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ABSTRACT

Objective: The efficiency of corona discharge (CD) for detoxification of aflatoxin B1 (AB1), ochra-
toxin A (OA), and fumonisin B1 (FMB1) from poultry feeds with its influences on feed components 
was investigated.
Materials and Methods: Feed samples were exposed to CD for six durations (10, 20, 30, 40, 50, 
and 60 min) at three distances (1.5, 2.5, and 3.5 cm). Mycotoxin levels were estimated by compet-
itive enzyme-linked immunosorbent assay, and findings were substantiated by high-performance 
liquid chromatography.
Results: AB1, OA, and FMB1 degradation percentages increased significantly (p < 0.05) with pro-
cessing times increment and distances reduction to reach values of 83.22%, 84.21%, and 84.76% 
at the first distance; 80.28%, 84.00%, and 84.12% at the second distance; and 68.30%, 71.74%, 
and 76.18% at the third distance, respectively, after 60 min of treatment. FMB1 reported the 
highest degradation level. Concerning CD impacts on feed composition, protein, fat, and moisture 
contents decreased significantly (p < 0.05). Carbohydrates and ash were not affected adversely. 
Depending on peroxide values estimation, fats were of good quality.
Conclusion: The CD effectiveness for AB1, OA, and FMB1 detox from poultry feeds with moderate 
impact on the quality of feed.
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Introduction

Mycotoxins are secondary metabolites created by myco-
toxigenic molds that have multiple toxicological influences 
on humans and animals. Several mycotoxins have been 
specified, but the consistently confronted mycotoxins that 
constitute an apprehension for the health of humans and 
animals and have economic importance are aflatoxins, 
ochratoxins, and fumonisins [1–3]. Mycotoxigenic molds 
are present around the globe, resulting in the appearance 
of mycotoxins in the food series [4–7]. Exposure of humans 
to mycotoxins can take place directly and indirectly 
through the consumption of contaminated foods derived 
from plants and animals, respectively. AB1, OA, and FMB1 
are classified as the most serious mycotoxins due to their 
hepatotoxic, immunotoxic, nephrotoxic, neurotoxic, muta-
genic, carcinogenic, and teratogenic influences [1, 8].

As mycotoxins comprise an immense health menace 
to humans and animals and result in enormous economic 
losses, for this cause, approaches to eradicate or deactivate 
mycotoxins in foods and feeds are imperiously required. 
These approaches can be assorted into three fundamen-
tal divisions: physical, chemical, and biological approaches 
[9–11]. Non-thermal physical approaches came into light 
in the last few decades due to their low cost, low time con-
sumption, low undesirable effects on the food matrix, the 
ability to maintain good sensory and textural food char-
acteristics, and the capability to use them with all kinds 
of foods and feeds [12]. Cold plasma (CP) is classified as 
one of the most contemporary and promising approaches 
employed to reduce the levels of mycotoxins in foods and 
feeds significantly. The most significant degradation influ-
ence of CP on mycotoxins is the rapid reaction of the created 
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reactive species (RS), which include electrons, radicals, 
and reactive oxygen and nitrogen species, with double and 
triple bonds, functional groups, and various effective rings 
linked to the structure of mycotoxins. Mycotoxin destruc-
tion leads to the formation of less or non-toxic compounds 
compared to the original mycotoxin [13]. Mycotoxin deg-
radation using different forms of cold plasma was demon-
strated by several studies [14–16].

Corona discharge (CD) in the air at atmospheric pres-
sure is one of the simplest provenances of CP, known to 
produce chemically RS acting as powerful oxidizers [16]. 
Investigation of CD efficiency for mycotoxin degradation 
in feed was not documented. Corona discharge plasma 
jet (CDPJ) for AFB1 degradation was only inspected by 
Puligundla et al. [16] on glass slides and in artificially 
spiked rice and wheat. Therefore, the study aimed to detect 
the effectiveness of CD in AB1, OA, and FMB1 degradation 
in the feeds of poultry that were naturally contaminated 
and to establish the effective parameters for their degrada-
tion, in addition to evaluating the impact of CD on the feed 
nutritional ingredients and peroxide values (PVs).

Materials and Methods 

Samples of feed 

Samples of poultry feeds (pelleted type) were gained 
from factories of feeds and farms of poultry in Ninevah 
Governorate, Iraq, during the period from April to 
September of the year 2022. After sample homogenization, 
1 kg of representative samples was obtained, milled, and 
sieved (sieve with mesh NO. 18). The samples that demon-
strated AB1, OA, and FMB1 co-occurrence at the greatest 
values were utilized for CD exposure.

