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Abstract: Ozone gas (O3) is a promising alternative for fungal inactivation in agricultural commodities.
This study aimed to (i) investigate the influence of airflow on the saturation of popcorn kernels with
ozone gas, (ii) evaluate its effectiveness in controlling Aspergillus flavus, and (iii) analyze the quality

of ozonated grains. Samples of 3.0 kg of kernels were exposed to oxygen (control) or ozone at

specific flow rates of 0.15 or 1.00 m3 min~! t1, with an input ozone concentration of 16.0 mg L1

for 0, 6, 12, 24, 36, or 48 h. Quality parameters assessed included expansion volume, water content,

electrical conductivity, and color. At 0.15 m? min~! t1, ozone consumption and saturation time

were lower, with an 80% reduction in A. flavus infection after 6 h. This flow rate did not affect

grain expansion or water content. Conversely, at 1.0 m3 min~! t~1, reductions in water content

and expansion were observed with extended exposure. Electrical conductivity increased in both
treatments, more significantly at the lower flow rate. In conclusion, ozonation at 0.15 m3 min—1¢1
effectively inactivated A. flavus without compromising grain quality.

Keywords: fungal decontamination; ozonation; Zea mays everta

1. Introduction

Fungal activity on cereal and legume grains can affect their nutritional quality, cause
mass loss, and induce organoleptic changes [1]. In seeds, fungi can hinder their germination
capacity and viability. In addition to product contamination, certain species of fungi can
produce mycotoxins given the proper environmental conditions [2].

Mycotoxins are toxic secondary metabolites with low molecular weight produced
by filamentous fungi infecting grains [3]. Grain contamination with these substances can
occur in the field and during processing and storage [4]. Fungi from the genera Aspergillus,
Penicillium, and Fusarium are the main culprits for the decay of corn grains and their
contamination with mycotoxins [5]. Overall, mycotoxins represent great concern, as they
pose severe risks to human health [6].

The species Aspergillus flavus and Aspergillus parasiticus are the main producers of
aflatoxins in food [7]. These substances constitute a group of mycotoxins whose most
common types are Bl (AFB1), B2 (AFB2), G1 (AFG1), and G2 (AFG2) [8]. They pose a global
problem regarding food contamination due to their high carcinogenic, teratogenic, and
mutagenic potential, also causing significant economic loss, as contaminated products often
need to be discarded [9]. On this account, government agencies in many countries have set
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maximum tolerated limits (MTLs) for aflatoxins to protect consumers’ health and ensure the
purchase of products with high nutritional quality that are free from contaminants [10-12].

Popcorn kernels, just like regular corn grains and other cereals, are susceptible to
fungal activity and mycotoxin contamination [13,14]. Alborch et al. [13] found mycotoxins
in corn flour and popcorn kernels available in Spanish supermarkets. Among 30 samples of
popcorn kernels, aflatoxin B1 was detected in 2 of them at a concentration of 3.72 ug kg1,
and ochratoxin was identified in 10 samples at levels ranging from 0.79 to 1.71 ug kg~ 1.

In light of the potential harm to consumers’ health and grains, exploring and devising
methods for preventing and controlling fungi in food, such as popcorn kernels, is cru-
cial [15]. In this context, ozone gas has emerged as an alternative technology for preserving
and decontaminating vegetables, fruits, and dry foods [16].

Ozone is a triatomic gas resulting from the rearrangement of oxygen atoms. It can
be artificially produced by electrical discharges or by the incidence of high-energy electro-
magnetic radiation (ultraviolet light) in the air [17]. The use of ozone gas proved effective
in inactivating fungi and breaking down mycotoxins in different agricultural products,
such as corn [5,18], peanuts [19], rice [20] and chestnuts [21]. By extension, ozone could
potentially be used as an alternative to inactivate aflatoxigenic fungal species in popcorn
kernels, thereby preventing the synthesis of aflatoxins. Scientific investigations have al-
ready demonstrated that ozone gas applied via forced convection can propagate through
large volumes of grains to control insect pests efficiently [22-24].

This research investigated different specific flow rates commonly used in low-temperature
grain aeration and drying operations for applying ozone gas to popcorn kernels to promote
fungal decontamination. The objectives of this study were the following: (i) to determine
the influence of airflow on the saturation of popcorn kernels with ozone gas; (ii) to assess
the effectiveness of ozone gas in controlling A. flavus; and (iii) to characterize the quality of
popcorn kernels following ozone exposure.

