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Abstract Reducing atmosphere drying (RAD) was
assayed as a novel technique for preserving the color and
the nutritional fresh notes of apricot. A freeze, hot air and
vacuum drying techniques were applied for a comparison
purpose. The results showed that the apricot samples dried
by both RADyx and RADnitrRogEN Preserved better the
fresh color notes while the freeze-drying was characterized
by light and dully notes compared to a fresh sample. The
total phenolic content significantly differed between fresh,
RADpx, RADJR, hot air and vacuum with the highest
value observed for both vacuum and hot air with 284.8 and
259.5 mg GAE 100 g~' dm, respectively. DPPH inhibi-
tion activity was significantly similar for both fresh (or
freeze drying) and each RADyx, hot air and vacuum dried
samples with 83.52, 76.3, 70.31, 67.86%, respectively,
with the highest value attributed to RADyx sample. The
RAD—type dried Samples (RADMI)(, RADNITROGENa
RADAr) possessed ABTS scavenging activity range of
68.74, 64.49 and 61.61 umol TE g~' dm respectively,
which were close to that of the fresh sample (63.36
pumol TE g~! dm) with the highest value attributed to
RADyx sample. The total flavonoid content was signifi-
cantly similar between fresh (or freeze drying), vacuum,
hot air and RADyx samples with a range of 27.38, 24.25,
19.41 and 18.81 mg QE 100 g~ dm, respectively, which
exhibited an advantageous role of hydrogen in RADyqx
system over both RADnitrRogen @and RAD k. For the first
time, a technique based on the use of hydrogen in the
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drying atmosphere of a closed system was successfully
proved for drying foods. This novel technique exhibits an
opportunity for the food drying processors to produce dried
foodstuffs with fresh color and nutritional notes.

Keywords Reducing atmosphere drying - Apricot - Color -
Antioxidant capacity - Fresh notes

Introduction

Drying is one of the oldest, cheapest and most common
food preservation techniques used to extend the shelf life of
various foodstuffs such as fruits, vegetables, meat, grains
and plants, and make them available out of season.
Although the use of several drying techniques such as sun,
hot air, osmotic, microwave, vacuum, heat pump, and
freeze drying as well as their combinations by food
industries; the convective drying is the most common
technique because of its simplicity and low cost (Wojdyto
et al. 2009; Megias-Pérez et al. 2014; Chong et al. 2013).
However, in many conventional drying methods as the
connective one, the product is exposed to at least one
critical factor such as high temperatures and oxygen-con-
tained atmosphere, which introduce negative alteration to
many heat- and oxygen- sensitive components (O’Neill
et al. 1998; Santos and Silva 2009). These undesirable
modifications of heat- and oxygen-sensitive components
could be categorized in two essential types: the sensorial
modification expressed by the loss of the fresh color, flavor
and aroma, and the nutritional modification presented by
the loss of the nutritional properties of some bioactive
compounds such as vitamins, polyphenols and unsaturated
fatty acid. The oxygen present in drying atmosphere pos-
sesses the ability to promote the chemical and enzymatic
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reactions in foods and then affect the overall quality by
changing the color, taste, texture and nutritional properties
of foods (Liu et al. 2014). The oxidative enzymatic
browning mediated by polyphenol oxidase (PPO) is con-
sidered as the principal factor in developing undesirable
brown color in fruit products. In industry, this undesirable
browning phenomenon is controlled by the use of some
chemicals such as ascorbate, sodium bisulfite, sulfur
dioxide and organic acids (citric, malic and acetic acid).
The use of sulfite compounds is more common in the
drying process of some fruits especially apricot and grape.
Otherwise, it has been reported that these sulfite com-
pounds may cause many health problems such as hyper-
sensitivity in some individuals (Hall 2007).