CD generation and application on feed samples 

The CD system comprised several components, including 
a high-voltage source as the main part. High-voltage pro-
duction is achieved by boosting a direct current (DC) via 
a zero-voltage switch circuit with a transformer. Since the 
electrodes are an essential part of the CD system, there-
fore, two copper electrodes are assembled around the cap-
illary tube. For gas injection, an air pump was used to feed 
the discharge system with working gas. Finally, the sample 
exposure plate was used for treatment. Plasma was gener-
ated under normal atmospheric pressure using a 24 V DC 
power source. The output voltage reached approximately 
15 kV with a frequency of 100 Hz. The plasma, produced 
via corona discharge between stainless steel electrodes, 
exhibited streamer-like properties. To produce a plasma 
jet or plume, a Model RS-510 air pump (Bulgaria) was 
used, providing a constant flow rate of 2.5 l per minute 
(lpm) with dry air serving as the working gas or carrier 

gas. Ten grams of naturally co-contaminated feed samples 
were put in a translucent polypropylene box (21.5 × 18 
× 4 cm) that was modified to permit plasma generation. 
The samples were placed in a superfine layer of approxi-
mately 0.1 cm and exposed to CD for six durations (10, 20, 
30, 40, 50, and 60 min) at three electrode-to-sample plate 
distances (1.5, 2.5, and 3.5 cm). The samples were stirred 
every 5 min, and each combination of time and distance 
was tested in triplicate. As the air was used as a working 
gas, O3, nitric oxide (NO), and nitrogen oxides (NOx) were 
estimated as indicators for ROS and RNS generated during 
CD application, respectively, in addition to sample tem-
perature measurement during different time durations 
and distances. Ozone concentration was estimated using 
a portable O3 gas detector at 100 ppm, in China. NO and 
NOx were estimated using a gas analyzer (TESTO 330-2 LL, 
Germany). Sample temperature was measured using a dig-
ital thermometer.

AB1, OA, and FMB1 quantification in feeds of poultry by 
enzyme-linked immunosorbent assay (ELISA) 

AB1, OA, and FMB1 levels in samples of feeds before and after 
CD treatment were determined by ELISA kits (Elabscience 
Biotechnology Inc., USA). Feed samples pretreatment and 
procedures of competitive ELISA for detection of AB1, OA, 
and FMB1 were executed by the instructions of the kit pro-
ducer. The optical density amounts were calculated by a 
reader of a microtiter plate (HumaReader HS, Germany).

Substantiation of results by HPLC analysis 

HPLC analysis was achieved on the samples of poultry 
feeds that exhibited a simultaneous occurrence of AB1, 
OA, and FMB1 at the greatest concentrations for CD expo-
sure. Likewise, samples that manifested the greatest deg-
radation values of mycotoxins after non-thermal exposure 
were examined by HPLC.

HPLC examination was conducted for AB1 in accordance 
with [17], OA in accordance with [18], and FMB1 by [19]. 
The standards of AB1, OA, and FMB1 were gained from 
Sigma-Aldrich (USA). Sample clean-up was executed utiliz-
ing SEP-PAK® silica cartridges (Waters Corporation, USA) 
for AB1, SEP-PAK® C18 cartridges (Waters  Corporation, 
USA) for OA, and cartridges for strong anion extraction 
(SAX) (InertSep SAX, GL Sciences, Japan) for FMB1. 
Mycotoxin determination was accomplished using an HPLC 
with a fluorescence detector from Shimadzu Corp., Japan. 
A NUCLEODUR® C18 column (4.6 × 250 mm, Germany) 
was employed.

Percentages and kinetics of mycotoxin degradation 

Percentages of AB1, OA, and FMB1 degradation after CD 
exposure were estimated in accordance with the equation: 
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Mycotoxin degradation (%) = (1−Ct/C0) × 100 	
where 
Ct = AB1, OA, and FMB1 concentrations at time (t). 
C0 = AB1, OA, and FMB1 initial concentrations at zero 

time.
The kinetics of mycotoxin degradation were modeled 

utilizing the exponential decay model [14], which can be 
fit based on the equation: 

y = y0+A1*exp (-(x-x0)/t1) 
Where:
y ≡ Ct; y0 ≡ C0; x ≡ t; A1, x0 and t1 are constants.

Assessment of the CD influence on the nutritional compo-
nents and peroxide values of the feeds 

Moisture in feeds depending upon water forfeit-on-drying 
at a temperature of 135°C for 2 h was measured by the 
method of AOAC 930.15 [20]. Total carbohydrate was val-
ued according to the phenol-sulfuric acid procedure [21]. 
Determination of crude fat was done utilizing a Soxhlet 
apparatus according to the method 920.39 [22]. Estimation 
of crude protein was performed employing the Kjeldahl 

method as per method 984.13 of AOAC [23]. The method 
of AOAC 942.05 was espoused for ash estimation [24]. 
Method 965.33 counseled by AOAC [25] was embraced to 
determine the peroxide values of the extracted fats.