2. Materials and Methods
2.1. Popcorn Kernel Samples

Samples of popcorn kernels were purchased at a local supermarket. They were homog-
enized and kept in a cold room at 5 °C prior to the experiment. The initial characterization
of the popcorn kernels was as follows: water content—12.3 + 0.1 g 100 g ! (wet basis, w.b.);
expansion volume—38.5 4+ 1 mL g~!; percentage of unpopped kernels—1.6 + 0.6%; flake
volume—7.1 4 0.2 mL; and electrical conductivity—13.9 uS cm~! g~1. As for the kernels’
color, the initial values for luminosity (L*), color hue (h*), and color saturation (C*) were
59.55 £ 5.38, 81.13 & 2.57, and 24.93 £ 4.69. In popped kernels (flakes), L*, h*, and C* were
equal to 61.19 £ 7.01, 100.26 & 1.70, and 7.57 £ 0.99, respectively.

2.2. Experimental Procedure
2.2.1. Procedure Prototype

The experiment’s prototype consisted of a cylindrical PVC column with a metal screen
(plenum) placed 0.05 m from the bottom. This structure provided support to the grains and
facilitated the dispersion of ozone gas throughout the grain mass (Figure 1). The cylindrical
column was designed to hold 3.0 kg of popcorn kernels, with dimensions adhering to the
height-to-diameter ratio (1.0 to 0.4) recommended by the European standard for low-silo
structural design [25].

The prototype was built to avoid the wall effect [26,27], which is a phenomenon that
occurs when fluids flow through porous media in a fixed bed. The wall effect indicates
a preferential flow along the walls of the device containing the porous medium. This
phenomenon must be considered when designing prototypes for small-scale laboratory
experiments in order to make the study more representative. The wall effect is eliminated
when the ratio between the column (Dc) and particle (Dp) diameters is respected. This ratio
was proposed by Cohen et al. [27], and it should be over 30 for Newtonian fluids and above
50 for non-Newtonian fluids.
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Figure 1. Prototype for popcorn kernel treatment with ozone gas displaying the arrangement of the
containers with A. flavus-contaminated kernels within the grain mass (a). Longitudinal view with
dimensions; the hatched area corresponds to the grain mass (b).

Equation (1) was used to obtain the particle diameter (Dp) for dimensioning the
prototype, as described by Karababa [28]. By considering the appropriate height and
diameter ratio for designing silos and eliminating the wall effect in the prototype, the
objective was to obtain more representative and consistent results for the application of gas
into larger volume structures.

Dp=a x WCyp.+b (1)

where

Dp—average diameter of the particle (mm);
WC,, p,—water content of the popcorn kernels (on a wet basis);
a and b—constants of the model.

2.2.2. Popcorn Kernel Treatment with Ozone Gas

Ozone was produced using a corona discharge generator model M10 (myOZONE,
Jaguarituna, Sao Paulo, Brazil). A generator model EverFlo (Philips Respironics, Murrysville,
PA, USA) supplied the device with oxygen at volumetric flow rates of 0.45 and 3 L min~!.
The oxygen volumetric flow rate was monitored using a flow meter model MF5700 (Siargo
Ltd., Chengdu, China), and the ozone concentration was measured via the iodometric
method [29].

Ozone was applied to the 3 kg grain mass at a specific flow rate of 0.15 or 1.00 m?
min~! t~!, with a corresponding volumetric flow rate of 0.5 or 3 L min~!, respectively.
These values fall within the recommended limits for operations of aeration (0.1 to 0.5 m?
min~! t71) [30-32] and drying aeration (0.9 to 2.5 m3 min~! t71) [33]. The two specific
ozone gas flow rates were tested to determine which was most effective in controlling
A. flavus while also being replicable for larger product volumes. The control treatment
involved applying oxygen at the same specific flow rates used for ozone gas. The input
ozone concentration was 16.0 mg L1, and the kernels were exposed to the gas at the
aforementioned specific flow rates for 6, 12, 24, 36, or 48 h. The ozone concentration in
this study was determined based on preliminary tests and prior research that employed
the gas for fungal decontamination in corn grains [5]. The ozone doses corresponding
to the specific flow rates of 0.15 and 1.00 m® min~! t ! were 144 and 960 mg h~! kg~ !,
respectively [34].

