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ABSTRACT

Shi, Hu. Ph.D., Purdue University, December 20lé&dWRtion of aflatoxin in distiller
grains. Major Professor: Dr. Klein E. lleleji and.[Richard L Stroshine.

Distillers grains with solubles (DDGS) is a copuotlof dry-grind ethanol
bioprocessing made by mixing and drying two intedtrate products: distillers wet grains
(DWG) and condensed solubles (CDS). Distillersngrare valuable nutrient ingredients
and are widely used in beef and dairy diets. Harewnm worldwide surveys 98% of
analyzed DDGS samples contained at least one fypmgaptoxin. Among the toxins
produced by fungi, aflatoxins are the most toxid have been classified as type one
carcinogens. Aflatoxins are carried over into trstillers grains where they can be
concentrated to up to 3 times the values in thermog corn. The presence of aflatoxin
in the distillers grains poses a serious risk ®htbalth of animals and makes marketing
of distiller grains difficult if not impossible. Mieods for aflatoxin reduction in distillers
grains need to be developed. Thus the overall gfahis project was to reduce the
aflatoxin level in the final coproduct of ethanabjprocessing--DDGS. This was pursued
by examining the effects of reduction of aflatokirthe incoming corn prior to
bioprocessing, the degradation of aflatoxin inittiermediate products, namely DWG

and CDS, during processing, and aflatoxin degradati the DDGS. Segregation



XiX
techniques (size screening and density sorting)datakification methods (conventional
and microwave heating, food additives, and highags atmospheric cold plasma) were
evaluated for their effectiveness in aflatoxin retitan.

Effectiveness of physical segregation of aflataentaminated corn was
investigated by size screening and density sortireg737 kg corn lot with an aflatoxin
level of 185 ppb. There are statistically signifitdifferences in major and minor
diameters, the sphericities and the densities letweoldy and healthy corn kernels. The
moldy corn kernels had a smaller major diametezaigr sphericity and a lower density.
Results indicated that removal of fine materiahfrthe corn lot through size screening
could significantly reduce aflatoxin in the remaigilot. Further removal of small size
kernels through cleaning with a screen cleanerramival of lower density kernels with
a gravity table gave an additional reduction o&wfkin in the remaining corn lot.

Reductions of aflatoxin achieved by conventionaltimg (using a convection
oven and water bath) and microwave heating to diegitze aflatoxin were also
investigated. The presence of water is criticaftatoxin degradation during heating.
Aflatoxin is very stable during dry heating anceenperature of 150 °C is required to
initiate decomposition of aflatoxin. HPLC-MS stusli@vealed that aflatoxinBvas
converted into its enantiomer by dry heating. Dginvet heating for 1 h at 80°C, 73% of
the AFB, was degraded. Degradation of AHB/ wet heating involves hydrolysis of the
furofuran moiety and the lactone ring along witttier decarboxylation. Microwave
heating produced the same degradation productsra®ctional heating, indicating that

degradation during microwave heating is purely tugs thermal effects.
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Degradation of aflatoxin by food additives was alseestigated. Four selected
food additives, i.e., sodium bisulfite, sodium hgplwrite, citric acid, and ammonium
persulfate, were able to effectively (>86%) degrafi@oxin with no substrate by heating
at 90 °C for 1 h with 1% (by weight) food additiselutions. A protective effect of the
substrate was found for aflatoxin degradation in®¥hd CDS. Citric acid is the most
promising additive for degrading aflatoxin sincédts been classified as GRAS
(generally recognized as safe) by FDA. Degradatioaflatoxin B by citric acid was
through acid-catalyzed hydrolysis which converts AiFB; to AFB; and AFB-Citric
(C23 H1o O13). Aflatoxin reduction was enhanced by adding nwigc acid and
prolonging the heating time.

Performance of the HVACP system and generatioeadtive species were
characterized using optical emission spectroscopyoptical absorption spectroscopy.
During the 120 s HVACP treatment, ozone concemtnatgenerated by HVACP follows
a logarithmic function for both the gas MA and (@r.q > 0.98). Ozone generation rate
and final ozone was higher when the MA gas was usstdad of air, and when the
relative humidity was low (5%). Aflatoxin in cormgld be degraded by HVACP
treatment within minutes. Three kinetic modelsi(stforder, a Weibull, and a logistic
model) were fitted to the aflatoxin degradationaddthe logistic model was found to be
the best to describe the degradation kineticslat@afin by HVACP with a high
coefficient of determination > 0.99). Degradation of aflatoxin by HVACP was
influenced by the type of materials treated. Iswaore readily degraded in DWG and
DDG than in DDGS and CDS. A Relative Importancealiais indicated that sample

amount, treatment time, and grain depth were afiparameters that determine percent
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reduction of aflatoxin in DDGS by HVACP Treatmefihe mechanism whereby AEFB
degraded during HVACP treatment involved hydrogemathydration, and oxidation of
the furan ring. The hydrogen radical, hydroxyl cadli hydroperoxyl radical and ozone
were proposed as the major reactive agents foriAleBradation generated by HVACP
treatment. Based on the literature, the degradgtioduced changes in the furofuran and
lactone rings, and cyclopantenone and methoxyttres. These should pose less of a

risk to biological activity than AFBaccording to their structure-bioactivity relatibns



CHAPTER 1.INTRODUCTION

This dissertation presents a study on reducingfila¢oxin levels in distiller dried
grains with solubles (DDGS) manufactured by theghipd bioprocessing of corn to
ethanol. This is pursued by reduction of aflatarithe incoming corn prior to
bioprocessing, degradation of aflatoxin in therimiediate products during processing,
and aflatoxin degradation in DDGS. Sorting meth@ite and density) and
detoxification methods, i.e. conventional and micawe heating, incorporation of food
additives, and High voltage atmospheric cold plagifidACP), were evaluated for their
effectiveness in reducing aflatoxin outside a fawatrix, in corn, in the intermediate
products (DWG and CDS), and in DDGS. The influentcprocess parameters, the
reaction mechanisms and the degradation produdkeafetoxification methods were
evaluated and clarified.

This chapter gives an overview of the aflatoxinigbeon in corn and distillers
grains. Section 1.1 introduces the importance stilldir grains to the feed industry, and
Section 1.2 summarizes information on the prevaearianycotoxins in distillers grains,
with a focus on aflatoxin as the most critical gesb. Section 1.3 gives an introduction
to aflatoxin decontamination methods. Sectionsahd 1.5 present the research
hypothesis and the objectives. And finally, Sectio® provides an overview of the

remainder of the dissertation.



1.1 Background: Production and importance of distifjeains

Due to the increasing energy demand and the mafatagé@ergy independence,
production of biofuels, which are a renewable seuwfcenergy, has increased
dramatically in the last decade. Under the Enenglgpendence and Security Act (EISA)
of 2007, the total amount of biofuels used in th&.Uheeds to be increased to 36 billion
US gallons by 2022 from 4.7 billion US gallons @0Z. This goal has been partially
fulfilled with a production of 13.3 billion gallonis 2013 (USEIA, 2012). The production
of the coproduct: distillers grains with solubl&DGS), followed a similar trend to that
of ethanol. Its productionincreased from 9 milltons in 2005 to 35.5 million tons in
2013.

Corn can be converted into ethanol by two majocgsses: wet milling or dry-
grind processing. The wet milling process sepattéegernel into various fractions and
produces multiple food and industrial productsudahg ethanol. The dry-grind process
does not fractionate the kernel and produces evibycoproducts (distiller grains and
condensed solubles). Over 80% of U.S. ethanol plase the dry grind process, because
of its lower investment and operational costs, ai &s improvements in fermentation
technology (Rausch and Belyea, 2006). A seriesamrbcess operations for the dry-
grind process were shown in Figure 1.1. In thexpss, the corn is first ground with a
hammer mill. Then the corn flour is cooked usirjgtacooker, and the slurry is held in a
liquefaction tank. Next the mash is transferred termentation tank and goes through
saccharification and fermentation processes wimeblve the addition of yeast and
enzymes. The ethanol is distilled from mash usiisgllation columns. The mash

remaining after distillation of ethanol is callethale stillage, which is comprised of



water, protein, fiber and lipids. The whole stigais centrifuged to separate coarse solids
from liquid. The liquid is called thin stillage, W goes through the evaporation process
thereby producing condensed solubles (CDS), wtnctiain approximately 30% dry
matter and are often called “syrup” in the ethandustry. The coarse solids are called
distillers wet grains (DWG) and contain about 3586 matter. Distillers wet grains can

be sold locally as cattle feed without drying, leeyt canbe mixed with condensed
solubles and dried to produce Distiller's driedmgavith solubles (DDGS), which have a

moisture content of around 12%.

Corn Grinding Cooking Liquefacton
Distillation Fermentation Saccharification
[
v ¥
Ethanol Whole stillage
Centrifuge
Thin stillage Coarse solids DIStIIIe.rS wet
Grains
Evaporation Drver Distillers Dried
P ¥ Grains

Condensed
Solubles

Distillers Dried Grains
with Solubles

Figure 1.1. Dry-grind ethanol production process en-products (Erickson et al., 2005)

From a nutrient standpoint, DDGS is a valuableadgnt in animal diets. Eighty
percent of DDGS is used in beef and dairy diete fitoduction and sale of DDGS is
essential for economical sustainability and fortoared development of the ethanol

industry. It generally contributes about 10% to 20Rthe revenue to the ethanol plant,



and the contribution can be as high as 40% depgrairthe its market value (Liu and

Rosentrater, 2012).