The undesirable oxidation reactions occurred during the
drying process have to be minimized to preserve the
nutritional and sensorial values of foods; this goal can be
achieved with a process performed under as low as possible
oxygen condition. In this context; the air used in conven-
tional methods as a drying atmosphere could be replaced
with some gases such as nitrogen (N,), argon (Ar) or car-
bon dioxide (CO,) to exclude oxygen implicated in the
deteriorative reactions (Mujumdar and Law 2010). In this
regard, the heat pump drying (HPD) technique has been
successfully tested in many different types of food (Chong
and Law 2010). The HPD minimizes losses in color and
improves rehydration capacity, texture and other important
quality parameters (Hawlader et al. 2006; Liu et al. 2014).
The studies of HDP technique carried out with modified
gaseous conditions were generally limited to modify the
ambient atmosphere with CO,, N, or their combinations.
There was any study that assayed the use of hydrogen in
gaseous combinations as a drying atmosphere.

In the drying industry, some fruits like apricot and grape
are treated with reducing chemicals such as the sulfite
compounds to provide a desirable golden color to the
product as well as biological stability during food storage.
However, the use of sulfite compounds was restricted by
many countries due to its harmful effects on the health of
consumers. The idea of the present study was to use an
alternative compound possessing similar reducing property
as the sulfite compounds but without residues in the pro-
duct or negative effects on the health of the consumer, that
is the hydrogen.

In this study, a new drying technique called Reducing
Atmosphere Drying (RAD) that based on the use of gas-
eous combinations (CO, and N,) containing reducing gas
(H») in a closed-system was investigated for the first time
for drying foods in laboratory conditions. Reducing
Atmosphere term was used in this study to describe the use
of a gaseous mixture containing hydrogen gas. Apricot was
taken as a sample and dried by freeze-, hot air and vacuum
drying beside the RAD technique for a comparison

purpose. The color parameters and antioxidant capacity
(DPPH, ABTS, flavonoids, total phenolics) of the dried
samples were investigated as quality determinants of dried
products. The aim of this new drying method is to obtain a
dried product with high sensorial and nutritional quality by
benefiting from advantages of reducing property of
hydrogen as an alternative to the commonly used chemical
preservatives in apricot drying processing i.e. sulfite
compounds.

Materials and methods
Fruit sample

Hacihaliloglu apricot variety (Prunus armeniaca L.) fruits
were obtained from Malatya region in Turkey during June
2017 and stored at 4 °C until use. Before the drying pro-
cess, the fruits were washed by the tap water; inedible parts
were discarded and fruit halves were sliced into 8 x 8 mm
cubes.

Chemicals

2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2’-azinobis (3-
ethyl-benzothiazoline-6-sulphonate) (ABTS), Folin—Cio-
calteu’s, Methanol, Ethanol, Hydrochloric acid, Potassium
persulphate, Sodium acetate, Sodium carbonate, Ascorbic
acid, Trolox, and Gallic acid are from analytical grade and
purchased from Sigma Aldrich.

Approximate composition of fresh fruit

The moisture content of the apricot fruits (5 g £ 0.1 mg)
was determined by drying in an oven at 105 °C under
atmospheric pressure until constant weight and expressed
as weight in 100 g dry matter. The multiparameter analyzer
(Consort, C3040, Belgium) was used to measure the pH
with a pH electrode (Consort, SP10B, Belgium). The total
soluble solids (°Brix) were determined by using a refrac-
tometer (Boeco Digital Abbe Refractometer, BOE 32400,
Germany).

Drying experiment

Apricot samples were dried in different drying systems
including laboratory-type Reducing Atmosphere Drying
System prototype designed in RCRAF (Research Center
for Redox Applications in Foods), freeze-, vacuum and hot
air drying to reach a final humidity value below 20%. In the
RAD system, three different drying atmospheres were
evaluated: Air, 100% N, and hydrogen included- gaseous
mixture (4% Hj, 5% CO,, 91% N,).
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Reducing atmosphere drying assay

The Reducing Atmosphere Drying System was designed
and constructed under laboratory conditions in the
Research Center for Redox Applications in Foods
(RCRAF) (Fig. 1).