2.2.3. Saturation of Popcorn Kernels with Ozone Gas

In order to determine the saturation time, the residual ozone concentration was
measured after the gas passed through the popcorn kernels. The saturation time was set
as the point when the residual ozone concentration stopped varying. The residual ozone
concentration data as a function of time were adjusted to a sigmoidal equation (Equation
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(2)). After fitting it to the data, the saturation time was obtained from Equation (3), as
proposed by Venegas et al. [35]. With knowledge of the volumetric flow rate, the cross-
sectional area of the flow, and the height of the grain layer, it was possible to use Equation
(4) to determine the residence time of ozone gas in the system [23]. The ozone mass injected
into the grain mass was calculated (Cp,) considering the volumetric flow rate, the gas
inlet concentration, and the exposure time (Equation (5)). The ozone consumption by the
grain mass was determined based on an adjusted equation describing the residual ozone
concentration as a function of time (Equation (6)).

C :M 2)

tsat= b + 2¢ 3)
treszngxH 4)

Co, = /O ‘CoQut 5)

Coggrans = | CoQat— [ o 6)

where

C—ozone gas concentration (mg L™1);

t—time (min);

Q—ozone gas volumetric flow rate (L min~1);
A—airflow cross-section (m?2);

H—grain layer height (m);

€—grain porosity;

Co,—total ozone mass injected into the grain mass (g);
Co,grains—0z0ne consumed by the grain mass (g);
a, b, and c—constants;

tsat—saturation time (h);

tres—residence time (min).

2.3. Control of A. flavus in Popcorn Kernels Treated with Ozone
2.3.1. Inoculation of A. flavus into Popcorn Kernels

A. flavus CCUB1405 was obtained from symptomatic commercial peanuts using A.
flavus-parasiticus agar (AFPA) as the culture medium [36] (p. 519). This strain was identified
through sequence analysis of the ITS and partial beta-tubulin gene (BenA) [21]. A sequence
of this isolate was deposited in the GenBank database under the access number CCUB1405.

A. flavus CCUB1405 was inoculated into popcorn kernels by adding 10 mL of sterile
distilled water to each culture plate, and the resulting conidium suspension was adjusted
to 10° conidia mL~!. The popcorn kernels were immersed in this suspension for 10 min.
After this, a 2 cm thick layer of the sample was placed on a flat surface and kept at room
temperature for seven days. This period was necessary to naturally remove the surface
water of the grains.

2.3.2. A. flavus Count

Determining the ozone potential in inactivating A. flavus involved inserting three
containers with 30.0 g of fungus-inoculated popcorn kernels into the grain mass (Figure 1a).
The containers consisted of a PVC frame covered with organza-type fabric (100% polyester,
35¢g m~2, Bur/ Fabtex), which held the grains while allowing the axial and radial ozone
flow. After exposure to ozone for 6, 12, 24, 36, or 48 h, the grains were removed from the
containers and directly plated on Aspergillus flavus-parasiticus agar (AFPA) to assess the
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percentage of infection by A. flavus [36]. Fifteen grains were used per plate, either with or
without surface disinfection—a sodium hypochlorite solution at 0.4 g 100 mL~! was used
for surface disinfection. The plates were incubated at 30 °C for 42 h [37]. Subsequently, the
grains showing the development of yellow—orange colonies were counted, and the results
were expressed in percentage.

2.4. Popcorn Kernel Quality

The quality variables investigated in popcorn kernels exposed to ozone gas or oxygen
(control) at two specific flow rates and for five exposure periods were kernel expansion,
water content, electrical conductivity, and color. All grain quality analyses were carried out
in triplicate, and the mean with standard deviations was calculated.

2.4.1. Popcorn Kernel Expansion

Kernel expansion analysis considered the expansion volume, flake volume, and per-
centage of unpopped kernels. The expansion volume was determined using the method-
ology of Mendez et al. [22] and Silva et al. [38]. Grain samples of 250 g were subjected
to the expansion process using 100 mL of coconut oil in a metric weight volume tester
(MWVT) model CR13101 (Cretors & Company, Chicago, IL, USA). This device consists of a
batch-type popcorn maker that pops the kernels evenly, collecting the flakes in a calibrated
cylinder to determine the expansion volume in mL g~!. Flake volume and the percentage
of unpopped kernels were determined based on the average number of grains in the 2250 g
samples [39].

2.4.2. Water Content

The water content of the kernels was determined by placing them in an oven with
forced air circulation at 103 °C for 72 h, following the standard method described by the
ASAE (American Society of Agricultural Engineers) [40]. The results were expressed on a
wet basis (g 100 g~! w.b.).