1.2 Problem Statement: Mycotoxin problem in Distillerai®s

Mycotoxins are toxic secondary metabolites produmnedolds that can
adversely affect the health, growth and reprodaatibanimals when mycotoxin
contaminated grains or coproducts are ingestedobdyms are unavoidable
contaminants in crops. According to the Food anddjure Organization of the United
Nations (FAO), 25% of the world’s crop are contaateéd with mycotoxins during
growth or storage ("Mycotoxins"”, 2013;GIPSA, 2006)ajor mycotoxins that could be
potentially found in corn include aflatoxins, deaxsalenol (DON), fumonisins, T-2
toxins and zearelenone (ZEA). The mycotoxins founBDGS originate from those
associated with the cornthat is used as the rawmahfor ethanol production (Whitlow
and Hagler, 2006).

The nutrient content of DDGS makes it a valuabtgadient for animal diets.
Approximately 80% of DDGS is used in beef or daligts (Liu and Rosentrater, 2012) .
Multiple studies have reported detectable levelsigtotoxins in DDGS (Zhang and
Caupert, 2012;Zhang et al., 2009;Rodrigues and,0ih2). Between January 2005 and
December 2010, a total of 409 corn and DDGS sanggesced worldwide were
analyzed for the 5 major mycotoxins: aflatoxingraéenone, deoxynivalenol, fumonisin
and ochratoxin, In one study, 98% of the DDGS samphalyzed contained at least one

mycotoxin, and 92% of the samples were contaminatéd2 or more mycotoxins



(Rodrigues and Chin, 2012). These studies havedasncerns about the wisdom of
using DDGS produced in the U.S. as animal feed.

Among the 5 major mycotoxins, aflatoxins are thestiioxic. They have been
classified as type one carcinogens by the IntesnatiAgency for Research on Cancer
(Stoloff, 1989). Aflatoxins are toxins producedthg Aspergillusspecies, mainly from
Aspergillus flavusr Aspergillus parasiticusAflatoxins can be carried into distillers
grains from the incoming corn. One study reported turing ethanol bioprocessing
there was very little aflatoxin degradation, anel #flatoxin level in distiller grains was
concentrated up to 3 times compared to the coofethe incoming corn (Murthy et al.,
2005). According to the FDA regulatory levels félatoxin in the feed, the maximum
allowable aflatoxin levels are 300 pg/kg for finrsdp cattle, swine and poultry, 100
png/kg for breeding cattle, swine and poultry, afdu®/kg for all other animals (NGFA,
2011). The presence of aflatoxin in the distillexigs poses a serious risk to the health of
the animals consuming the feed and makes marketidggtillers grains difficult if not
impossible. Therefore, decontamination methodsfiatoxin reduction in distillers

grains need to be developed.

1.3 Current Aflatoxin Decontamination Approaches
The only method approved by FDA to detoxify aflatols ammonization, but it
is limited to use in cottonseed under the guidaideDA’s compliance policy (CPG Sec.
670.500). Currently there is no FDA approved rodtfor detoxifying aflatoxins in corn
or distillers grains. A number of methods for deling aflatoxin in corn or other grains

or nuts have been tested with varying degreesaifess. These methods generally fall



into three categories: physical, chemical and Igiolal (Samarajeewa et al., 1990;Piva et
al., 1995;Wu et al., 2009). Physical methods inelal@aning, density and color sorting,
UV, microwave, and gamma irradiation. Chemical rodthinclude treating with various
food additives or chemical agents, ammonizatiod,@onation. Biological methods
include treating with microorganisms, including teai@, molds and yeasts, or treating
with enzymes. The FAO requirement for an acceptdbt®ntamination process involves
the following essential features: (FAO, 1977;Pivale 1995)

1. It must inactivate, destroy, or remove aflatoxins;

2. It must not produce nor leave toxic/carcinogenidaganic residues;

3. It must not significantly alter the nutrient, sensof other important attributes of

the material,

4. Ideally it must destroy fungal spores or mycelidmattcould proliferate and

produce new toxins.
In a search of the literature, the author did mat Studies on aflatoxin degradation in
distiller grains or its related coproducts.

1.4 Research Hypotheses
We hypothesize that aflatoxin levels in distilleaigs could be reduced by a
systematic approach by: reducing the aflatoxinlgeirecorn prior to, during, and post
bioprocessing into ethanol through physical sedgregaand thermal or chemical
detoxification methods.
1.5 Research Objectives
The overall goal of this project was to reducedfiatoxin level in the Coproduct

DDGS from corn bioprocessing into ethanol. This wassued by reduction of aflatoxin



in the incoming corn prior to bioprocessing, degtaah of aflatoxin in the intermediate
coproducts during processing (DWG and CDS), arat@fin degradation in DDGS.
This research was broken down into four primaryeotiyes, with the following sub-
objectives:
1. Determine the effectiveness of size screening amdity sorting on aflatoxin
reduction in corn:
1.1. Measurement of kernel size, shape, and deofsigpresentative corn
samples.
1.2. Evaluation of the difference in physical pndjgs (kernel size, shape,
density) and its distribution between moldy andlthgacorn kernels.
1.3. Determining aflatoxin reduction by size sciagrusing a screen cleaner and
density segregation using a gravity table.
2. Understand the thermal stability of “pure” aflatoxvithout a food substrate
being present, using conventional and microwavdéigga
2.1. Determine aflatoxin reduction by heating baty and wet samples in a
conventional oven.
2.2. Determine aflatoxin reduction by heating baty and wet samples using
microwaves.
2.3. Determine the degradation mechanisms for ddyveet heating, and clarify
whether there are non-thermal effects from micreavaeating.
3. Investigate detoxification of aflatoxin using foadditives both without a food
substrate and within a food substrate (DWG and CDS)

3.1. Test the effectiveness of selected food additon aflatoxin degradation



without substrate, and clarify the reactioechanism.
3.2. Test the effectiveness of selected food additon aflatoxin degradation
in a substrate (DWG and CDS), and evaltr@enfluence of the factors:
food additive concentration, and treatniene.
4. Reduction of aflatoxin by high voltage atmosphentd plasma (HVACP)
treatment:
a. Characterization of HVACP with optical emissioresfyoscopy (OAS) and
optical absorption spectroscopy (OAS).
b. Evaluate effectiveness of HVACP treatment in aitat reduction in corn
and DDGS, and understand the influence of theviotig critical process
parameters: gas type, relative humidity, mode aétien, sample size, surface
area, and sample depth.
c. Clarify the degradation products and degradanechanisms of aflatoxin by
HVACP treatment.
1.6 Dissertation outline
The remainder of this dissertation is divided ifve chapters. Chapter 2 reports
on studies of the difference in physical propertnesuding shape, size and density
between healthy and aflatoxin contaminated cornédsrand investigates the effective of
screening and sorting in reduction of aflatoximispecific corn lot. Chapter 3
investigates the stability of aflatoxin for dry awet heating conditions using both
conventional and microwave heating. Chapter 4rde=ssthe results of a study on the
detoxification of aflatoxin by food additives withbfood substrate being present and

with an substrate (DWG and CDS). Chapter 5 ingag#s the effectiveness of HVACP



treatments for aflatoxin reduction in corn and istilers grains, the reaction mechanism
caused by HVACP treatment for aflatoxin degradatiand it also clarified the
degradants produced. Chapter 6 summarizes thengadif this dissertation and includes

some suggestion for further work based on thisarese
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CHAPTER 2.REDUCTION OF AFLATOXIN IN CORN THROUGH SIZE
SCREENING AND DENSITY SORTING

In this Chapter, the difference in physical progsrincluding size, shape, and density
between healthy and aflatoxin contaminated kemvalks characterized, and their
relationship to reduction of aflatoxin levels byesiscreening and density sorting was
studied. The results have been presented at cosfeend submitted for publication,

with the citations shown below:

Journal paper:

Shi, H., Stroshine, R.L., lleleji, K. Differences kernel shape, size and density between
healthy and aflatoxin contaminated kernels and tleéationship to reduction in aflatoxin
levels in a sample of shelled corn. Submitted tplAgal Engineering in Agriculture.

2016.

Conference presentations:

Shi, H., R.L. Stroshine, and K. lleleji. 2014. Afiain Reduction in Corn by Cleaning
and Sorting. ASABE Paper No. 14-1890901. St. Jogdth. ASABE.

Shi, H., R.L. Stroshine, and K. lleleji. 2014. Myowin reduction in corn from pre-
cleaning and kernel Sorting. Omaha, Nebraska. NEr2édeting.
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2.1 Background: Reduction of Aflatoxin in Corn by Sagi

Aflatoxins are naturally occurring contaminatesann, produced mainly by three
species of Aspergillus, namedy flavus, A. parasiticuandA. nomiugRustom, 1997).
Aflatoxin contamination in corn is promoted by higimbient temperatures and drought
stress during the growing season, and by improgedlimg and storage of corn kernels
after harvesting. The U.S. Food and Drug Adminigira(FDA) has set action level
limits for aflatoxin as 20 ppb in corn and otheaigs intended for consumption by
humans, poultry, dairy animals or unknown usesi{at Grain and Feed Association,
NGFA, 2011). The levels were established aftasteslicated that aflatoxins may cause
liver cancer, affect immune system and reduce draate of the human or animals that
consume the contaminated grain (Groopman et aB;Mi&di et al. 1989; Khlangwiset et
al. 2011).