Statistical analysis 
Statistical analysis of the data was accomplished uti-

lizing the Two-Way Analysis of Variance of the Sigma Stat 
Version 3.10. A comparison of the means was carried out 
by Duncan's Multiple Range Test at p < 0.05 [26].

Results and discussion

RS of CD and sample temperature

Results concerning the detection of RS produced during 
corona discharge exposure exhibited the predominance of 
ozone over the other estimated RS. Ozone levels increased 
significantly (p < 0.05) with processing times increment 
and electrode-to-sample plate distances reduction, to 
record amounts of 24.5, 22.41, and 19.01 parts per million 
(ppm) after 60 min from corona discharge exposure at the 
first, second, and third distances, respectively (Table 1). 

Table 1.  Ozone gas mean concentrations during CD application on feed samples at 
different time durations and distances.

Time (min)
Ozone concentration (ppm)

1.5 cm 2.5 cm 3.5 cm Time effect

0
0
a

0
a

0
a

0
A

2
11.83

b

10
c

6
d

9.28
B

4
16.26

e

14.2
f

9.04
g

13.17
C

6
17.63

h

14.85
i

11.6
j

14.69
D

8
19.77

k

16
l

13.98
m

16.58
E

10
20.75

n

17.89
o

15
p

17.88
F

20
22.53

q

20.24
r

17.07
s

19.95
G

30
23.78

t

21.84
u

18.58
v

21.4
H

40
24.2

w

22.02
x

19
v

21.74
I

50
24.5

w

22.38
x

19.03
v

21.97
I

60
24.5

w

22.41
x

19.01
v

21.97
I

Distance effect
18.70

A

16.53
B

13.48
C

Vertically different small letters are significantly different at (p < 0.05), horizontally different small 
letters are significantly different at (p < 0.05), and different capital letters within the last row and 
column are significantly different (p < 0.05).
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Perceptible values of NO and Nox (1 ppm) were 
recorded after 5 min at the first distance and 10 min at the 
second and third distances and continued until 60 min of 
CD application. Chang et al. [27] exhibited identical results 
when they found the sovereignty of ozone over the other 
assessed RS during exposure to corona discharge.

During CD treatment, sample temperature increased 
slightly to 25.4°C, 23.4°C, and 22.5°C after 60 min from 
the application of CD at distances of 1.5, 2.5, and 3.5 cm, 
respectively, compared with the temperature recorded at 
zero time (20.1°C). This increment was extremely little 
and inadequate to participate in mycotoxin degradation. 
A similar finding was indicated by [15], where the sample 
temperature reached 40°C after CP application.

Degradation of AB1, OA, and FMB1 after corona discharge 
exposure 

A linear decline in AB1, OA, and FMB1 levels in the samples 
of poultry feeds after treatment with CD was reported with 
a significant increment (p < 0.05) in examined mycotox-
ins degradation percentages to record values of 83.22%, 
84.21%, and 84.76% at the first distance; 80.28%, 84.00%, 
and 84.12% at the second distance; and 68.30%, 71.74%, 
and 76.18% at the third distance, respectively, after 60 
min. Results illustrated that exposure to CD for 10 min 
was enough to reduce AB1 levels at the three studied dis-
tances to levels less than the regulatory limit for AB1 (20 
µg/kg) established by the European Commission (EC) in 
poultry feeds [28]. Likewise, 10 min of exposure to CD at 
the first and second distances was sufficient to reach the 

EC regulatory limit for OA in poultry feeds (100 µg/kg) 
[29], while 20 min at the third distance was imperative 
to achieve the legal limit. Concerning FMB1, feed samples 
employed for CD exposure that exhibited the greatest con-
centrations were within the permissible level for FMB1 + 
FMB2 in feeds of poultry (20,000 µg/kg), where no allow-
able limit was established by the EC appertaining to FMB1 
alone [29] (Tables 2–4).

Results illustrated significant influences (p < 0.05) 
for each of the exposure times and the electrode-to-sam-
ple plate distances on AB1, OA, and FMB1 degradation 
competence during the application of corona discharge 
that increased with increasing the times of exposure and 
decreasing the electrode-to-sample distances, except the 
degradation percentages of AB1 that revealed insignifi-
cant differences (p < 0.05) at the first and second distances 
(Tables 5–7).