2.4.3. Electrical Conductivity

Electrical conductivity was analyzed using the methodology proposed by Vieira
et al. [41]. For each combination of specific flow rate and exposure period to ozone or
oxygen (control), 50 g samples were placed in plastic containers filled with 75 mL of
distilled water. The samples were stored in a biochemical oxygen demand chamber at
25 °C for 24 h. After that, the electrical conductivity of the immersion solution was read
with a conductivity meter model MCA-150 (Tecnopon, Piracicaba, Sao Paulo, Brazil), and
the results were expressed in uScm~! g1

2.4.4. Color

Color evaluation of the popcorn kernels and flakes involved measuring the direct
reflectance of the coordinates L* (white-to-black intensity), a* (red-to-green intensity), and
b* (yellow-to-blue intensity), using a colorimeter model CR410 (Konica Minolta, Osaka,
Japan). The values of L*, a*, and b* allow for the determination of the color hue or hue angle
(h*, Equation (5)), color saturation or chroma (C*, Equation (6)), and total color difference
(AE*, Equation (7)). The coordinates L*, a* and b* of samples not exposed to ozone or
oxygen were used as reference to calculate the total color difference.

C* = \/ax2 + b#? (7)
C* = \/ax2 +bx? (8)
AE* = (L L)+ (@ — ag)” + (" b5’ ©)

where Lg, a, and by correspond to the coordinates before kernel exposure to ozone or oxygen.
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2.5. Statistical Analysis

The residual ozone concentration data for the two specific flow rates and the quality
variables as a function of time were submitted for regression analysis. The models were
chosen based on the significance of the regression coefficients, as determined by the t-test
at a 5% probability level for both the coefficient of determination (R?) and the phenomenon
under study. The statistical analysis and graph plotting were handled by the software
SigmaPlot version 12.0 (Systat Software Inc., Erkrath, Germany) [42].

3. Results
3.1. Saturation of Popcorn Kernels with Ozone Gas

Figure 2a depicts the variation in residual ozone concentration as a function of time
during the saturation of popcorn kernels with ozone at 16 mg L~! and a specific flow rate of
0.15 or 1.00 m® min~! t~!. Figure 2b exhibits the relationship between ozone consumption
by the grain mass and exposure duration. The adjusted equations describing the variation
in residual ozone concentration during the saturation process are presented in Table 1.
Table 2 contains the adjusted equations that explain the ozone consumption by the popcorn
kernel mass as a function of the exposure period. At a specific flow rate of 0.15 m® min !
t~1, the total mass of ozone injected into the grains, residence time, saturation time, and
saturation concentration were 18.43 g, 6.72 min, 3.59 h, and 8.59 mg L~!, respectively
(Table 1). At 1.00 m® min~! t~1, these values were equal to 138.24 g, 1.12 min, 0.88 h, and
15.44 mg L~ (Table 1).

20

® Im'min't'
® 0.15m’min't!
—— Adjusted model

e | m‘mi‘n'I t!
® 0.15m min’t'
—— Adjusted model

Ozone concentration (mg L")
Ozone consumption by the grain mass (g)

0 10 20 30 40 0 10 20 30 40
Time (h) Time (h)
(a) (b)

Figure 2. Residual ozone gas concentration as a function of time during the saturation of popcorn
kernels (a) and ozone consumption by the grain mass (b), considering an input concentration of
16 mg L~! and specific flow rates of 0.15 and 1.00 m® min—1 t 1.

Table 1. Regression equations adjusted based on the variation in residual ozone concentration during
popcorn kernel saturation, considering an input concentration of 16 mg L land specific flow rates of
0.15 and 1.00 m3 min—! t~1.

SI():;C; f;il:lli)lwtia;te Adjusted Equations tres (min) tsat (h) Csat(mg L—1) Co,(g) R? SEE
0.15 6 _ 8.59 6.72 3.59 8.59 18.43 0.96 0.59

(1+e7(t 5 1.89>>
1.0 é _ 15.44 1.12 0.88 15.44 138.24 0.84 1.40

( (= o.zo)>
14+ e 034

N
tsat—saturation time; tres—o0zone residence time; C—estimated ozone concentration; Co,—total mass of ozone
injected into the grain mass (g); Csat—saturation concentration; R%— coefficient of determination; SEE—standard
error of estimate.
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Table 2. Regression equations adjusted based on the relationship between ozone consumption by the
grain mass and the grain exposure period.