When aflatoxin is present in corn prior to harvés¢, most heavily contaminated
regions of the ear are often at the tip of thevdeare the kernels can be rounder and
smaller than kernels from other locations on the léangi growing on a corn kernel
usually consume dry matter from the kernel, posgiytiowering the kernel density and
making the kernels more susceptible to breakageglhhiandling and during combine
harvesting. This hypothesis was at least part@ilyoborated by the observation of
Shotwell et al. (1972) that corn kernels with highels of aflatoxin are structurally
weakened and crumble easily. These observatiorgestthat there may be pieces of
contaminated kernels with differences in kernet sghape, and density that explain the
ability of screening and gravity table density s@tto, in some instances, reduce

aflatoxin levels in a corn lot.
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Screening is commonly used in the grain industmetoove fines and foreign
materials from cereal grains and oilseeds. Segtudies have reported that size
segregation by screening can reduce aflatoxin$ewatthough the degree of success
varies. Dowell et al (1990) screened 17 loads whé&as’ stock peanuts with initial
aflatoxin levels of 110.7 ppb over a screen bethwpenings of 9.5 mm (24/64 inch).
The aflatoxin level was lower in the overs (90.Bpand higher in the throughs (210.6
ppb). The aflatoxin level of shelled peanuts wathter reduced from 90.5 to 3.8 ppb by
removal of smaller fractions (other edibles, ailcet, loose shelled kernels, and damaged
kernels) by passing the peanuts over 6.35 mm (1664 and 5.56 mm (14/64 inch)
screens. Brekke (1975), found that removal of &ind foreign material did not markedly
reduce aflatoxin in the remainder of several cots,lexcept for one lot which contained
a high percentage (16%) of fines and foreign maltefhese conflicting results regarding
the effectiveness of screening suggest that a thoreugh study of the relationship
between kernel size and shape would provide arhattderstanding of why screening
helps in some instances but not in others.

Density segregation is sometimes used to remowasksl kernels from good
kernels before corn is processed for food. Itss ased frequently by the seed industry
to purify the seed by removing kernels that havdesirable traits. For example, in one
study a correlation was found between density dlatbain contamination of cottonseed.
In general, higher levels of aflatoxin were foumdamg lower density seeds (Koltun et al.
1974). Although factors such as invasion by othegf, insect damage, or premature
death of the kernels can also reduce seed degtitlies have demonstrated that

aflatoxin-contaminated corn can be segregated &fbatoxin free corn based on density
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(Huff and Hagler, 1982). Density segregation oftaamnated kernels can be done in a
laboratory by floatation in various solutions, uding water, sodium chloride, hydrogen
peroxide, and saturated sucrose. In several stugig@sficant reductions were achieved
for various types of mycotoxins (Aflatoxins, DONe&@rolenone, Fumonisin) in a variety
of grains (Huff and Hagler 1985; Clavero et al. 39Rotter et al 1995; Shetty and Bhat
1999). However, the floatation method rewets thedds and if used in a commercial
setting it would introduce an additional cost foyidg the rewetted grain. An alternative
method of density segregation is to use a graaltlet In one study a gravity table
effectively removed lower density wheat kernelghsas those that had sprouted
(Tkachuk et al 1991a). Removal of severely infe¢tboh and shriveled) kernels reduced
Trichothecene levels in wheat infected with Fusarldead Blight (Tkachuk et al.
1991b). In another study, Brekke et al. (1995) reggbthat the gravity table was not
effective in reducing aflatoxin in corn. Howevdrey did not provide data on the density
variations among the kernels in the sample. Intlggtihe aflatoxin reduction achieved
using the floatation method, and the capabilityhef gravity table to segregate according
to density, a more detailed study of the perforneasfcdhe gravity table in reducing
aflatoxin levels is needed.

If the effectiveness of aflatoxin reduction in caminated corn using size and
density segregation is to be better understoodpatehtially improved, the differences in
size and density between moldy and healthy cornéieishould be studied. The authors
did not find research quantifying the size or dgngistribution of healthy and moldy
corn kernels. Moldy kernels tend to have a lowenrsity because of the consumption of

nutrients and disintegration of cellular componeatilting from fungal invasion.
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However, there is also very little literature thaiantifies the difference in density
between healthy kernels and those invaded by fgagisibly because of the difficulty
associated with accurately measuring individuah&edensity. Martin et al. (1998)
determined kernel densities of healthy and scaladachwheat kernels using a micro-
pycnometer. The scab-damaged wheat kernels hadua deasity of 1.08 g/cm3,
compared to mean density of 1.28 g/cm3 for healthgat kernels. However, the

authors of this paper did not find any similar $#sdon moldy and healthy corn kernels.

2.2 Objectives

In this study, the authors characterized the kesizel and shape along with the
kernel densities of samples of moldy and healthm &ernels in a lot of shelled corn
(737 kg or 1625 Ibs) containing high levels of &dlan. The overall goal was to gain a
better understanding of the differences in thes@ates and their relationship to the
ability to remove moldy kernels and reduce aflataontamination in the infected lot of
corn. The specific objectives were to determinefttiewing for this contaminated
shelled corn, which was obtained from a centraidnd farm: (1) the dimensions,
sphericity, and density distribution of healthy andldy corn kernels from a
representative sample of the corn; (2) the effeck@ss of sieving with 5.16 and 6.75 mm
(13/64 and 17/64 in) round-hole sieves, respectj\aid how the effectiveness was
related to the distribution of the kernel dimensicand (3) the effectiveness of gravity
table as a means of removing aflatoxin contaminadiod how that was related to the

density distribution and presence of broken kerimetee sample.
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2.3 Materials and Methods
2.3.1 Corn Sample
A 737 kg (1625 Ib.) corn lot was purchased fromararf located in central Indiana near
Clayton in November of 2012. The corn was takemfan overhead bin used to load
trucks. The bin had been filled by removing coomirthe center (core) of bins where the
corn contained high levels of aflatoxin. It hadeasy high percentage of fine material and
the initial aflatoxin level in samples taken fronetcorn lot was 185 +28 ppb.

2.3.2 Physical Properties Measurement

2.3.2.1 Moisture Content

Moisture contents (MC, wet basis) of all corn saesplhere determined using the
whole kernel oven drying method (ASABE StandardZS3p About 15 g of sample were
dried at 103C for 72 h using a forced convection oven (Ameri€arentific Products

DN-42, CA, USA).

2.3.2.2 Kernel Size and Shape

The size of corn kernels can be characterized ubmgnajor, intermediate, and
minor diameters (Figure 2.1). A total of 115 moldyrnels and 131 healthy kernels were
selected from subsamples of the original sampleifoension measurement. The values
of corn kernel diameters (mm) were determined éondsarest 0.05 mm using a dial
calipers.

The Shape of corn kernels was quantified by calitgdhe sphericity of each of

the kernels using the measured diameters. Sphyesdaitefined as the ratio of volume of



18

the kernels to the volume of a sphere having a eieanequal to the diameter of a

circumscribing sphere (Stroshine, 2014):

Sphericiw@ (Eg. 2.1)

where the major, intermediate, and minor diamedegs 2a, 2b, and 2c, respectively.

Intermediate diameter Minor diameter

)

Major diameter

Figure 2.1 An image of a corn kernel showing thaoniintermediate, and major
diameters.
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2.3.2.3 Kernel Density

A total of 47 moldy kernels and 56 healthy kernveése selected from
subsamples of the original sample for measuremdwdrael density. Individual corn
kernel density was determined using a micropycnenenstructed by the Agricultural
and Biological Engineering (ABE) Department’s sipgrsonnel (Figure 2.2). This
apparatus was similar in construction to a pycnemeted in a study of the density of
wheat kernels (Martin et al. 1998). The chambey wahich the kernel was placed was a
length of glass tubing with an inside diameter @78 mm (0.424 in.). Glass tubing was
used because it was easy to see through the glas=sat the height of the liquid in the
chamber. In initial tests with a plastic chambehjali was not as clear as the glass, it was
difficult to see clearly in order to accurately astjthe height of the oil in the kernel
chamber. The chamber was partially filled with gadige oil purchased from Dyer
Instruments (Michigan City, Indiana). This was #aene fluid used by Martin and
coworkers (Martin et al. 1998). It was selecteddose of its low volatility and because it
was not readily absorbed by the corn kernel. dt &aelatively low specific gravity of
0.826 g/cm. The glass kernel chamber was seated in a ptagindrical base that
allowed for connection with a smaller diameter egler that served as a reservoir for the
gage oil. A small brass plunger with an o-ringl $eaved up and down in the smaller
cylinder allowing gauge oil to be added or remofredh the chamber containing the corn
kernel. A mechanism attached to the plunger alloavddl indicator to be used to
measure the displacement of the plunger to theese@r001 mm. The volume of fluid
added or removed from the kernel chamber by a giNgance of movement of the

plunger could be calculated using the inside diamettthe cylinder (5.0038 mm or
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0.197 in.). The level of fluid in the kernel chambeas adjusted to a consistent height
using a removable point gage incorporated intddipeof the container and held firmly in
place by a spring mechanism.

The volume of the corn kernels was determined usiadiquid displacement
method. After the kernel chamber was partiallyetilwith gage oil, the point gage was
put in place and the plunger was moved upwards tinetigage oil came into contact with
the tip of the point gage. Contact could be detebteliquid adhesion of the oil to the tip
of the point gage. After contact was made, thetosof the plunger was noted on the
dial indicator and the plunger was moved downwartlse point gage was removed, the
kernel was dropped into the gage oil, the poinegags returned to the top of the kernel
chamber, and the plunger was moved upwards uetijfige oil once again made contact
with the tip of the point gage. The kernel volumasvealculated from the difference in
the distance the plunger moved and the inside de&moéthe plunger.

The accuracy of the volume measurements was dedluaing four precision
ball bearings. Two had a diameter of 7.935 mm aedeémaining two had a diameter of
7.492 mm. These volumes are similar to the voluaie€srn kernels. When the volume
of the ball bearing was calculated from the diamatel compared to the volume
measured using the micropycnometer, the two vagesed to within 1.0%. The
coefficient of variation for three replicate measuents was less than or equal to 0.1%.
When measurements were made on corn kernels, tigatve each corn kernel was first
determined to the nearest 0.001 g using a prec&emntronic balance (Denver
Instruments, NY, USA). Kernel density was calculdby dividing the measured kernel

weight by its measured volume.
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Figure 2.2 Micropycnometer used for measuring thlemes of corn kernels.