The RAD system functions as follows: the gas mixer
instrument regulates the combination composition of gases
at desired proportions. The gaseous mixture exits the gas
mixer to reach the drying closed-cycle. The blower pushes
the gaseous mixture toward the heater. The heated- gaseous
mixture (in this assay 70 °C) is then passed into the drying
cabinet which benefits from heat and light isolation system
and contains a fruit sample deposited on a perforated
drying tray inside. The wet gaseous mixture leaves the
drying cabinet to reach the gradual condenser system
(— 20 °C) which separate the moisture from the gaseous
atmosphere. The dry gaseous mixture reaches the blower
again to start a new cycle. Since the system is a closed
loop, the gaseous mixture is continuously circulated and a
fresh gaseous mixture is introduced at certain time inter-
vals. The hydrogen content of the gaseous mixture was
controlled periodically.

Fig. 1 Schematic diagram of Y Wil

the reducing atmosphere drying
system. 1 hydrogen cylinder; 2
nitrogen cylinder; 3 carbon
dioxide cylinder; 4 gas mixer; 5
gas blower; 6 heater; 7 drying
cabinet; 8 drying tray; 9 gradual
condenser system; 10 separated-
moisture

—» 8
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Freeze drying assay

The apricot samples were firstly kept in the freezer at
— 80 °C for approximately 8 h and then allowed to dry in
the freeze- dryer (Martin Christ, Alpha 1-2 LD, Germany)
for 22 h. The freeze-dried sample was evaluated as a fresh
and control sample.

Vacuum drying assay

The apricot samples were placed in a vacuum dryer (Dai-
han, WOV-30, Korea) and dried at 70 °C for 6 h.

Hot air drying assay

The apricot samples were placed in an oven (Memmert,
UNSS, Germany) at 70 °C for 7 h.

Color measurement

The CIE color parameters (L*, a* and b*) of the samples
were measured by using a colorimeter (Minolta, CR 410,
Osaka, Japan) according to Ihns et al. (2011) and the device
was calibrated before each measurement against a standard
white surface. The CIE L*, a* and b* values represent
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respectively; the dark-light spectrum, the green-red spec-
trum and the blue—yellow spectrum. The total color chan-
ges (AE) based on the difference of L*, a*, b* between
fresh (f) and dried samples (d) were calculated from the
following equation:

1/2
AE = [(Li—Lg)*+(af — ;)" +(bi— b))’

Sample extraction

The sample extraction was performed using the method
proposed by Vijaya Kumar Reddy et al. (2010) with slight
modifications. A weight of 0.2 g of fruit sample was taken
for DPPH, ABTS and total phenolic assays, while 1 g of
fruit sample was considered for the total flavonoid content;
then 10 ml of 50% methanol (v/v) containing 0.1% HCI
was added and homogenized at 1300 rpm forl min (IKA
Ultra Turrax, T18 model, Korea). The homogenate was
kept in the dark for 2 h at 25 °C and then centrifuged at
10,000 xg (10 °C for 15 min). The supernatant was fil-
tered through a Whatman No. 4 filter and then through
0.45 pm filter. The filtrate was either used immediately or
left to further analysis at — 80 °C.

DPPH (1,1-diphenyl-2-picrylhydrazyl) free radical
scavenging activity assay

The DPPH scavenging activity was determined according
to Madrau et al. (2009) with slight modifications. 500 pl of
sample extract was mixed with 2.5 ml of a 6 x 107> M
methanol solution of DPPH. The reaction mixture was
incubated in the dark at room temperature for 90 min and
then the absorbance was measured by spectrophotometry at
515 nm (Thermo Scientific, AQ 8000, USA). The DPPH
inhibition value was calculated according to the following
equation:

. Abssample

DPPH =11
(%) |: Abscuntml

]XIOO

ABTS [2,2’-Azinobis (3-Ethylbenzothiazoline-6-
Sulphonic Acid)] free radical scavenging activity
assay

The ABTS scavenging activity was performed using the
method proposed by Ozgen et al. (2006) with slight mod-
ifications. 7 mM ABTS stock solution with 2.45 mM
potassium persulfate (K,S,0g) was prepared by using
20 mM sodium acetate buffer (pH 4.5) and then incubated
in the dark at room temperature for 12—16 h for the for-
mation of radical. Prior to measurement, the ABTS solu-
tion was diluted with 20 mM acidified sodium acetate

(C,H5Na0,) to an absorbance of 0.700 & 0.01 at 734 nm.
Next, 100 pl of sample extract was mixed with 2.9 ml of
ABTS solution and then allowed to incubation period at
room temperature for 6 min. The absorbance of the mixture
was then measured at 734 nm by a spectrophotometer
(Thermo Scientific, AQ 8000, USA). The ABTS inhibition
value was calculated according to the following equation:

B Abssample

ABTS =1 100
(%) |: Absc‘antr01:| x

A Trolox calibration curve was fitted for a concentration
range of 0-2.5 mM (y = 35.854x, R? = 0.995). The ABTS
scavenging activity results were expressed as pmol Trolox
equivalents (TE) per gram dry matter of sample.

Total phenolic content assay

The total phenolic content was determined by using Folin—
Ciocalteu’s method according to Lépez et al. (2010).
0.5 ml of the sample extract was mixed with 0.5 ml of
Folin—Ciocalteu’s reagent and vortexed. After incubation
for 5 min at room temperature, 2 ml of 20% sodium car-
bonate (Na,COs3) solution was added and vortexed again.
After 30 min of incubation in the dark, 10 ml of ultrapure
water was added, vortexed and centrifuged (4000 x g for
5 min at room temperature). The supernatant was taken up
in the cuvette and the absorbance was read at 765 nm with
a spectrophotometer (Thermo Scientific, AQ 8000, USA).
Gallic acid was used as standard for a concentration range
of 0-100 pg ml™' (y = 5.0255x, R* = 0.9956). The total
phenolic content results were expressed as mg gallic acid
equivalent (mg GAE) per 100 g dry matter of sample.

Total flavonoid content assay

The total flavonoid content assay was performed according
to the method proposed by Vital et al. (2017). 300 pl
sample extract was mixed with 150 pl AICI; solution and
2550 pl methanol. After incubation for 30 min at room
temperature, the absorbance of the sample was read at
425 nm with a spectrophotometer (Thermo Scientific, AQ
8000, USA). Quercetin was used as standard for a con-
centration range of 0-300 pg ml™' (y = 7.2365x,
R? = 9973). The total flavonoid content results were
expressed as mg quercetin equivalent (QE) per 100 g dry
matter of sample.

Statistical analysis
The data were expressed as mean £ SD (standard devia-

tion) and the ANOVA analysis was carried out with one-
way analysis of variance by using Minitab 17 program.
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Results and discussion
Approximate composition

The average moisture, pH and total soluble solids (Brix)
values of the fresh Hacihaliloglu apricot variety were
determined as 74.77%, 5.66 and 22.95 °B, respectively.
Similarly, a moisture content value of 75.22% and Brix of
23.20 were observed by Akin et al. (2008) for the same
variety.

Color parameters

The color changes of the dried apricot samples were
measured by considering CIE L*, a*, b* values and total
color change (AE)(Table 1). These values are the most
common color coordinates used to determine the visual
characteristics of fruits and vegetables (Garcia-Alonso
et al. 2004).