Specific Flow Rate . . R
(m3 min-1t-1) Adjusted Equations R SEE
015 Coagrains =0.23 + 0.18t 0.99 0.15
10 COsgrains = 0.56 + 0.11t 0.97 0.37

R?—coefficient of determination; SEE—standard error of estimate.

3.2. Control of A. flavus in Popcorn Kernels with Ozone

Figure 3 shows the percentage of A. flavus infection in popcorn kernels as a function of
the exposure duration to ozone gas applied at 16 mg L~! and at a specific flow rate of 0.15 or
1.00 m® min~! t~!. Figure 3 demonstrates the percentage reduction in A. flavus infection in
kernel samples using the technique of direct plating without surface disinfection (Figure 3a)
and with surface disinfection (Figure 3b). Ozone gas applied at a specific flow rate of
0.15 or 1.00 m3® min~! t~! efficiently decreased the percentage of A. flavus infection in the
grains (Figures 3 and 4). Notably, the internal A. flavus infection was reduced by 80% after
6 h of exposure to ozone gas, as demonstrated by direct plating with surface disinfection

(Figure 3a). Table 3 shows the regression equations describing the relationships depicted in
Figure 3.

120 120 -
100 100
S o 1 mdmin!t! SR e I mmin't!
g ® 0.15m'min’ t! g ® 0.15m min"t'
3604 —— Adjusted model S 60 - —— Adjusted model
i L1
-5 g
S 40 A S 40
= =]
= £
20 S -y S o 20 1 ]
. ¢ $
0 0
0 10 20 30 40 50 0 10 20 30 40 50
Time (h) Time (h)
(a) (b)

Figure 3. Percentage of A. flavus infection in popcorn kernels as a function of the exposure duration to

ozone gas at different specific flow rates, considering grains with surface disinfection (a) and grains
without surface disinfection (b).

Table 3. Adjusted regression equations representing the percentage reduction in A. flavus contamina-
tion (with or without surface disinfection) in popcorn kernels as a function of exposure duration to
ozone gas applied at 16 mg L' and a specific flow rate of 0.15 or 1.00 m3 min~! t~1.

Specific Flow Rate With Surface Disinfection Without Surface Disinfection
(m® min~1 t-1) Adjusted Equations R? Adjusted Equations R?
0.15 y= 1570 + 84.18e(~02%) 0.99 y= 5.42 + 100.02¢(~0.060 0.99

1.0 y=20.53 + 77.25¢(~0:630 0.99 y= 2330 + 76.55¢(—0.0%) 0.96

A
y—estimated percentage of contamination reduction by A. flavus in popcorn kernels.
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Figure 4. This direct plating of popcorn kernels exposed to ozone or oxygen (control) for different
exposure periods and at different flow rates of ozone gas.

3.3. Popcorn Kernel Quality

Table 4 presents the adjusted regression equations, along with the respective determina-
tion coefficient (R?) and standard error of estimate (SEE), for the quality analysis of samples
exposed to ozone or oxygen gas (control) at a specific flow rate of 0.15 or 1.00 m3 min—! t~1.
The regression equations represent the expansion volume, flake volume, unpopped kernel
percentage, water content, electrical conductivity, and color.

Table 4. Adjusted regression equations for expansion volume, water content, and electrical conduc-
tivity of popcorn kernels, and color parameters of kernels and flakes (color hue h*, color saturation
C*, and color difference AE*) as a function of the exposure duration to ozone gas or oxygen applied

at 16 mg L~! and at a specific flow rate of 0.15 or 1.00 m® min—! t~1.
Specific Flow Rate Control (O,) Ozone (O3)
(m3 min—1t-1) Adjusted Equations R? SEE Adjusted Equations R? SEE
Popcorn kernel expansion
Expansion volume
0.15 9=137.23 - - 9= 37.66 - -
1.0 §=237.24 —0.11**t 0.85 0.96 J=38.48 —0.23**t 0.93 1.26
Flake volume
0.15 y=6.89 - - = 6.96 - -
1.0 §=1691 — 0.02*t 0.90 0.12 §=7.13 —0.04**t 0.90 0.26
Percentage of unpopped
kernels
0.15 9= 1.66 - - =147 - -
1.0 9= 184 - - 9= 156 - -
Water content
0.15 9= 12.00 - - y=12.11 - -
1.0 9=11.81—-0.03 *t 0.83 0.33 9=12.17 —0.06 **t 0.85 0.57
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Specific Flow Rate Control (07) Ozone (O3)
(m3 min~1¢7) Adjusted Equations R? SEE Adjusted Equations R? SEE
Electrical conductivity
0.15 ¥=13.96 - - y=14.86+ 0.57 ** t 0.96 2.18
1.0 ¥=14.04 - - = 15.76+0.34 ** t 091 2.16
Popcorn kernel color
Color hue (h*)
0.15 = 80.49 - - = 80.20 - -
1.0 = 80.77 - - §= 80.58 - -
Color saturation (C¥)
0.15 ¥=24.36 - - = 24.60 - -
1.0 = 23.06 - - = 23.07 - -
Color difference (AE*)
0.15 y=4.77 - - v=4.42 - -
1.0 = 6.54 - - = 5.64 - -