2.3.3 Experiment at the Commercial Inbred Seed Proce$scdity

The reduction in aflatoxin levels that could beiagbd in the 737 kg (1625 Ib.)
corn lot by means of screening with round hole esseand by means of a gravity table
were determined by cleaning and sorting the comBeck’s Hybrids inbred seed
processing facility near Sharpsville, Indiana. FegR.3 summarizes the cleaning process
and the source of samples. Since the corn lot cwda high percentage of fine material,
the first step was to remove the fine material &gging the corn through a Clipper screen
cleaner (A.T. Ferrell Company, Blufton, IN.) equagpwith a 5.16 mm (13/64 in.) round-
hole sieve. Normally fines would be removed with. 26 mm (12/64 in.) sieve. However,
that screen size was not available and the clesedible size was used instead. As the
corn was being cleaned, a sample of the “overs”’ao#lected by periodically passing a
bucket through the grain stream. The “fines” angels” that were removed were

collected and weighed. Smaller representative sz both the “fines” and the
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“overs” were obtained by repeatedly passing theei’ or the “overs” through a Boerner
divider.

After the fines were removed with the 5.16 mm (#3f&) sieve, the remaining
whole kernels and larger kernel pieces were agassed through the screen cleaner.
However, this time a 6.75 mm (17/64 in.) round-he&ve was inserted in the cleaner.
This separated the corn lot into two streams, aitie whole larger kernels and kernel
pieces and the other with smaller pieces of keandlvery small whole kernels. The
weights of the two streams were obtained and reptasve samples were collected in
the same manner described above. After the fist fraough the 6.75 mm (17/64 in.)
screen was completed, the two streams were re-o@abi hen the composite sample
was weighed, the two fractions were mixed usingavsl, and the composite sample was
passed through the 6.75 mm (17/64 in.) sieve angktme. As in previous tests, the
streams were weighed and representative samplesocobected.

After the second screen separation, the two stre@ms again recombined and
mixed, and the composite sample was passed thiemugiMC gravity table (Lewis M.
Carter Manufacturing, Donalsonville, GA.). This aggted the corn kernels into two
streams, one with a higher density and the othér avlower density. The weight of each
stream was determined using an electronic scalapea were obtained by periodically
sweeping the flowing outlet streams with a bucket then using a Boerner divider to
obtain smaller representative subsamples from staebm. Upon completion of the first
pass through the gravity table, the streams wete again combined and the gravity

table separation was repeated.
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Figure 2.3 Diagram showing size and density segi@my#ests conducted at a
commercial inbred seed processing facility.

2.3.4 Aflatoxin Level Determination

The aflatoxin levels were determined by ELISA as&ayvirologix Inc., USA). A
representative sample weighing about 1 kg was takemthe corn lot or from the
streams coming from the cleaner or gravity table $amples were first ground in a
Glen Mills Type “C” Table Top Disc Mill (Seedburagiipment Co., Des Plaines, IL.)
using a 20 mesh screen. A 20 g subsample for affatesting, was obtained by shaking
and mixing the bag and then removing 20 g witha@sp The aflatoxin was extracted by
adding 40 ml of 50% ethanol. Ethanol (99% prawds added to the sample and the
mixture was shaken. The particles were allowecktthesuntil there were two distinct
layers (10 to 30 min.). Then 100 ul top layer esttva@as pipetted and mixed with buffer

solution, and dipped with a commercial lateral flbevices (LFDs) QuickTox test strip
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(AQ109BG) for 5 min, aflatoxin levels were thenetetined from the color change of
the test strip using a color reader (Envirologig.JAUSA). The reader has a detection
range of 0 to 30 ppb. Aflatoxin levels higher tt&hppb were determined by dilution.
Serial extract dilution factors used were 6, 18 &4, as recommendation by the
manufacturer. AQ109BG test strips (Envirologix INdSA) were used for aflatoxin
quantification in corn. According to the manufaety the COV of this quantification
method is around 10%. The CV (RSD) of the this gfiaation method is around 10%

and is certified by the USDA in the Addendum Ceréife No. FXIS 2013-047.1.

2.3.5 Statistical Analysis

Statistical analyses were performed using SAS 9AS(Institute Inc, USA)
software. The t-test procedure was used to contpardifferences in mean values of
physical properties between the moldy and healting kernels (p=0.01). The
Kolmogorov-Smirnov (or K-S) test, available in tBAS software’s NPAR1IWAY
procedure, was used to compare the attribute loligioins of the healthy and moldy corn
kernels. The K-S procedure calculates a test 8tati3” which is a simple measure of
whether the difference between two distributionstaistically significant. It is defined
as the maximum value of the absolute differencevéen the two cumulative distribution

functions g(x)ands,(x):

D= mex|S (- S (Eq-2.2)

—00<X<00
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2.4 Results and Discussion
2.4.1 Difference in Size, Shape and Density of Healthy Aflatoxin Contaminated
Corn Kernels

Means of the diameters, sphericity, and densityeailthy kernels and kernels
invaded with mold are shown in Table 2.1. The ddfees between moldy and healthy
corn kernels were statistically significant for tebthe diameters, and for the sphericity
and density. For this particular corn lot, the nyotdrn kernels had a smaller major
diameter and a larger minor diameter. They alsdddrio have a greater sphericity and a
lower density. All the above differences were statally significant at an alpha level of
0.01 as determined using a 2 tail t-test. Howether difference between the intermediate
diameters of the moldy and healthy corn kernels nedstatistically significant at an
alpha level of 0.01. The observed differences neathk result of the portion of the ear
that was most often invaded by the mold. The irorasiccurs most often near the tip of
the ear where the kernels are often more sphdficainds”) and smaller. The greatest
difference between moldy and healthy kernels wakemmajor diameter. Therefore,
among the three diameters, segregation on the dfasiajor diameter would give the
best results for this particular corn lot. Theresva#so a significant difference in
sphericity between the two fractions suggesting $eparation according to this attribute
may also be effective in reducing the aflatoxirelam the corn lot. Unfortunately, the
equipment needed for sorting on the basis of ndigmeter and sphericity was not
available at the seed corn processing facility dsedorting the corn lot. Therefore, in

order to test the separation result based on ndilaoneter, a representative sample
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(=3kg) was pulled and run through a slotted siev@lhe top clipper cleaner (Clipper
Office Tester, A.T. Ferrell Company, Blufton, IN).

Differences in density were also observed for tra@e that was evaluated, the
moldy kernels had a lower density than the hedtdpels. Kernel density is lowered
when the fungi break down the cellular structuréhefkernels and consume nutrients.
The observed differences indicate that segrega@sed on kernel density also has
potential.

The distributions of the measurements of the tdrameters, the sphericity, and
the density of the moldy and healthy corn kernetsshown in Figure 2.4. The results of
the K-S tests are summarized in Table 2.2. Theaesignificant difference (P<0.0001)
between the distributions of the moldy and heakinels for all physical properties
measured, except the intermediate diameter. Keleredity and major diameter had the
largest D value (indicating largest difference)ldaed by sphericity and minor

diameter.

Table 2.1 Means of dimensions, sphericities anditiea of healthy and moldy kernels
from the corn lot.

Corn - . Slze*_ - - Density
Sample Major Diameter Iptermedlate _ Minor Sphericity (glerd)
(mm) Diameter(mm) Diameter(mm)
Healthy 12.016 +1.226 7.842 +0.85% 5.337 £0.891 0.644 +0.079 1.215 +0.092
Moldy 10.551 +1.261  7.963 +0.928 5.969 +0.966 0.757 +0.098 1.147 +0.101

*means with a different superscript letter indicsignificant different at 0.01 probability level.

Table 2.2 Results of K-S test to indicate whetherg are differences between healthy
and moldy kernels in the distributions of the majotermediate, and minor diameters,
the sphericities and the densities.

K-S test . - Size - - - Density

statistics Major Diameter I_ntermedlate _ Minor Sphericity (g/cn)
(mm) Diameter(mm) Diameter(mm)

D 0.4989 0.1104 0.3424 0.4643 0.5099

P <0.0001 0.4445 <0.0001 <0.0001 <0.0001
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Figure 2.4 Cumulative Density distributions for bdtealthy and moldy kernels of the
following attributes: a) major diameter, b) intewiiege diameter, ¢) minor diameter, d)
sphericity and e) kernel density.
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2.4.2 Aflatoxin Reduction by Size and Density Segregatimng a Screen Cleaner and
Gravity Table

This section reports the results of the tests cotediat the seed corn processing
facility. The weight percentages of kernels, kepietes, and fine material removed by
screening and the gravity table are shown in THbBalong with the levels of aflatoxin
in each of the samples. The 737 kg corn lot corthapproximately 10% fine material,
which is an unusually high percentage. This caeXpained by the fact that the corn
came from a bin that was filled by “coring” the ettbins being used for storage of the
type of grain being tested. Coring means that ea@s withdrawn from the center well of
bins. The corn withdrawn from the storage bins cénm@ beneath the spout lines of the
bins, where fines tend to collect. The fine matdnad an extremely high aflatoxin level
(1404+143 ppb), which is approximately 46 timedhleigthan the level in the kernels and
larger kernel pieces. A possible explanation & Kernels damaged by Aspergillus ear
rot tended to break into small pieces (fine makedaring harvesting and handling
because the invasion by mold weakened them and thademore brittle. Also, broken
kernels and fines are more susceptible to invdsyomolds than healthy whole kernels
with intact pericarps. Removing the fine materid).(% of the weight of the sample)
reduced the aflatoxin levels by 83.8%.