Studies exploring the degradative influences of corona 
discharge on mycotoxins are rare. CDPJ efficacy in AB1 
degradation in artificially contaminated rice and wheat 
was studied by [16], who found a significant reduction (p 
< 0.05) in levels of AB1 with application times increment 
to register 56.6% and 45.7% reduction levels, respectively, 
after exposure to 30 min at 15 mm distance. In the cur-
rent study, the degradation percentage of AB1 (65.49%) 
after exposure to the same time duration and distance was 
greater than the percentages reported by [16], which may 
be ascribed to the great surface area that is liable to the 
deterioration influences of the generated RS as a result of 
subjecting the milled feed to CD processing. 

Table 2.  Effect of CD at 1.5 cm on AB1, OA, and FMB1 mean concentrations and degradation percentages in poultry feeds.

Treatment time (min)
AB1 OA FMB1

Time effect
Conc. (µg/kg) Deg. (%) Conc. (µg/kg) Deg. (%) Conc. (µg/kg) Deg. (%)

0 23.71
0
a 164.66

0
a 6,850.25

0
a

0
A

10 12.62
46.62

b 82.24
49.83

b 2,834.07
58.63

c

51.69
B

20 10.01
57.73

d 50.9
68.93

e 1,667.52
75.66

f

67.44
C

30 8.17
65.49

g 42.81
73.91

h 1,481.91
78.37

fl

72.59
D

40 6.95
70.59

i 37.17
77.38

h 1,356.11
80.20

hl

76.06
E

50 5.29
77.74

j 29.35
82.08

k 1,118.60
83.67

kh

81.16
F

60 3.98
83.22

k 25.9
84.21

k 1,044.21
84.76

k

84.06
G

Mycotoxin effect
57.34

A

62.33
B

65.9
C

Vertically different small letters are significantly different at (p < 0.05), horizontally different small letters are significantly different at (p < 0.05), and different 
capital letters within the last row and column are significantly different (p < 0.05), concentration (Conc.), degradation (Deg.).
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Significant variations (p < 0.05) were demonstrated 
in AB1, OA, and FMB1 degradation levels, as FMB1 came 
in first place in its degradation levels, OA came second, 

while AB1 came in the last place at distances of 1.5, 2.5, 
and 3.5 cm, except AB1 and OA, where degradation lev-
els were insignificantly different (p < 0.05) at a 3.5 cm 

Table 3.  Effect of CD at 2.5 cm on AB1, OA, and FMB1 mean concentrations and degradation percentages in poultry 
feeds.

Treatment time 
(min)

AB1 OA FMB1
Time effect

Conc. (µg/kg) Deg. (%) Conc. (µg/kg) Deg. (%) Conc. (µg/kg) Deg. (%)

0 23.71
0
a 164.66

0
a 6,850.25

0
a

0
A

10 12.30
48.04

b 89.33
45.54

b 2,993.23
56.30

c

49.96
B

20 10.66
55.07

d 64.73
60.55

e 2,253.02
67.11

f

60.91
C

30 9.40
60.38

g 52.46
68.01

h 2,022.92
70.47

hf

66.29
D

40 7.90
66.65

i 41.87
74.49

j 1,581.76
76.91

j

72.68
E

50 6.26
73.68

k 31.51
80.79

l 1,241.93
81.87

l

78.78
F

60 4.66
80.28

l 26.21
84.00

l 1,087.71 84.12
l

82.8
G

Mycotoxin effect
54.87

A

59.05
B

62.4
C

Vertically different small letters are significantly different at (p < 0.05), horizontally different small letters are significantly different 
at (p < 0.05), and different capital letters within the last row and column are significantly different (p < 0.05), concentration (Conc.), 
degradation (Deg.).

Table 4.  Effect of CD at 3.5 cm on AB1, OA, and FMB1 mean concentrations and degradation percentages in poultry 
feeds.

Treatment time 
(min)

AB1 OA FMB1

Time effect
Conc. (µg/kg) Deg. (%)

Conc.
(µg/kg)

Deg. (%) Conc. (µg/kg) Deg. (%)