Despite the similarity in a* values of the different drying
processes (p < 0.05), the L* and b* values present a sig-
nificant effect on the color change. The b* data were
grouped in two categories: (1) RAD-type techniques
besides the freeze-drying and (2) vacuum and hot air dry-
ing, with a significant difference between them on one side,
and between them and the fresh simple on the other
side(p < 0.05). The minimum total color change (AE) was
observed for RADNiTrROGEN and RADy 1k, while the max-
imum AE was noted for each vacuum drying, hot air and
RADAIR~

The change in color is generally associated with enzy-
matic/non-enzymatic reactions as well as a pigment loss in
fruits and vegetables. The decrease in L* value reflects the
darkening of the apricot samples while an increase in a*
value is related to a browning phenomenon in fruits and
vegetables (Akin et al. 2008; Garcia-Martinez et al. 2013).

L* and a* values of the fresh apricot samples in the
present study were similar to the values obtained by Akin
et al. (2008) in the Hacihaliloglu variety but b* value was
found to be higher. The highest and lowest L* value was
found for the freeze-dried and vacuum-dried samples
(Table 1). For all drying treatments, the b* value of the
samples significantly decreased (p < 0.05). The highest
browning phenomena were found for the vacuum-dried
samples with the lowest L* and b* values, while the freeze-
dried sample showed L* value higher than fresh, which
induces lightning (bleaching) effect of the samples
(Table 1). This phenomenon was generally explained by
the increase in the L* value and/or the decrease in chroma
value. The same phenomenon was observed for freeze-
dried pumpkin where the chroma value decreased and the
freeze-dried product was characterized by more light and

@ Springer

pale color notes compared to the fresh sample (Guiné and
Barroca 2012). These undesirable modifications of the
fresh color notes of food product present advantage of the
RAD technique over the freeze drying.

When all the L*, a* and b* parameters beside AE values
are taken into account, the closest color values to the fresh
sample were noted for the apricot samples dried by
RAD yix  and RADynrrrogen (Table 1).  Similarly;
Alwazeer (2018) observed that RADyx method is the best
drying method for preserving the color of Salak apricot
variety.

Antioxidant capacity
Total phenolic content

The phenolic compounds are well-known as plant sec-
ondary metabolites and play not only the role of free rad-
ical scavenger but also it possesses multiple medicinal and
physiological functions (Sultana et al. 2012). In the liter-
ature, the total phenolic content in fruits and vegeta-
bles was generally carried out using Folin—Ciocalteu’s
method and this method has been used for many years to
determine the total phenolic content (TPC) in natural
matrices. Since Folin—Ciocalteu’s method based on the
mechanism of oxidation/reduction reaction, it was consid-
ered as an antioxidant method too (Kamiloglu et al. 2014).

While RADnitrogen showed the lowest TPC, the
higher TPC value was observed for the vacuum and hot air
dried samples (Fig. 2). It is also suggested that the phenolic
compounds, which have a high large molecular weight and
are bound to the plant cell wall, may cause an increase in
the total phenolic content through the effect of temperature
(Sultana et al. 2012). Hence, this phenomenon could
explain the high level of total phenolic content observed for
the vacuum, hot air and RADjr drying methods, which
possess favorable conditions for the oxidation of
polyphenols. Despite all this, there is no certain informa-
tion about the effect of drying on the phenolic content of
apricot in the literature (Madrau et al. 2009).

DPPH scavenging activity

The results of DPPH show the non-significant difference
between RAD y1x, hot air and vacuum dried samples, with
the highest value attributed to RADyx (Fig. 3). The three
latter drying techniques show similarity in DPPH results
compared with a fresh sample that presents at the same
time the freeze-drying simple (83.52%)(p < 0.05). While
the high antioxidant activity of the hot air and vacuum
dried samples could be attributed to the formation of heat-
induced antioxidants such as MRPs (Manzocco et al.
2000), the high antioxidant activity of the RADyyx could
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Table 1 Color parameters of
the fresh and freeze-, RADyx,
RADnitroGEN: RADALR, hot air