The aflatoxin level was also higher in the smalhlets and kernel pieces that
were removed with the 6.75 mm (17/64 in.) rouncetsiéve. It should be noted that,
although round-hole sieves can be used to separateding to intermediate diameter,
the 6.75 mm (17/64 in) sieve was removing largend&epieces and very small kernels

because 6.75 mm is more than one standard deviagiow the mean minor diameter of



29

the moldy kernels (Table 2.1). The sieve removedrad 3 percent by weight of the
shelled corn and reduced the aflatoxin levels ptlear 1.8 and 9.4% of the original level
in the first and second passes, respectively (TaBg If it is assumed the intermediate
diameter is normally distributed with a mean of47t8Bm and a standard deviation of
0.928 mm (Table 2.1), then 10% of the kernels shbale fallen through the larger of
the two round-hole sieves. The fact that the rerhpgecentage is much lower than 10%
may mean that the sieving was inefficient and aditiremove all of the kernels that could
have fallen through the sieve.

Although there was a noticeable variation in tHatakin levels in the two
streams from the two passes through the 6.75 mi641i) screen, in both tests the
amount of aflatoxin in the smaller particles wasals greater. It was approximately 7
times greater for the first pass and approximatélyimes greater for the second pass
through the sieve. Although the aflatoxin levethe healthy corn coming from the
screen cleaner on the first pass was 27 ppb, whiahove the FDA aflatoxin limit of 20
ppb, the second pass reduced the aflatoxin levahlp13 ppb, which is below the FDA
limit of 20 ppb. The differences in the resultsnfrethe two tests may have been caused by
a random sampling error. The presence of a siragleaminated kernel can greatly
increase the aflatoxin level in a sample.

Screening through round hole sieves is based emnadiate diameter. Although
initial evaluation indicated that there is no sfgrant difference in intermediate diameter
between moldy and healthy corn kernels, a sigmficaduction of aflatoxin level was
achieved by screening through the 6.75 mm (17/6d)iround hole sieve. A more

careful examination of the material removed bydieve revealed that it was mainly
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(74% by w.t.) composed of pieces of broken corhe distribution shown in Figure 2.4
is only for whole kernels. Further aflatoxin arsasyrevealed that the aflatoxin level in
the broken pieces (152 ppb) was much higher thatetrel in the whole kernel fraction
(32ppb). A follow up experiment was conducted gghre table top Clipper cleaner. A
representative sample taken from the corn thatretased by the 5.16 mm (13/64 inch)
screen at the seed corn processing facility, wasqehover both a 6.75 mm slotted and a
6.75 mm (17/64 inch) round hole sieve. Aflatoxindis are shown in Table 2.4. The
percentages of material retained on top of the&latieve were greater, although
comparable in magnitude, than the percentage #ssteol through the round hole sieve.
However, the aflatoxin level of the kernels retaitg the 6.75 mm (17/64 inch) slotted
sieve was over twice the level in the material tretsed through the 6.75 mm (17/64
inch) round hole sieve. Thus sorting the corn kerbg slotted sieve based on minor
diameter achieved greater reduction in aflatoxiodm than sorting by round hole sieve
which is based on intermediate diameter. This sgreement of the results of our initial
size evaluation of the corn kernels: the diffeeemcminor diameter is larger than in
intermediate diameter between moldy and healthy kernels. And based on these
results, slotted sieve works better than round higees for sorting this specific corn slot.
The results from the two gravity table tests shioat temoving the lower density
kernels, about 5% percent by weight of the sampliyced the aflatoxin level by 12.6
and 16.4%. The lower density kernels removed bygtlavity table had much higher
aflatoxin levels than the higher density kernelSQ(times). Furthermore, for the first
pass through the gravity table, the aflatoxin lefehe higher density kernels was only

3.8% of the 185 ppb level found in the originalrctwt. For the second pass through the
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gravity table, higher density kernels had an aketdevel below the detection limit of
the LFDs test strips.

In both the tests with the 6.75 mm (17/64 inchywdhole sieve and the gravity
table, the aflatoxin level in the healthy corn frtime second pass was lower than it was
for the first pass through the device. In theststapproximately 1kg of moldy kernels
containing high aflatoxin levels was removed frdra bulk sample for testing. It is
possible that removal of these moldy kernels mas afluenced the second pass.
Another possibility is that when the two fractidhat had been separated during the first
pass were mixed together prior to the second plassyo fractions remained partially
segregated and that this segregation made the edipiacess more effective.

Another observation is that the gravity table rextlithe aflatoxin levels more
than the 6.75 mm (17/64 inch) round hole screenvtiag used in the screen cleaner. The
kernels removed by the gravity table had a higlatcxin level than the kernels
removed by the screen. The gravity table also red@vlarger percentage by weight of
kernels. However, the density segregation testgyubie gravity table took 1.5 to 2 times

longer than the screen cleaning.

Table 2.3 Summary of aflatoxin reductions achiewsithg a screen cleaner with two
different round-hole sieves and a gravity table.

Percent Percent Aflatoxin leveF
Process Removed Reductiofi (Mean + Std, ppb)
(wt, %) (%) Retained Removed
Screen 5.16 mm (13/64 in) 10.1 83.8 30 8 1404 £143
sreen 6.75 mm (17/64 in) (Pass Nc 3.3 1.8 27 £1 246 +27
creen 6.75 mm (17/64 in (Pass Nc 2.8 9.4 13 +2 197 £32
Gravity Table (Pass No. 1) 4.8 12.6 71 384 +27
Gravity Table (Pass No. 2) 5.4 16.4 <L®D 342 +31

aPercentage of material removed is based on weigtriginal sample
b Percentage reduction of aflatoxin is based orairaflatoxin level in original sample
cAflatoxin level in original sample was 185 +28 ppb

dLOD indicates limit of detection



inch slotted and round-hole sieve in a lab clipgeen cleaner.

Sieve type Sample fraction Weight Weight pert AF level
(9) (%) (ppb)

Slotted sieve >17/64 in 63.9 4.6 65
<17/64 in 1302.6 95.4 14
Round hole >17/64 in 2926.8 98.5 24
sieve <17/64 in 43.98 15 32

32

Table 2.4 Aflatoxin reduction in representativerceample by passing through 17/64

2.4.3 Kernel Densities and Density Distributions in Fraes Separated Using the
Gravity Table

Table 2.5 summarizes the results of density tassubsamples taken from the
two streams from both the screen cleaner and @ngtgitable. The mean density of the
“overs” from the 6.75 mm (17/64 in.) screen wasyatightly higher than the density of
the kernels that passed through that sieve (by6@/6in3). This difference in density was
not statistically significant. However, there wasudstantial difference in density
between the two samples separated by the grably (8.1g/cm3) and the difference was
statistically significant.

The moisture contents of all the samples are &lgorted in Table 2.5. They were
close to each other with the exception of the logarsity fraction from the gravity table.
One explanation for this lower moisture is thatdhtained a higher percentage of broken
kernels, which had a lower moisture content. Théstace content of fines was 14.81%
+0.04%, which is also lower than that of whole &mgher density fractions.

To further characterize the effectiveness of dgregparation using the gravity
table, histograms showing the distributions ofdkesities were plotted for the original
sample, and for the higher density and lower derisactions (Figure 2.5a, b, and c,
respectively). Cumulative density distributions &irthree samples, which show the total

percentage of kernels with a density less thavengvalue are shown in Figure 2.5d. The
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density of the original sample and the higher dgrisaction from the gravity table were
similar to a normal distribution, whereas the dindistribution of lower density kernels
was skewed toward the left. The cumulative derdigfribution of the original sample is
between those of the higher density and lower teksrnels (Figure 2.5d), but is much
closer to the distribution of the higher densigchion. This is reasonable, because the
light kernels constituted only around 6% of thaleteight of the corn lot that was
tested. Although there was considerable overlawdst density distributions of higher
and lower density corn kernels, there are stilliobs differences between their
cumulative distributions. For the higher densitg aniginal samples, the percentage of
kernels with a density less than the given denstdgeases dramatically at a kernel
density of approximately 1.15 g/cm3. Therefores thensity would potentially give the

best separation between moldy corn kernels andhyeabrn kernels.

Table 2.5 Means of kernel densities and moistungerds of the original and sorted

samples
. Moisture Content
a
Sample Densityf/cn) (Means STD, %)
Original sample 1.212 +0.065 15.11 £0.04

Screen 5.16 mm (13/64 in.) overs 1.213 +0%058 15.19 +0.08
Screen 6.75 mm (17/64 in.) overs 1.221 +0%063 15.24 +0.01
Screen 6.75 mm (17/64 in.) passess 1.206 +0.101 15.03 +0.04
Gravity table higher density kernels 1.218 +0070 15.02 +0.18
Gravity table lower density kernels 1.118 +0462 14.66 +0.06
apifferent subscripts in the columns indicate sigmift difference at alpha level 0.05
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Figure 2.5 Histograms showing the kernel dengggribution for: a) original sample, b)
higher density fraction from the gravity table]@yer density fraction from the gravity
table, and d) the cumulative density distributions.