0 23.71
0
a 164.66

0
a 6,850.25

0
a

0
A

10 16.84
28.92

b 114.54
30.17

b 4,320.67
36.93

c

32.01
B

20 14.31
39.44

d 97
40.91

d 3,749.26
45.27

d

41.87
C

30 12.20
48.45

e 87.39
46.74

e 3,011.52
56.04

f

50.41
D

40 10.46
55.88

g 69.04
57.92

g 2,476.69
63.84

h

59.22
E

50 9.41
60.27

gh 56.9
65.37

h 1,877.84
72.59

i

66.08
F

60 7.50
68.30

j 46.35
71.74

jk 1,631.44
76.18

ki

72.07
G

Mycotoxin effect
43.04

A

44.69
A

50.12
B

Vertically different small letters are significantly different at (p < 0.05), horizontally different small letters are significantly different 
at (p < 0.05), and different capital letters within the last row and column are significantly different (p < 0.05), concentration (Conc.), 
degradation (Deg.).
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distance (Tables 2–4). Bosch et al. [14] indicated that 
the variations in the structures of mycotoxins affect 
the efficiency of CP in mycotoxin degradation, where 
mycotoxins that possess long aliphatic chains (FMB1) 

are deteriorated swiftly in comparison with those that 
have a compact structure of condensed aromatic rings, 
as they are characterized by longer half-lives, while 
mycotoxins that possess mixed structures of condensed 

Table 5.  Effect of CD at different distances and time durations on AB1 
degradation levels in poultry feeds.

Treatment time 
(min)

Degradation (%)

1.5 cm 2.5 cm 3.5 cm Time effect

0
0
a

0
a

0
a

0
A

10
46.62

b

48.04
b

28.92
c

41.19
B

20
57.73

d

55.07
d

39.44
e

50.75
C

30
65.49

f

60.38
fd

48.45
g

58.11
D

40
70.59

f

66.65
f

55.88
h

64.37
E

50
77.74

i

73.68
i

60.27
h

70.56
F

60
83.22

i

80.28
i

68.30
j

77.26
G

Distance effect
57.34

A

54.87
A

43.04
B

Vertically different small letters are significantly different at (p < 0.05), horizontally different 
small letters are significantly different at (p < 0.05), and different capital letters within the 
last row and column are significantly different (p < 0.05).

Table 6.  Effect of CD at different distances and time durations on OA degradation 
levels in poultry feeds.

Treatment time 
(min)

Degradation (%)

1.5 cm 2.5 cm 3.5 cm Time effect

0
0
a

0
a

0
a

0
A

10
49.83

b

45.54
b

30.17
c

41.85
B

20
68.93

d

60.55
e

40.91
f

56.79
C

30
73.91

g

68.01
h

46.74
i

62.89
D

40
77.38

g

74.49
g

57.92
h

69.93
E

50
82.08

i

80.79
i

65.37
j

76.08
F

60
84.21

i

84.00
i

71.74
k

79.98
G

Distance effect
62.33

A

59.05
B

44.69
C

Vertically different small letters are significantly different at (p < 0.05), horizontally different 
small letters are significantly different at (p < 0.05), and different capital letters within the 
last row and column are significantly different (p < 0.05).
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rings and aliphatic chains have intermediate degrada-
tion rates. 

AB1, OA, and FMB1 degradation rates, following an 
exponential model, were well fitted (adjusted R2 were 
more than 0.94) for OA and FMB1 at the first, second, and 
third distances and AB1 at the first and third distances 
(Figs. 1–3).

Depending on HPLC analysis for confirmation of the 
ELISA results, results showed that AB1, OA, and FMB1 
mean concentrations were lesser than those determined 
by ELISA with degradation levels greater than those 
detected by ELISA (Tables 8 and 9). Similar results were 
reported by Kim et al. [17].

Impact of corona discharge on feed nutritional components 
and peroxide values

Analysis of nutritional components of feeds pointed out 
that moisture content declined significantly (p < 0.05) in 
corona discharge processed samples with processing times 
increment and distances reduction. Moisture decreased 
from 9.85% in unprocessed feed samples to 7.95%, 7.93%, 
and 8.33% in samples processed with CD for 60 min at the 
first, second, and third distances, respectively (Figs. 4–6, 
Table 10). Our findings aligned with the findings offered 
by Sarangapani et al.  [30], who demonstrated that black 
gram moisture content decreased significantly (p < 0.05) 
with plasma power and processing period increments. 
Conversely, wheat moisture was not affected significantly 

(p < 0.05) after processing with dielectric barrier dis-
charge (DBD) [31]. The extent of increment in sample tem-
perature and the rate of the working gas flow participate 
significantly in decreasing sample moisture via water 
evaporation from processed samples. Furthermore, the 
processing with CP leads to the diversion of water mole-
cules to plasma RS, resulting in a decrease in moisture [32].