Samples

Color parameters

L*

a*

b*

AE*

and vacuum dried of
Hacihaliloglu apricot variety

RAD Ar RAD nitroGEN RAD vix Freeze Drying Fresh

Hot Air Drying

Vacuum

Drying

61.119 + 2.690°

68.547 £ 0.553*

55.320 + 1.359°

56.36 + 1.85

51.707 + 0.0462 ¢

52.51 + 3.68 <

48.72 £ 2.07°

10.038 + 2.834°

8.057 + 0.214°

12.643 + 0.846™

10.820 + 0.877%

14.463 £+ 0.271°

12.005 + 0.432%®

13.223 + 0.543%®

49.536 + 2.152*

40.993 + 1.175°¢

42123 + 0.936

43.81 + 2.38°

40.05 £ 0.0520°¢

38.565 + 1.453 <4

37.00 + 2.20¢

11.49

9.76

7.48

14.00

14.08

17.91

Different letters (a, b and c) in the same column indicate statistically significant difference (p < 0.05)
RADM]X: 4% H2, 5% COz, 91% Nz; RADNITROGEN: 100% Nz; RADA[R'. Air, (n = 3)

be linked to the reducing property of H, gas that protects
the oxygen-sensible substances found in products such as
the bioactive compounds from the destructive oxidative
reactions happened in the presence of oxygen. This role of

hydrogen likes that attributed to ascorbic acid, for example,
where it is used in food industry as an anti-browning agent.
As mentioned above, the high antioxidant content of the
hot air and vacuum dried samples was related to the
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Fig. 2 Total phenolic content 400
of dried and fresh samples of

Hacihaliloglu apricot variety 350 a
300 -
250 -

200

Total phenolic content
(mg GAE/100 g dm)

100 -

50 -

Fresh

ab a ‘|’

ab

RAD

NITROGEN | RADAIR

RAD MIX Hot air Vacuum

mg GAE/100g (dm)

323.19

251.17 161.8 249.2 259.50 284.8

Different letters (a, b and c) indicate statistically significant difference (p<0.05). RADyx : 4% H ,, 5%
CO,, 91% N,; RADyrrogen: 100% Ny; RAD ,p: Air, (n=3); dm: dry matter; GAE: Gallic acid equivalent

Fig. 3 DPPH inhibition activity 100
of dried and fresh samples of

Hacihaliloglu apricot variety
80

70 -+
60 -
50 -

40

(% inhibition)

30

20 +

10

DPPH free radical scavenging activity

90 2

be

0 -4
RAD .
Fresh RAD MIX NITROGEN RAD AIR Hot air Vacuum
[DPPH INHIBITION (%) 83.52 763 4025 5243 70.31 67.86 \

Different letters (a, b and c¢) indicate statistically significant difference (p<0.05). RADyx : 4% H,, 5% CO,,
91% N,; RADyrrogen: 100% N,; RAD ! air; (n=3); dm: dry matter

formation of stable intermediate products with high
antioxidant activity property during the oxidation step of
polyphenols as well as the formation of non-enzymatic
browning compounds i.e. melanoidins (Albanese et al.
2013). The melanoidins, which are high molecular weight
heterogeneous polymers that occur in the final stage of the
Maillard reaction, possess various functional properties
such as antioxidants, antihypertensive and metal binders
(Cossu et al. 2012). It is important here to cite that a
positive correlation between browning and antioxidant
capacity of Maillard reaction products (MRPs) was iden-
tified in different model systems (Manzocco et al. 2000).
It is necessary to remind that the oxygen found in the
drying atmosphere in RAD g sample is consumed in the
early periods of the closed- drying process and then no

@ Springer

longer of oxygen for the rest of drying period is available.
The RADnrirrogen sample showed the lowest DPPH
inhibition activity with a significant difference between
RADntROGEN and other drying methods (except RADR).-
In the RADyNiTROGEN aSsay, as the air surrounding the
sample was replaced with an inert gas (N,), the oxidation
reactions were avoided and the antioxidant activity of the
product was expected to be high (Fig. 3). However, the
higher antioxidant activity of hot air and RADAr samples
compared to RADNiTrogen may be explained by the for-
mation of partially oxidized polyphenols that exhibit a
stronger antioxidant activity than oxidized ones (Kami-
loglu et al. 2016).
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Incedayi et al. (2016) reported DPPH inhibition values
of hot air dried apricots at 50 °C and 75 °C of 56.72 and
67.12%, respectively.