Note: In Fig 5d, GT LD Fraction indicates gravitdple lower density fraction, and GT HD Fraction
indicates gravity table higher density fraction)

2.5 Conclusions
In this study, the size and density distributiohsan kernels in representative
samples taken from a 737 kg corn lot were deterthibere were statistically
significant differences in major and minor diamstehe sphericities and the densities

between moldy and healthy corn kernels in thisigagr corn lot.
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The corn lot had a high percentage of fines (ardlf®d) and removal of the fines
using a 5.16 mm (13/64 in) round-hole sieve consalalg reduced the aflatoxin levels in
the lot. Removal of smaller kernels using a 6.7 (h7/64 in.) round-hole sieve
reduced aflatoxin levels further. When the matehat was removed with the 6.75 mm
sieve was added back to the sample, density sdgregeing a gravity table also gave a
reduction in aflatoxin levels in the corn lot tmatnained. In one of the two passes
through the 6.75 mm (17/64 in.) round-hole sieva iarboth passes through the gravity
table, the aflatoxin level was reduced to below2@epb action level limit set by the
FDA. Analysis of the kernel dimensions revealed thare were the least differences
between the intermediate diameters of the moldyreadthy kernels. However,
separation with the larger of the two round-ho&es, which segregates according to
intermediate diameter, made a substantial reduatiaflatoxin levels. Examination of
the material that was removed with the sieve reagetiat it consisted of pieces of
kernels along with very small kernels that probatayne from the tips of the ears. Those
fractions of the original grain mass contained biglevels of aflatoxin.

The gravity table was more effective in removingayaorn kernels and
reducing the aflatoxin level than was the 6.75 mifi§4 in.) sieve. The results suggest
that it would be possible to reduce the aflatoewels in the corn used in this study to
acceptable limits using a screen cleaner to rerfineanaterial followed by a gravity
table to remove lower density kernels.

There are several factors that could explain tierénces in effectiveness of size
and density segregation in reducing aflatoxin Iewelcorn as reported in the literature

cited in the introduction to this paper. One facsoaflatoxin contamination level.
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Kernels with lower aflatoxin contamination levele @robably less susceptible to
breakage during harvesting. In the corn lot tegidtlis study, there were high levels of
aflatoxin in the fine material and larger brokeaqgas that were removed by the sorting
equipment. The highly contaminated kernels pregeat to harvest could have been
broken by the high velocity impacts that occurradmy combine harvesting and
subsequent handling. Also, when mold damage isskeasre, there will be smaller
changes in kernel density. A second factor thatcdcalter the effectiveness of size and
density separation is corn hybrid. It is possiblat the techniques used in this study
would not work as well for corn hybrids that haeeé&r small round kernels at the tips of
the ears where invasion is most likely to occunaBly, if aflatoxin contamination occurs
during storage rather than prior to harvest, srmeaensity separation may be less
effective because the contaminated corn may nat haen subjected to high velocity
impacts that would break severely contaminatedeétsrihese observations mean that
similar tests should be conducted on additionah ¢mts with thorough documentation of
the corn hybrid or hybrids that make up the log, ginowing conditions encountered, and
the harvesting, handling, and storage history.

In this study, the discolored corn kernels are wared to be moldy, however in
future study it is recommended to further distirsguihe moldy corn kernels from the
discolored corn kernels based on fungal profilind aolor measurement. The authors
also recommend that studies of the effectivenesambus segregation techniques be
accompanied by analysis of the size and densityilalision of the kernels. This will
facilitate interpretation of the results. Anotherplication of this study is that an initial

evaluation of the properties of healthy and moldynlels taken from a given corn lot
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could be used to identify the techniques that dffergreatest potential for removal of the
moldy kernels and reduction of aflatoxin levelsrtharmore, the same approach could be
used to identify the best methods for cleaningletedorn that is contaminated with

species of fungi that produce mycotoxins other tigatoxin.
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CHAPTER 3.REDUCTION OF AFLATOXIN BY CONVENTIONAL AND
MICROWAVE HEATING

In this chapter, thermal stability of aflatoxin ®as investigated during
conventional heating (convection oven, water battg) microwave heating. The
influence of water on aflatoxin degradation wasestigated, and the reaction mechanism
of dry heating and wet heating (without presencerater molecule) was clarified. The
guestion of whether there are non-thermal effecis fmicrowave on aflatoxin

degradation was answered.
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3.1 Reduction of aflatoxin Bby dry and wet conventional heating
3.1.1 Background: thermal stability of aflatoxin

Aflatoxins are very thermal stable and Aflatoxint&s a melting point as high as
268 °C (Haynes, 2010). Decomposition temperatofrafiatoxins range from 237 to
306°C. Under dry heating condition, aflatoxiniB quite stable at temperature below its
decomposition point. When heated to the point abdgposition, it emits acrid smoke
(Lewis, 2004). Destruction of aflatoxin B only apparent above temperature of 250°C,
at which the isolated aflatoxin breaks down (Feu&lb6). AFB started to degrade at a
temperature of 250°C when cooked in artificiallyntaiminated corn oil or naturally
contaminated peanut oil (Peers and Linsell, 1975).

However, there are also several studies reportcaffatoxin was reduced by
thermal operations at temperature below 250 °Catirig Pure aflatoxin Bat 150°C for
1h in furnace reduced 70% of its initial levelreatment at 180°C for 1h led to complete
degradation of aflatoxin BRaters and Matissek, 2008). Aflatoxin reductiorfidods,
feeds, and nuts by food processing operations sterenarized in Table 3.1. For dry
heating operations, including frying, roasting, ingkand oven heating, with temperature
ranges from 120 to 200 °C, the percent reducticaflatoxin was between 30% and
100% complete degradation depending on the foostmatb involved, heating
temperature, and treatment time applied. Temperatnir 150 °C are generally required
for aflatoxin to start to degrade under dry heathmgrmal operations (Table 3.1).
Moisture content is an important factor for degtaaof aflatoxin in thermal operations.
Aflatoxin degradation in cottonseed and peanut meal increased with higher moisture

content. Heating cottonseed with moisture contégt@® 15.0, 20, 30% at 100 °C for 1h
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reduced the aflatoxins (ARBAFB>) by approximately 33, 45, 50, and 75% (Mann,
Codifer et al. 1967). For thermal operation inwaywet heating (heating with water),
including cooking food with water and boiling, d@fa&in in food was reduced by 10 to
80% with temperatures at or below 100 °C (Tablg. 3.Comparing the temperature
required to start the degradation of aflatoxin urdig and wet heating(50 and<100
°C respectively), it seems plausible that diffemaethanisms are involved in dry and wet
heating. The mechanism of aflatoxin by dry heahiag not been clarified. It has been
suggested that during wet heating, the water mtgdwelps in opening the lactone ring in
AFB; to form a terminal carboxylic acid. The terminaicagroup then undergoes heat
induced decarboxylation (Mann, Codifer et al. 196&marajeewa, Sen et al. 1990).
However, the exact reaction mechanism and degmadptbducts have not been
clarified.

In this part of the study, the goals were to deteenthe temperature required for
aflatoxin degradation by dry heating; to identifig tdegradation products; and to clarify

the reaction mechanism of aflatoxin degradationtyyand wet heating.
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Table 3.1. Aflatoxin reduction in food, feed, angsin food processing thermal

D5)

operations.
Treatment methods Substrate Degradation (%) Ref
Frying at 150 °C for 30 min Unrefined | Half aflatoxin was degraded (Dwarakanath, 1969)
oil
Baking at 120 C for 30 min Wheat flour Degradatihuming kneading, (Reiss, 1978)
insignificant degradation during
baking
Heating at 150°C 30min Dried 50% degradation (Hwang and Lee, 2006)
wheat
Heating at 200°C 30min Dried 90% degradation (Hwang and Lee, 2006)
wheat
Qil roasting at 325 °F 6 min Peanuts AFB1 83% otidu, AFG1 76% (Lee et al., 1969)
Dry roasting at 250°F 7 min Peanuts AFB1 69% radoctAFG1 67% (Lee et al., 1969)
reduction
Roasting at 191 °C 15 min Pecan 80% reduction hé&rset al., 1973)
Roasting at 191 °C 15 min Pecan mgal 80% reduction (Escher et al., 1973)
Roasting at 145 to 165 °C corn 40-80% reduction n(@oy et al., 1978)
Oven roasting 150°C, 30 min peanuts 30-45% AFB1 uy@let al., 1987)
Roasting at 200° C Coffee 93%-complete degradation (Micco et al., 1991)
beans
Roasting at 150-180° C for 101 Green 42.2-55.9% reduction (Soliman, 2002)
15 min coffee
beans
Roasting 90-150°C, 30-120 Peanuts Max reduction AFB1 78.4%, AFB2 | (Arzandeh and Jinap,
min 57.3%, AFG1 73.9% ,and AFG2 2011)
75.2%
Roasting 150°C at 30min or | Pistachio 63% degradation (Yazdanpanah et al., 20
120 C at 120min nuts
Normal cooking 30 min Rice 49% reduction (Rehanal et1979)
Cooking with excess water Rice 81.6% reduction éRehet al., 1979)
Preparation of porridge, roti, | corn About 50% reduction (Rehana and Basappa,
balls and popcorn 1990)
boiling Corn meal | 28% reduction (Stoloff and Trucksess,
grit 1981)
Salt boiling at 116 °C, 0.7 bar | Unshelled | 80% to complete degradation (Farah et al., 1983)
30min peanut
Cooking porridge Corn and | 10-30% reduction (Tabata et al., 1992)
adlay
Normal cooking rice AFB1 34% reduction (Park et 2005)
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3.1.2 Material and methods

3.1.2.1 Chemical agents

Aflatoxin B1 was purchased from Cayman Chemicats (Ann Arbor, M,
USA). Chloroform and 200 proof Ethanol were obggifirom the campus store. AFB
powder was dissolved in chloroform and seriallygitl to a concentration of 50 pg/ml,
and the AFB1 standard solution was stored at -B°&freezer prior to conducting the

tests.