At the first distance, protein content reduced signifi-
cantly (p < 0.05) from 20.88% in unprocessed samples to 
a value of 20.66% after CD processing for 60 min. At the 
second and third distances, a non-significant increase (p 
< 0.05) was recorded in the content of protein at the first 
processing periods, then protein declined significantly (p 
< 0.05) after processing for 60 min to 20.82% at the sec-
ond distance and insignificantly (p < 0.05) to 20.86% at the 
third distance. Moreover, the reduction in protein level at 
the first distance (20.78%) was significantly greater (p < 
0.05) than the reduction recorded at the second and third 
distances (20.88% and 20.87%, respectively) (Figs. 4–6, 
Table 11). Several studies explored protein content after 
CP treatment, such as the study conducted by Sarangapani 
et al. [30], which indicated that black gram protein con-
tent increased significantly (p < 0.05) after exposure to 
plasma, attributing this increment to a reduction in mois-
ture content. While Starek-Wojcicka et al. [33] illustrated 
that bread protein content was mostly not affected sig-
nificantly after processing with CP. The differences in the 
percentages of protein may belong to the remarkable role 
of generated RS and energized electrons, which result in 

Table 7.  Effect of CD at different distances and time durations on FMB1 
degradation levels in poultry feeds.

Treatment time 
(min)

Degradation (%)

1.5 cm 2.5 cm 3.5 cm Time effect

0
0
a

0
a

0
a

0
A

10
58.63

b

56.30
c

36.93
d

50.62
B

20
75.66

e

67.11
f

45.27
g

62.68
C

30
78.37

h

70.47
i

56.04
j

68.29
D

40
80.20

k

76.91
l

63.84
m

73.65
E

50
83.67

n

81.87
o

72.59
p

79.38
F

60
84.76

q

84.12
r

76.18
s

81.69
G

Distance effect
65.9

A

62.4
B

50.12
C

Vertically different small letters are significantly different at (p < 0.05), horizontally different 
small letters are significantly different at (p < 0.05), and different capital letters within the 
last row and column are significantly different (p < 0.05).
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Figure 2. Degradation kinetics of AB1, OA, and FMB1 in poultry feeds after CD application at 2.5 cm for different 
time durations.

Figure 1. Degradation kinetics of AB1, OA, and FMB1 in poultry feeds after CD application at 1.5 cm for different 
time durations. 
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alterations in protein structural conformation and pro-

tein oxidation, causing modification in protein molecular 

characteristics [34].

Not-significant alterations (p < 0.05) in the carbohy-
drate content during treatment with corona discharge 
were registered (Figs. 4–6, Table 12). Our results were con-
tradicted by the results obtained by Sarangapani et al. [30], 

Figure 3. Degradation kinetics of AB1, OA, and FMB1 in poultry feeds after CD application at 3.5 cm for different 
time durations.

Table 8.  HPLC analysis of poultry feed samples showed the highest co-occurrence and highest degradation levels of 
AB1, OA, and FMB1 after CD treatment at 1.5 cm.

Treatment time 
(min)

AB1 OA FMB1

Conc. (µg/kg) Deg. (%) Conc. (µg/kg) Deg. (%) Conc. (µg/kg) Deg. (%)

0 21.84 0 149 0 6,613.5 0

50 4.04 81.52 24.87 83.31 1,048.90 84.14

60 3.28 85 19.21 87.11 904.73 86.32

Concentration (Conc.), degradation (Deg.).

Table 9.  HPLC analysis of poultry feed samples showed the highest co-occurrence and highest degradation levels of 
AB1, OA, and FMB1 after CD treatment at 2.5 cm.

Treatment time 
(min)

AB1 OA FMB1

Conc. (µg/kg) Deg. (%) Conc. (µg/kg) Deg. (%) Conc. (µg/kg) Deg. (%)

0 21.84 0 149.00 0 6,613.50 0

50 5.16 76.39 28.44 80.91 1,169.93 82.31

60 3.39 84.47 21.87 85.32 917.95 86.12

Concentration (Conc.), degradation (Deg.).
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Figure 4. Effect of CD at 1.5 cm on the nutritional composition (%) of poultry feeds.

Figure 5. Effect of CD at 2.5 cm on the nutritional composition (%) of poultry feeds.
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which pointed out that black gram carbohydrate content 
differed significantly (p < 0.05) after plasma processing. 
Zare et al. [35] reported that processing by DBD affected 
the starch structure.

The ash content of feeds was not affected significantly (p 
< 0.05) during CD processing at the different studied inter-
vals and distances (Figs. 4–6, Table 13). Non-significant 
differences (p < 0.05) were also reported by [31] in wheat 

Figure 6. Effect of CD at 3.5 cm on the nutritional composition (%) of poultry feeds.

Table 10.  Effect of CD application at different distances and time durations on the moisture content of poultry feeds.