* Significant at a 5% probability level according to the t-test (p < 0.05). ** Significant at a 1% probability level
according to the t-test (p < 0.05).

3.3.1. Popcorn Kernel Expansion

When ozone treatment was applied at a specific flow rate of 0.15 m3 min~! t~! for up

to 48 h, it did not impact the expansion volume, flake volume, and percentage of unpopped
kernels (Table 4; Figure 5). The same trend was verified when only oxygen was used.

40

Expansion volume (mL g)
N oW W W W w
0 o ~ S =N S

1)
=N

75
7.0
)
£ 65
Q
£
=2 6.0 &
g
s . 1) B Ozone (0.15m’ min t')
B Ozone (0.15 m’ min” t') E 55 A Ozone (1 m’ min" t")
A Ozone (1 m* min" t") = B Oxygen (0.15 m’ min” t')
®  Oxygen (0.15 m* min" t') 50 A Oxygen (1 m’min’ t")
A Oxygen (I m* min' t') . —— Adjusted model
—— Adjusted model
T ‘ 4.5
o B 30 %0 50 0 10 20 30 40 50
Time (h)

Unpopped kernels (%)

35

3.0

25

2.0

Ozone (0.15 m* min™ t')
Ozone (1 m* min™ t')
Oxygen (0.15 m* min™ t)
Oxygen (1 m’ min” t')
—— Adjusted model

>bEp>E

0 10 20 30 40 50
Time (h)

()

Figure 5. Expansion volume (a), flake volume (b), and unpopped kernel percentage (c) as a function
of ozone or oxygen exposure at different exposure periods.
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On the other hand, oxygen treatment at the specific flow rate of 1.00 m3 min—! t~!
and ozone treatment at the same flow rate for up to 48 h significantly altered the expansion
volume (Table 4; Figure 5a) and flake volume (Table 4; Figure 5b). As for unpopped kernels
(Table 4; Figure 5c), there was no significant change (p < 0.05) related to the exposure period
of the grains to ozone gas or oxygen. As kernel exposure to ozone or oxygen extended,
expansion volume and flake size decreased. This reduction was more significant in the
treatment with ozone.

3.3.2. Water Content

Regarding water content, the duration of exposure to ozone or oxygen did not signifi-
cantly affect the kernels when either gas was injected at the specific flow rate of 0.15 m?
min~! t~! (Table 4). When ozone was injected at a specific flow rate of 1.00 m® min—! t~1,
the water content decreased as a function of the exposure period in the treatments with
ozone or oxygen (Table 4).

3.3.3. Electrical Conductivity

The electrical conductivity was affected by the ozone gas treatments at both volumetric
flow rates (0.15 and 1.00 m® min~! t~1). On the other hand, exposure to oxygen at the same
specific flow rates did not result in significant changes (Table 4; Figure 6b). Conductivity
increased linearly as a function of the exposure period to ozone (Figure 6b). As the exposure
periods increased, the samples treated with ozone gas injected at a specific flow rate of
0.15m> min~! t~! exhibited higher conductivity than those treated with ozone gas at
1.00 m® min~* ¢!,
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Figure 6. Water content (a) and electrical conductivity (b) of popcorn kernels as a function of the
exposure period to ozone gas.

3.3.4. Color

The exposure duration to ozone gas or oxygen did not change the color tone (h*), color
saturation (C¥), and color difference (AE*) of the popcorn kernels in either specific flow rate
tested (0.15 or 1.00 m>® min~! t~1) (Table 4). As for the popcorn flakes, only color hue (h*)
varied as a function of the exposure period to ozone gas, decreasing as the exposure to the
gas extended (Table 4). Figure 7 shows the visual aspect of popcorn obtained from grains
subjected or not to ozonation under different conditions.
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Figure 7. Popcorn flakes exposed to ozone or oxygen for different durations and flow rates.