ABTS scavenging activity

The ABTS scavenging activity values of RAD-type dried
samples: RADMI)(, RADNITROGEN’ and RADA]R exhibited
68.74, 64.49 and 61.61 pmol TE g~' dm, respectively, that
were close to that of the fresh sample (63.36 pumol TE g~ '
dm) without significant difference between them
(p < 0.05), with the highest value attributed to RADyx
sample (Fig. 4). The similarity in ABTS results between
the three different types of RAD-type samples and fresh
sample demonstrates the high effectiveness of the RAD
system in preserving the antioxidant activity of the product.
Giiclii et al. (2006) observed low values in fresh and dried
Hacihaliloglu apricot variety with 3.50 and 16.16 pmol
TE g~' dm, respectively. The difference in results for the
same apricot variety could be explained by the difference
of the conditions of the procedure applied.

Total flavonoid content

The results presented in Fig. 5 showed a non-significant
difference in the total flavonoid content (TFC) between
fresh (or freeze-drying), vacuum, hot air and RADyqx
samples (Fig. 5). The RADyx sample shows an advanta-
geous role of reducing gas (hydrogen) compared with both
RADNITROGEN and RADAIR- Ouchemoukh et al. (2012)
found similar results in both methanolic and ethanolic
extracts of dried apricots.

In the present study, a moderately high drying temper-
ature (70 °C) was chosen for application in RAD system in
order to verify its maximum possible effects on both color
and bioactive compounds, in addition to simulating the

Fig. 4 ABTS scavenging 90
activity of dried and fresh

- . > 80
samples of Hacihaliloglu apricot RS
variety 5 7 ab
=l
= 60
2E
=% 50
on
g
‘=
= — 40
29
S E
3 30
o
()
&= 20
wn
5
10
<
0
Fresh
pumol TE/g (dm) 63.36

industrial drying conditions. If a lower temperature was
selected thus one would expect to have less change in
product properties, which could be more close to fresh
notes of fruit. Although the hot air and vacuum methods
benefit from the formation of browning products with the
antioxidant capacity property but characterized by its
undesirable brown color, the RADy;x having the same
temperature level showed an antioxidant capacity similar to
that of the fresh sample.

On the other hand, the use of carbon dioxide known to
possess a bactericidal property could play role in the
microbial inactivation process, which needs to perform
additional microbiological research to confirm this
hypothesis.

This novel system of drying presented by its three types:
RADMI)(, RADNITROGEN and RADA]R, demonstrates an
interesting strategy to overcome the negative effects of an
open cycle conventional drying methods. Hydrogen (H,)
has been approved by the food standard organizations as a
food additive in the propellant category with the code E
949 for uses in the food industry such as the production of
margarine. Different studies were performed for evaluating
the safety conditions when hydrogen use is considered. The
flammability of hydrogen in the air ranges from 4 to 75%
(v/v), and the explosive limit is, in normal temperature and
atmospheric conditions, between 18.3 and 59% (v/
v)(Crowl and Jo 2007; Najjar 2013). However, a study
showed that hydrogen diluted with nitrogen reduced the
rate of normalized mass burning and the index of
flammability, thereby, lowering the risk of explosion (Tang
et al. 2009). The reducing property of hydrogen is char-
acterized by its strong reducing capacity comparing to
other reductants. This property allows us to benefit from
this reducing property of hydrogen by using only low
levels (as low as 0.1%, v/v) in the gaseous mixture of
drying atmosphere, which constructs a safety key in its

a
ab
ab
I I c bc
RAD MIX RAD RAD AIR

Hot air Vacuum

NITROGEN
68.74 64.49 61.61 47.50 55.51

Different letters (a, b and c) indicate statistically significant difference (p<0.05). RAD ;x :4% H,, 5% CO,,
91% N,; RADyrrogen: 100% Ny; RAD ! air,; (n=3); dm: dry matter; TE: Trolox Equivalent.