3.1.2.2 Treating aflatoxin by dry and wet heating

The AFB. samples were prepared by pipetting 100 pl standBEi solution (50
pg/ml in chloroform) into a small glass bottle. Tglass bottle was rinsed 3 times
beforehand with 50% ethanol solution to avoid comitetion. The sample was then
immediately transferred to a fume hood where it luggst for 1.0 h so that the chloroform
could completely evaporate.
For the dry heating treatment, AFBamples were placed in a convection oven
(American Scientific Products DN-42). The temperatof the convection oven was set
as 80, 120, 150, or 200 °C for different samplest wet heating, 2 ml distiller water was
pipetted into the glass bottle containing AR the glass bottle was covered with foil
and placed in a water bagh The temperature of water bath was set at 80 8Glen

samples were heated for 1 h.

3.1.2.3 HPLC- MS Analysis.
Wet heated AFBsamples were placed in a fume hood for 3 daysllyp f

evaporate the residual water. Then all ABBmples (Dry heated, wet heated, control) in
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the glass bottle were carefully rinsed multiplegswith 1 ml of a 50% ethanol aqueous
solution to extract the AFB1 and degradation pregluc

The extracts were then transferred to an Eppertdbef (2.0 ml) and stored at -
5°C in a freezer before being used for HPLC MS @rsgectrometry) analysis. HPLC-
MS data on degradation products of AFB1 were obkthusing a time-of-flight (TOF)
instrument system (Agilent Technologies, USA) egenbwith an 1100 series binary
solvent delivery system and an autosampler. Chrognaphy was performed using a
2.1x150 mm, 3.5 um particle Waters Xterra C18 caiuirhe injection volume was 10
ML, the flow rate was 300 pL/min. The mobile phases a gradient prepared from water
with 0.1% formic acid (component A) and acetoretalith 0.1% formic acid (component
B). The gradient elution started with 10% B for lhpthen B was increased linearly to
95% in 20 min, and kept isocratic for 1 min. Thegortion of B was then decreased
back to 10% in 1 min and kept isocratic for 7 mirhe total run time was 30 min. The
MS was run with positive electrospray ionizatiors(E and data was collected over the
range of 75 — 1000 m/z. High mass accuracy wasedsby infusing a lock mass

calibrant corresponding to 121.0508 and 922.0098 m/

3.1.2.4 Molecular formula proposition and structure idanéfion

Because AFB1 was treated by HVACP in a pure sysgtathout food substrate),
AFB1 and its degradation products could only be posed of 3 elements: Carbon,
Oxygen, and Hydrogen. The molecular formulas weop@sed according to the isotope
distribution patterns and exact mass by using Masg#t Qualitive Analysis software

(Agilent Technologies, USA). The molecular formuldh the highest agreement score is
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selected as the molecular formula of the degradgroduct. The structures of
degradation products were proposed taking intowatoof the molecular formula and
structure of aflatoxin, as well as principles oéunfical reaction mechanisms.

3.1.3 Results and discussion

3.1.3.1 Thermal stability of aflatoxin Bby dry heating in convection oven

Percent reduction of aflatoxin by dry heating atyireg temperature is shown in
Figure 3.1. AFBwas intact by dry heating at temperature 80, afid°C2 AFB starts to
degrade by dry heating at temperature 150 °C. 1AFB reduced by 32 and 55% with

dry heating at temperatures of 150 and 200 °C far 1
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Figure 3.1. Percent reduction of aflatoxin by deating in a forced convection oven with
varying heating temperatures.

The chromatograph of aflatoxin Bry heated at 80 °C for 1h in a convection

oven is shown in Figure 3.2. The chromatograpihefAFB. sample heated at 80 °C
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follows the chromatograph of ARBAFB:1 was intact after dry heating at 80 C for 1h, as
indicated by the absence of peaks for degradatiodugts. The chromatograph of
aflatoxin B dry heated for 1 h at higher temperatures of 10290 °C in a convection
oven is shown in

Figure 3.3. One new peak (peak 1) accounting fedgygradation product

appeared when ARBsample that was dry heated at 150 and 200 °C.
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Figure 3.2. Chromatograph of aflatoxin 8&ample dry heated at 80 °C for 1 h in a forced
convection oven
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7 Oven DH 200C AFB,
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Figure 3.3. Chromatograph of aflatoxin B1 samplelirated at 150 and 200 °C for 1 h
in a forced convection oven.
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3.1.3.2 Thermal stability of AFBby wet heating in water bath

Based on the peak area, about 73% A&Bmeasured by ARPBeak area was
degraded by wet heating at 80°C for 1h. The chtognaph of AFB1 wet heated at 80
°C for 1h in a water bath is shown in Figure 3voThew peaks (peak 1 and peak 2),

which correspond to new degradation products, appaa the chromatograph.
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Figure 3.4. Chromatograph of AF®et heated at 80 °C for 1h in a water bath.

3.1.3.3 Molecular formula and structure of degradation picid of AFB by dry heating
and wet heating
The data of degradation products of A dry heating, including retention
time, proposed formula, experimental mass, mass and agreement score (the overall
score is 0- 100%, and the score closer to 100%glmtter) is listed in Table 3.2.
Similarly, the data of degradation products of ABB wet heating is listed in Table 3.3.
The degradation product of AEBy dry heating was found to have the same

chemical formula as AFBThis means that the degradation product of ABBdry
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heating is an isomer of ARBnN this case, they are enantiomers, which are two
stereoisomers that are related to each other bffextion. In other word, they are mirror
image of each other that are non-superimposabe. (Wade, 2011). During the dry
heating process, racemization of AF&curred. Racemization is the process in which
one enantiomer of a compound converts to the @hantiomer. Racemization is
common inorganic compounds to which heat is appked example, racemization of
glutamic acid by heating at 180 -200 °C (Arnow @psahl, 1940), the mechanism of
racemization of hydroxyl-acid by heat has alreaélgrbclarified (James and Jones,

1912).

Table 3.2. The proposed formula of AFdBgradants by dry heating at 150 °C for 1h.

Proposed | Retention | Proposed | Observed | Diff (ppm) | Score (%)
Products | time (min) | Formula mass (m/z)
a

1 14.1 C_H_O_ | 313.0697 -2.78 99.2
1712 6

AFB1 14.6 C17 le O6 313.0704 -2.32 99.4

There were four major degradation products fronBAtFeated by wet heating at
80 °C for 1 h (Table 3.3). The structure of thesgrddation products was presented in
Figure 3.5. The degradation products are the tesfibreaking down the structure of the
AFB1. Their structures resemble parts of the struatfiveF-B;. Furofuran moiety and
lactone ring structure are essential for the toxiand carcinogenicity of AFB(Lee et
al., 1981;Wogan et al., 1971). The degradation yetsd(1, 2, 3) shown in Figure 3.5 are
simple molecules that do not possess any of the stsucture of AFB. Degradation
product 4 still possess the lactone ring strudhwtenot the furofuran moiety. Therefore,

according to above mentioned structures-biologcévity relationship from the
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literature, the toxicity, carcinogenicity and mutagity of the degradation products from

wet heating will be reduced substantially compaoedFB:.

Table 3.3. The proposed formula of AFFBegradants by wet heating at 80 °C for 1h.

Proposed | Retention | Proposed | Observed | Diff (ppm) | Score (%)
Products | time (min) | Formula mass (m/z)
a

1 11 C4 H, O2 86.0892 -2.98 95.12

2 11 CH.O, 125.9863 -1.82 98.9

3 11 C9 H. O3 167.0130 -3.64 93.62

4 13.2 C14 H, O6 275.0559 -3.85 94.25

AFB1 14.5 C.H,O, 313.0716 -2.52 99.1

N 0
OH
o 0
= o
HO
OH ° o— M

OH

m/z 86.0892 m/z 125.9863 m/z 167.0130 m/z 274.0477
C4HgO; CeHgO3 CyH 004 C4H1006
Product 1 Product 2 Product 3 Product 4

Figure 3.5. Proposed structure of AFdegradants by wet heating in a wet bath at 80 °C
for 1 h.

3.1.3.4 Degradation pathway of ARB)y wet heating

Based on the structure of the four degradationymtsdof AFB by wet heating,
degradation pathway shown in Figure 3.6 was prapo3ée first and second branch of
reaction involves hydrolysis of ether group in theofuran moiety of AFB and resulted
in generation of products 1 and 4. The ether gamydd go through acid catalyzed
hydrolysis by heating (L.G. Wade, 2011). The thirdnd of reaction starts with

hydrolysis of lactone ring of AFBand produced product 2 and an intermediate product



52

(C11H1004). This intermediate product is further decompaséal product 3 through
decarboxylation. Lactone rings are prone to be dlyded by heating, the water molecule
was served as base catalyst for opening the lactogp€Gomez-Bombarelli et al., 2013).
Thus our results confirmed that what was propogegrévious research that aflatoxin is
reduced by wet heating through hydrolysis of laetang and further decarboxylation
(Mann et al., 1967;Samarajeewa et al., 1990). thtiath, we found that there was

hydrolysis of AFB in the furofuran moiety when subjected to wet imgat
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Figure 3.6. Degradation pathway of AHBy wet heating.
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3.2 Reduction of aflatoxin by microwave heating

3.2.1 Background: introduction of microwave heating

Microwaves are a form of electromagnetic radiatiofrequency ranging from
0.3 GHz to 300 GHz with wavelengths from 1m - 1miklicrowaves have varieties of
applications, such as communication, navigatiotaraand heating. Heating or drying of
materials is the most common and important appdinadf microwave. Two frequency
bands are allocated in the USA by the Federal Comcations Commissions (FCC) for
industrial, scientific, and medical applicationSM). The 915 M band is used for
industrial heating only, while 2450 M band is usedh in the industry and domestic
heating. Microwaves systems between 10 to 200 k¥filhg capacities are used in the
food industries.