Treatment time (min)
Moisture content (%)

1.5 cm 2.5 cm 3.5 cm Time effect

0
9.85

a

9.85
a

9.85
a

9.85
A

10
9.12

b

9.41
c

9.72
d

9.42
B

20
8.74

e

8.98
f

9.41
g

9.04
C

30
8.45

h

8.78
i

9.05
j

8.76
D

40
8.22

k

8.48
l

8.81
m

8.50
E

50
8.18

k

8.27
n

8.56
o

8.34
F

60
7.95

p

7.93
p

8.33
q

8.07
G

Distance effect
8.64

A

8.81
B

9.10
C

Vertically different small letters are significantly different at (p < 0.05), horizontally different small letters are significantly different at 
(p < 0.05), and different capital letters within the last row and column are significantly different (p < 0.05).
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ash content after processing by DBD. Conversely, ash per-
centages in the black gram differed significantly (p < 0.05) 
after exposure to plasma as presented by Sarangapani 
et al. [30].

Results clarified a fluctuation in the content of poultry 
feed fat during CD processing at the examined distances. 

First, fat percentages increased insignificantly (p < 0.05) 
from 2.89% in unprocessed samples to 2.92%, 2.93%, 
and 2.9% in processed samples at the first, second, and 
third distances, respectively. Thereafter, fat percentages 
reduced significantly (p < 0.05) at the first and second 
distances to values of 2.74% and 2.82%, respectively, and 

Table 11.  Effect of CD application at different distances and time durations on the protein content of poultry 
feeds.

Treatment time (min)
Protein content (%)

1.5 cm 2.5 cm 3.5 cm Time effect

0
20.88

a

20.88
ab

20.88
ab

20.88
A

10
20.84

ac

20.9
b

20.88
ab

20.87
AB

20
20.82

cd

20.9
b

20.89
b

20.87
AB

30
20.78

de

20.89
b

20.87
b

20.85
BC

40
20.76

ef

20.88
b

20.85
b

20.83
C

50
20.73

f

20.86
bh

20.87
b

20.82
C

60
20.66

g

20.82
h

20.86
hb

20.78
D

Distance effect
20.78

A

20.88
B

20.87
B

Vertically different small letters are significantly different at (p < 0.05), horizontally different small letters are significantly 
different at (p < 0.05), and different capital letters within the last row and column are significantly different (p < 0.05).

Table 12.  Effect of CD application at different distances and time durations on the carbohydrate content of 
poultry feeds.

Treatment time (min)
Carbohydrate content (%)

1.5 cm 2.5 cm 3.5 cm Time effect

0
56.16

a

56.16
a

56.16
a

56.16
A

10
56.14

a

56.17
a

56.15
a

56.15
A

20
56.15

a

56.17
a

56.13
a

56.15
A

30
56.13

a

56.15
a

56.15
a

56.14
A

40
56.13

a

56.13
a

56.14
a

56.13
A

50
56.15

a

56.14
a

56.14
a

56.14
A

60
56.17

a

56.15
a

56.16
a

56.16
A

Distance effect
56.15

A

56.15
A

56.15
A

Vertically different small letters are significantly different at (p < 0.05), horizontally different small letters are significantly 
different at (p < 0.05), and different capital letters within the last row and column are significantly different (p < 0.05).
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not significantly (p < 0.05) at the third distance to 2.86% 
after CD processing for 60 min. Results illustrated that 
the reduction in the fat percentage at the first distance 
(2.86%) was significantly bigger (p < 0.05) than the reduc-
tion recorded at the second and third distances (2.89% 
and 2.88%, respectively) (Figs. 4–6, Table 14).

Peroxide values assessment was adopted for oxida-
tive quality appraisal of feed fats during CD processing. 
During the first 30 min of processing at the first distance 
and 50 min of processing at the second and third distances, 
non-significant differences (p < 0.05) in the peroxide values 
were registered. Later, a significant increment (p < 0.05) 
was recorded in PVs from 3.85 meq/kg in unprocessed 

Table 13.  Effect of CD application at different distances and time durations on the ash content of poultry feeds.

Treatment time (min)
Ash content (%)

1.5 cm 2.5 cm 3.5 cm Time effect

0
9.28

a

9.28
a

9.28
a

9.28
A

10
9.3
a

9.29
a

9.27
a

9.29
A

20
9.31

a

9.3
a

9.26
a

9.29
A

30
9.29

a

9.31
a

9.27
a

9.29
A

40
9.27

a

9.28
a

9.29
a

9.28
A

50
9.22

a

9.25
a

9.28
a

9.25
A

60
9.15

a

9.24
a

9.26
a

9.22
A

Distance effect
9.26

A

9.28
A

9.27
A

Vertically different small letters are significantly different at (p < 0.05), horizontally different small letters are significantly 
different at (p < 0.05), and different capital letters within the last row and column are significantly different (p < 0.05).