@ Springer



3798 J Food Sci Technol (August 2019) 56(8):3790-3800
Fig. 5 Total flavonoid content 40

of dried and fresh samples of

Hacihaliloglu apricot variety 35

Total flavonoid content
(mg QE/100 g dm)
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Different letters (a, b and ¢) indicate statistically significant difference (p<0.05). RAD ;1 :4% H,, 5% CO,,
91% N,; RADyrrogen: 100% Ny; RAD 5t Air, (n=3); QE: Quercetin Equivalents; dm: dry matter.

application in drying technology. It is important to remaind
also the positive practice of dilution of hydrogen with the
nitrogen for lowering the risk of explosion. Although the
advantageous results of the present drying technique con-
cerning the sensorial and the nutritional properties of
foodstuffs it is important in the future to study the effect of
this novel technology on other food characteristics such as
the microbial and textural properties as well as an identi-
fication study of some specific bioactive compounds.

Conclusion

The results of this study show the advantageous role of the
RAD technique in the preservation of the fresh color notes
of the product. Concerning the nutritional property of the
dried samples, this study demonstrates the protective effect
of RAD technique especially the RAD px type in pre-
serving the bioactive compounds during the drying process.
All the different methods used in this study to measure the
antioxidant capacity of dried product (total phenolics,
DPPH, ABTS and Flavonoids) showed the similarity
between the RADyx sample and the fresh one, which
confirms the positive protective role of hydrogen included-
reducing atmosphere drying technique for preserving the
fresh nutritional notes of dried foodstuffs. These results
must not surprise us when we know the reducing agent
(hydrogen) used in the drying atmosphere plays different
positive roles in preserving the nutritional and sensorial
components of foodstuffs. The neutralization of many
destructive substances present in the medium especially
those of oxidative property such as the free radical,

@ Springer

hydrogen peroxide and oxidant metallic ions could explain
this positive protective effect of RADyx technique. The
oxygen- sensitive compounds characterizing the fresh notes
of fruits and vegetables are the target of many destructive
oxidation reactions occurred during processing and medi-
ated by different oxidants such as oxygen, free radicals,
some metallic ions and enzymes. These valuable com-
pounds including polyphenols, carotenoids, unsaturated
fatty acids and some vitamins such as C, E and B-carotene
are protected industrially using different chemicals such as
the sulfite compounds as in the case of apricot and grape
drying. The amount of residuals of these chemicals is
restricted by legislation due to its negative effects on
consumer health. By the present technique, the food drying
processors can solve this problem of residuals thanks to the
property of the hydrogen as a volatile reducing agent with
the non-residual property. On the other hand, the choice of
an appropriate dryer is a very important task for food
drying processors. Although the importance of the quality
of the final dried product, the food processors don’t prefer
using sophisticated techniques such as freeze-drying due to
its high costly equipment which, for example, reaches 4-8
times the hot air-drying costs (Ratti 2001), which in turn
increases the price of the final dried product. Therefore, the
selection of an appropriate dryer needs to be carefully
evaluated (Chong and Law 2010). The freeze-drying
technique is known for a long time for its property of
preservation of the freshness notes and the nutritional
compounds of the food product but unfortunately it is also
defined by its high costly equipment in addition to an
undesirable lightning effect on the sample color. The
proved novel technique could be an appropriate alternative
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to the freeze-drying process thanks to its simple and low
costs of equipment, and preservation of fresh color and
nutritional notes.
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