4. Discussion

The results for the saturation kinetics of popcorn kernels followed the same pattern
as reported in other scientific works that investigated the saturation of grains with ozone
gas [18,22,23,43]. According to these studies, ozone flows through a grain mass in two
phases regardless of the specific flow rate. At first, the interaction between ozone and the
grains is intense, and the gas quickly decomposes into oxygen. In a subsequent stage, once
all the active sites of the product have reacted with ozone, the gas moves freely through the
grain mass, indicating that the saturation state has been achieved [22].

The first phase of the grain saturation process was more evident when using a specific
flow rate of 0.15 m3 min~! t~! (Figure 2a). At this particular flow rate, the residence time
of ozone with the grains was longer (6.72 min) compared to when it was injected at 1.00 m?
min~! t~! (1.12 min). A prolonged residence implies increased contact and higher reaction
rates between ozone and the grains, thus favoring gas decomposition [23,24]. This explains
why the saturation time at a specific flow rate of 0.15 m® min~! t~! was higher (3.59 h) and
the saturation concentration lower (8.59 mg L~!) than the results at 1.00 m3® min—! t~1.

Calculating the total ozone mass injected into the grains and the gas consumption also
allowed for observing the influence of different specific flow rates on the saturation process.
When adopting a specific flow rate of 1.00 m® min~! t~!, the total ozone mass injected
was 7.5 times (138.24 g) the value obtained at 0.15 m3 min~! t~1 (18.43 g). Conversely,
ozone consumption by the grain mass exhibited the opposite behavior. A specific flow rate
of 0.15 m3 min~! t~! resulted in higher ozone consumption by the grain mass compared
to the treatment at 1.00 m3 min~! t~! (Figure 2a; Table 1). When using higher specific
flow rates, the grain mass reaches saturation faster. However, there is a greater oxygen
demand to supply ozone production, which implies more significant expenses, especially
in ozone generation systems that use industrial oxygen as an input. On the other hand,
lower specific flow rates require a longer time to saturate the grain mass and proceed with
the treatment.

The decreased percentage of grain infection by A. flavus can be attributed to the
oxidative potential of ozone gas (2.07 mV) [44-46]. Previous research demonstrated that
ozone gas efficiently inactivated fungi in peanuts [19,47], wheat [48], rice [20,49], and
common corn [5,18].

Molecular ozone and the free radicals generated during its decomposition act on
components of the membrane and cell wall of microorganisms, compromising their integrity
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and leading to the leakage of intracellular content [50,51]. This explains the inactivation of
A. flavus in popcorn kernels. It is important to note that the specific flow rate did not affect
the reduction in the percentage of grain infection by A. flavus.

Expansion volume is a quality variable that encompasses flake volume and the per-
centage of unpopped kernels. Only the popcorn kernels exposed to ozone at a specific flow
rate of 1.00 m3 min~—! t~! exhibited a decreased expansion volume. Flake volume displayed
a similar pattern, and the percentage of unpopped kernels remained unaltered, considering
the different specific flow rates tested. This is evidence that the reduction in expansion
volume was solely due to a decrease in flake volume. This result suggests that adopting
lower specific flow rates may have the same effectiveness, allowing for controlling A. flavus
without incurring unnecessary costs or compromising product quality.

The reduction in flake volume (and thereby expansion volume) is linked to the kernels
losing water [52] and potentially sustaining physical damage [53]. Even though the expan-
sion volume also decreased in the control group, the phenomenon was more pronounced
in grains treated with ozone. Expansion volumes below 30 mL g~! were observed when
adopting a specific flow rate of 1.00 m® min~! t~! and a 48 h exposure. These values are
below the limits established by the Brazilian Normative Ruling No. 61/2011 [54], which
means the kernels do not meet the marketing requirements. This reduction in expansion
volume is due to ozone likely increasing the fragility of the pericarp, thereby compromising
the integrity of the grains.

A whole pericarp is the main requirement for proper kernel expansion [55]. Grains
with a fragile pericarp may release some internal pressure before popping, resulting in
lower expansion volumes. Pohndorf et al. [53] observed this phenomenon when evaluating
the influence of temperature and the drying air speed on the expansion properties of red
popcorn kernels. According to these authors, cracks may form when the grains undergo
temperatures between 70 and 100 °C, and these fissures release some internal pressure
before the grain pops, therefore reducing volume yield.