Table 14.  Effect of CD application at different distances and time durations on the fat content of poultry feeds.

Treatment time (min)
Fat content (%)

1.5 cm 2.5 cm 3.5 cm Time effect

0
2.89

ac

2.89
ac

2.89
ab

2.89
AB

10
2.92

a

2.91
ab

2.87
b

2.9
AB

20
2.91

a

2.93
a

2.89
ab

2.91
B

30
2.88

ac

2.92
a

2.9
ab

2.9
AB

40
2.85

c

2.89
ac

2.88
bc

2.87
A

50
2.8
d

2.85
cf

2.86
bc

2.84
C

60
2.74

e

2.82
f

2.86
bf

2.81
D

Distance effect
2.86

A

2.89
B

2.88
B

Vertically different small letters are significantly different at (p < 0.05), horizontally different small letters are significantly 
different at (p < 0.05), and different capital letters within the last row and column are significantly different (p < 0.05).
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samples to 4.21, 3.95, and 3.94 meq/kg after processing 
for 60 min at the first, second, and third distances, respec-
tively. Moreover, PVs increment at the first distance was 
significantly higher (p < 0.05) than those estimated at the 
second and third distances (Table 15). 

Results demonstrated a significant increment (p < 0.05) 
in peroxide values after processing by CD, but values were 
less than 5 meq/kg, suggesting that fats were still of excel-
lent quality [36]. Other researchers documented the influ-
ence of CP on the fat content and peroxide values of the 
fats. Not-significant variations (p < 0.05) were reported 
by [31] in the wheat fat content after DBD process-
ing. Significant variations (p < 0.05) were registered by 
Sarangapani et al. [30] in the black gram fat content, which 
fluctuated between decrease and increase after subjecting 
it to plasma. Gebremical et al. [37] reported an increase in 
the peroxide values after peanut exposure to DBD. Finally, 
the fat content of the bread reduced slightly (about 28%) 
after exposure to CP [33]. These changes in fat content are 
attributed to the remarkable role of the RS generated by 
plasma in lipid oxidation [38].

Conclusion

It was shown in the study that CD is a promising non-ther-
mal method for getting rid of AB1, OA, and FMB1 from 
poultry feeds. Ozone was the most prominent RS gener-
ated. Mycotoxin degradation increased with increasing 
the exposure time and decreasing the distances. According 
to levels of mycotoxins estimated in the current research, 

results illustrated that CD processing for 10 min was suf-
ficient to reach the AB1 legal limit at the three examined 
distances and the OA legal limit at the first and second dis-
tances. Mycotoxins could be arranged according to their 
degradation levels in the following order: FMB1 > OA > 
AB1. Analysis of feed components revealed a significant 
reduction (p < 0.05) in moisture, protein, and fat contents. 
The fats were still fresh depending on PV's determination. 
The CD treatment did not adversely affect the carbohy-
drate and ash contents.

List of abbreviations

AB1: aflatoxin B1; CD: corona discharge; cm: centimeter; 
CP: cold plasma; DBD: dielectric barrier discharge; DC: 
direct current; EC: European Commission; ELISA: Enzyme-
Linked Immunosorbent Assay; FMB1: fumonisin B1; HPLC: 
High-Performance Liquid Chromatography; Hz: hertz; kg: 
kilogram; kV: kilovolt; M: molarity; ml: milliliters; min: 
minutes; nm: nanometer OA: ochratoxin A; ppm: parts per 
million; ppb: parts per billion; PV: peroxide value; ROS: 
reactive oxygen species; RNS: reactive nitrogen species; 
μw: microwatt; v: volt.
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Table 15.  Effect of CD application at different distances and time durations on the peroxide values of poultry 
feed fats.

Treatment time (min)
Peroxide values (meq/kg)

1.5 cm 2.5 cm 3.5 cm Time effect

0
3.85

a

3.85
a

3.85
a

3.85
A

10
3.84

a

3.86
a

3.88
a

3.86
AB

20
3.87

a

3.85
a

3.86
a

3.86
AB

30
3.87

a

3.87
a

3.84
a

3.86
AB

40
3.93

b

3.88
a

3.85
a

3.89
B

50
4.05

c

3.89
a

3.88
a

3.94
C

60
4.21

d

3.95
b

3.94
b

4.03
D

Distance effect
3.95

A

3.88
B

3.87
B

Vertically different small letters are significantly different at (p < 0.05), horizontally different small letters are significantly 
different at (p < 0.05), and different capital letters within the last row and column are significantly different (p < 0.05).
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the treatment of the samples with a CD system and myco-
toxins assessment by ELISA reader.
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