimization
The results were evaluated by using Design Expert 

version 7.0-packaged software and optimum vacuum fry-
ing conditions targeting minimum oil content, 30–45 N in 
range of hardness, minimum acrylamide content and 
maximum overall preference.

Second-order polynomial model was used for each 
response for determining the optimum point. The desir-
ability function approach was applied to obtain the opti-
mum point solution given in Table 3. The optimum vacu-
um frying condition was selected as 124.39 °C of frying 
temperature and 8.36 min of frying time for French fries 
frying. The oil content, hardness, acrylamide content and 
overall preference at optimum conditions were predicted 
as 16.35%, 32.03 N, 87.4 ppb and 4.09, respectively. The 
results of the five validation experiments at optimum vac-
uum frying conditions are also given in Table 3, compara-
tively as average results and the estimated values. The oil 
content, hardness, acrylamide content and overall prefer-
ence of the obtained samples were found to be significant 
(p < 0.05) different from the predicted values determined 
by Design Expert. It was determined that the hardness val-
ue was within the defined limits (30–45 N), but it was 
higher than the predicted value. Overall preference score 
was found to be higher than the predicted value, oil con-
tent and acrylamide content were obtained to be lower 
than the predicted values. These indicated a considerable 
increase in positive way.

4. Conclusion
Vacuum frying methods were applied to investigate 

the effect of frying conditions on physical, chemical and 
sensorial quality of French fries. That is why a vacuum fry-
ing equipment prototype was designed to work under both 
vacuum and atmospheric pressure. Effect of frying inde-
pendent variables (temperature and time) on French fries 
and frying oil was investigated according to CCRD exper-
imental design. In addition, vacuum frying process condi-
tions in terms of frying temperature and time were opti-
mized to produce French fries with targeting minimum oil 
content, 30–45 N in range of hardness, minimum acryl-
amide content and maximum overall preference. The opti-
mum vacuum frying condition was selected as 124.39 °C 
of frying temperature and 8.36 min of frying time for 
French fries frying. The results showed that vacuum frying 
method protected the characteristic color, texture and sen-
sorial quality of French fries, while the acrylamide content 
of French fries was low. The encountered problems, when 
targeted to achieve the desired color and texture in French 
fries frying at atmospheric frying, such as high acrylamide 
content, darkening of color and high oil content could be 
eliminated with vacuum frying. As a conclusion, vacuum 
frying can produce French fries containing low acrylamide 
content but having the same quality characteristics with 
those obtained under the atmospheric frying.
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Povzetek
Testirali smo različne pogoje vakuumskega cvrtja pomfrita in preverjali njegove fizikalne, kemijske in organoleptične 
lastnosti glede na uporabljeno olje ter trajanje in temperaturo cvrtja. Da bi določil optimalne pogoje cvrtja smo pri študiji 
uporabili načrt s centralno zasnovo z rotacijo. Optimalni pogoji so vključevali minimalno vsebnost olja, trdoto v območ-
ju 30–45 N, minimalno vsebnost akrilamida in celovito ustreznost. Optimalne rezultate cvrtja pomfrita smo dosegli s 
temperaturo 124.39 °C in trajanjem 8.36 min. Tako pripravljen pomfrit je ohranil željeno bravo, teksturne lastnosti in 
okus, vseboval pa je tudi malo olja in znižano tvorbo akrilamidov. Poleg tega se je pri vakuumskem cvrtju tudi ohranila 
kvaliteta olja.
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