The purpose of aeration is to ensure an even distribution of temperature and rela-
tive humidity of the air in the inter-grain space without affecting the water content of
the grains. A variation in water content was not expected when a specific flow rate of
0.15 m3 min~! t~! was employed, as this value falls within the range recommended for
grain aeration [30-32]. The reduction in water content verified in the grains treated at
1.00 m® min~! t~! was consistent with conditions typically employed for grain drying [33].

Furthermore, using moisture-free oxygen to generate ozone favored the reduction in
the water content of the grains [21]. Mendez et al. [22] also observed a reduction in the
water content of popcorn kernels treated with ozone gas in a flow. Such decreases are not
exclusively caused by ozone gas but by the specific airflow adopted, as higher specific flow
rates imply higher mass transfer coefficients. This can account for the decrease in water
content in the grains treated at 1.00 m® min~—! t~! with either ozone or oxygen [56,57].

The physical integrity of grains and seeds can be indirectly assessed via electrical
conductivity [41,58]. The greater the damage to the grain’s physical integrity, the more
ions are released and the higher the electrical conductivity of the immersion solution.
Previous research demonstrated that ozone gas affects the electrical conductivity of popcorn
kernels [38,43].

In this study, electrical conductivity was found to be highly sensitive to ozone gas
treatment, and the longer the exposure to ozone gas, the higher the electrical conductivity
(Table 3; Figure 6b). The electrical conductivity of the kernel samples exposed to ozone
at a flow rate of 0.15 m® min~! t~! was higher than those exposed at 1.00 m® min—! t~1.
This can be explained by the fact that lower specific flow rates represent a lower interstitial
velocity and, consequently, a more extended ozone residence (Table 1). Despite this, the
grains ozonated at a specific flow rate of 0.15 m® min~! t~! showed greater expansion
volume than those treated at 1.00 m® min—! t~! (Figure 5).

Longer residence times allow for greater interaction between ozone gas and the grains,
as well as higher reaction rates and greater ozone consumption (Figure 2b; Table 1). The
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graph in Figure 2b depicts the consumption of ozone by the grains. It exhibits the same
behavior as the graph in Figure 6b, which compares the electrical conductivity associated
with each ozone specific flow rate tested.

The grains subjected to the lower specific flow rate (0.15 m® min~! t~!) showed greater
ozone consumption and higher electrical conductivity of the immersion solution (Table 2).
On the other hand, the higher specific flow rate (1.00 m® min~! t~1) led to lower electrical
conductivity values and less ozone consumption by the grain mass. Based on the quality
analyses regarding popcorn kernel expansion, it could be inferred that the increase in
the electrical conductivity values, especially in the treatments at a specific flow rate of
0.15 m3 min~! t~1, was not responsible for the reduced grain expansion and flake volume.
The reduction in water content possibly had a more significant impact on grain expansion
than the electrical conductivity.

Color is one of the quality variables of great interest, especially in ready-to-eat foods,
such as popcorn [57,59,60]. The color parameters of the popcorn kernels remained un-
changed across all treatments. Silva et al. [38] reported similar findings when they assessed
the color of popcorn kernels exposed to ozone gas in a low-pressure injection system.

In the present study, the color of popcorn flakes was also evaluated, and no alterations
were observed in color saturation (C*) or color difference (AE*). However, a reduction in
color hue (h*) as a function of the exposure period was observed in the ozone treatment at
a specific flow rate of 1.00 m® min~! t~1. Previous studies reported that ozone increased
luminosity (L*) and decreased yellowing in corn and sorghum flour [61,62].

5. Conclusions

The application of ozone at various flow rates affected the saturation process of
popcorn kernels with the gas. Injecting ozone at the lower specific flow rate resulted in a
slower saturation of the grain mass. When using higher specific flow rates, the process of
saturating the grain mass with ozone is faster. However, there is a greater oxygen demand
to supply ozone production, which results in a less economical process, especially in ozone
generation systems that use industrial oxygen as an input. On the other hand, lower specific
flow rates require a longer time to saturate the grain mass and proceed with the treatment.
Regarding the reduction in A. flavus infection percentage, ozonation was effective at both
specific flow rates tested. However, at a specific flow rate of 1.00 m® min~! t~1, changes
were observed in the expansion, water content, and electrical conductivity of the kernels.
Ultimately, this study proved that applying ozone at a specific flow of 0.15 m® min~! ¢t~
effectively inactivates A. flavus without affecting the quality of popcorn kernels.
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