Microwaves interact with polar water molecules ahdrged ions, heat is
generated by friction resulting from polar molesuédignment and migration of charged
ions in rapidly alternation electromagnetic fieldhe volumetric heat generation
distinguish microwave heating from other surfacgrdy methods, bring about
advantages of rapid heating and relatively highndyefficiency. In microwave drying
of foods, a reduction of drying time by 25-90% amdincrease in drying rate of 4-8
times have been reported compared to traditioretiringe (Feng et al., 2012). Other
advantage includes: improved dried products qudlity to less drying time and
instantaneous control of turn-on and off. On ttikeeohand, microwave drying alone has

some major drawbacks that include non-uniform hegatimited penetration depth of
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microwave radiation, and possible textural damagetd difficulty to control the final
product temperature in MW drying.
3.2.2 Literature review: Reduction of aflatoxin by micrave heating

Effectiveness of microwave heating on reductioaftdtoxin has been
investigated by several studies and a summaryedtfréatment conditions and aflatoxin
reduction is presented in Table 3.4. In theseissydflatoxins were reduced by
microwave heating both in a model system (aflatexuere coated on a silica gel) and in
substrate of corn and peanuts. Percent reductiaftadoxin is increased with Increasing
microwave power, treatment time and heating tentpezaThe rate of microwave
heating has very little or no effect on aflatoxegdadation, and similar degradation of
aflatoxin could be obtained with at a higher polesel for a shorter treatment time or at
a lower power lever for a longer treatment timet@riet al., 1982). Temperature is a
critical factor and internal temperature highemtis0 °C are generally required in the
studies for achieving high percent (>90%) reductibaflatoxin (Farag et al., 1996;Luter
et al., 1982). In another study, microwave heatwag found to be not very effective in
degrading aflatoxin in poultry feed. The concembrad of total aflatoxin and AFB1 were
reduced from 955 to 760 and 890 to 690 ug/kg, sy, and the percentage
reduction of total aflatoxin or AFBwvas around 20-35%, when the artificially
contaminated feed was microwave heated at powel 1le¢5 KW for 10 min (Herzallah
et al., 2008). However, the internal temperaturenmiowave heating was not measured.

We have investigated the effectiveness of conveatibeating methods (dry and
wet heating) on aflatoxin degradation as well aslégradation mechanism in section 3.1.

One critical question on aflatoxin degradation bgnowave heating is “whether there
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are any non-thermal effects from microwave heatingts degradation on aflatoxin”.

The non-thermal effects of microwave heating weswdeated by comparing the

difference in percent of aflatoxin degradation kesw microwave heating and

conventional heating methods at approximately #mesheating temperature. Another

indicator of non-thermal effect of microwave hegtia the appearance of new

degradation in microwave heating, but not in cotegral heating methods, which

suggest difference in degradation mechanism betweemwave heating and

conventional heating methods.

Sine we have found that the different degradatieshanisms exist in

conventional dry heating and wet heating in secBidn In this section, we will determine

the existence of non-thermal effects of microwaye&amparing microwave dry heating

to conventional dry heating, and microwave wet ingatb conventional wet heating at

approximately the same temperature.

Table 3.4. Summary of literature on reduction dditafin by microwave heating.

Contamination | Substrate Power, time, Reduction Ref
Methods Temperature
Coated with Silica gel 1.3kw, 9min,100°C Complete degradatibAlBB1 and (Farag et al., 1996)
pure aflatoxin AFGL1. 68, 78% degradation of AFB?2

and AFG2
Spiked corn 1.3kw, 6min, 140°C 98% aflatoxins waegraded (Farag et al., 1996)
Spiked Peanuts 1.3kw, 6min, 170°C 97% aflatoxineevdegraded (Farag et al., 1996)
Naturally Peanuts 3.2kw, 5 min or 1.6kw| >95% degradation of aflatoxins (Luter et al., 1982
contaminated 10min 150°C
Spiked Peanuts 0.7 kw, 8.5min, 150°C 30-45% of AFB1 (Pluyer et al., 1987)
Naturally Peanuts 0.7 kw, 8.5min, 150°C 48-61% degradatiohF&1 (Pluyer et al., 1987)
contaminated 32-40% degradation of AFG1
Naturally Alkalized 1.65 kw, 5.5min 68-84% degradation of aflatoxins erR-Flores et al.,
contaminated | maize 2011)
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3.2.3 Material and method

3.2.3.1 Chemical reagents
Aflatoxin standard solution in chloroform (50ug/mlgre prepared using the

same procedure as described in section 3.1.2.1.

3.2.3.2 Treating aflatoxin by microwave and conventionaitireg

Aflatoxin samples were prepared the same way aedtion 3.1.2.2. The glass
bottle which contains the spiked aflatoxin was pthn a microwave oven (Panasonic
microwave oven, model: NN-SN6615). The maximal terapure inside the microwave
heated bottle was measured using a thermal caiSeek(thermal, model: Compact Pro,
USA). For microwave dry heating at temperaturaiado80 °C, aflatoxin samples were
first preheated to a temperature of about 80 °G microwave power level 2 for 10 min.
Then the aflatoxin sample was heated at microwaveeplevel 2 for another 10min, for
every 2 min, the microwave heating was stoppeda foeriod of 1 min. The maximal
temperature of the aflatoxin sample was recordedeadiately after microwave heating
and the next cycle of 2 min microwave heating wadead. For microwave dry heating at
temperature around 150 °C, the experimental praeedas the same as described,
however the power level was set as 4, aflatoxinfirsispreheated for 20 min to a
temperature of about 150 °C and then microwaveetdat another 10 min. Every 2 min,
the microwave heating was stopped for 30s in ai@leool down the sample. For
microwave wet heating at 80 °C, pipette was usedttoduce 2 ml distilled water to the
aflatoxin sample before placing the sample in theowave oven to heat set at a power

level of 2. The sample was first preheated for 6 taiincrease the temperature of the
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sample to around 80 °C, and was further microwdneaded for another 10 min. Every 2
min, the microwave heating was stopped for 30 £éaling down the sample.

For conventional dry heating at 150 °C, the prooeddescribed in section
3.1.2.2. Glass bottle containing aflatoxin sanwpée first preheated in forced convection
oven (temperature set as 150 °C) for 6 min, therséimple was further heated for
another 12.5 min, the temperature of the samplera@sded every 2 min using the
thermal camera. For conventional wet heatingt@fia sample was placed in and

heated in a water bath for 12.5 min.

3.2.3.3 HPLC- MS Analysis.
Measurement of aflatoxin levels and identificataiimeaction products are done
through HPLC-MS analysis. This analysis was descrin section 3.1.2.3.

3.2.4 Results and discussion

3.2.4.1 Heating temperature during microwave heating amyeotional heating

Heating temperature during dry heating and wetihgdty microwave and
convectional heating are shown in Figure 3.7. Fath microwave and conventional
heating, aflatoxin was subject to approximatelysame thermal condition: the same
temperature on average and the same heating tiovee\er, because of the cycle of
microwave heating and cooling in this experimem, temperature varies more during
microwave heating than conventional heating. Fgrhaating at 150 °C, the temperature
range of microwave and conventional dry heating Ws- 156°C and 148 - 152 °C,
respectively. For wet heating at 80 °C, the tentpegaange of microwave and

conventional dry heating was 75 - 87 °C, and 79 %@ respectively. Thus although the
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average temperature of microwave heating and caioveh heating was controlled, the

maximal temperature during microwave heating wahy higher than that during

conventional heating.
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Figure 3.7. Heating temperature during (A) dry hrepaind (B) wet heating by
conventional and microwave heating methods.

3.2.4.2 Reduction of aflatoxin by microwave dry and wettivea

Reduction of aflatoxin by dry and wet heating witicrowave and conventional
heating methods is presented in Table 3.5. Higbegpe reduction (around 70%) of
aflatoxin was achieved by wet heating at 80 °C thrgrheating at 150 °C. This
confirmed our previous finding that water molecplays a critical role in aflatoxin
reduction by heating in section 3.1.3.4. Reductibaflatoxin by microwave heating
was comparable to conventional heating for bothaany wet heating type, microwave
heating gives an additional 5-8% in percent oftakan reduction compared to
conventional heating. We believe that this sligffedence comes from higher maximal

temperature generated during microwave heatingh@gioned in section 3.2.4.1), rather
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than non-thermal effect of microwave heating. Nleermal effect of microwave heating
need to be determined from appearance of new datgpadroducts besides

conventional heating.

Table 3.5. Reduction of aflatoxin by dry and weating with conventional and
microwave heating methods.

Type of heating Heating Aflatoxin Percent
methods (ug/ml) | reduction (%)
Dry heating at| Microwave 31.3+2.1 37.4
150 °C conventional| 35.2+2.8 29.6
Wet heating Microwave 12.3+1.2 59.2
80 °C conventional| 14.8+1.4 54.4
Control - 50.0 -

Chromatographs of AFBnicrowave dry heated at 80 °C, and microwave and
conventional dry heated at 150 °C are shown inrEi§uB and Figure 3.9, respectively.
Under low impact thermal effects (at relatively ldwy heating temperature 80 °C),
microwave heating was not able to degrade aflat@igure 3.8). Under high impact
thermal effects (at high dry heating temperatur@ A%, aflatoxin was degraded by
microwave heating. The chromatograph of aflatoxinleeated at 150 °C by microwave
heating closely follow that of conventional heatingth the appearance of the same
degradation products (peak 1) (Figure 3.9). Chrograph of AFB wet heated at 80 °C
by microwave and conventional heating was showfigare 3.10. The chromatograph of
aflatoxin wet heated by microwave heating match dth@onventional heating, with the
appearance of the same degradation products (peaki 2) (Figure 3.9). Thus dry and
wet heating by microwave results in the same degi@al products as conventional

heating, these degradation products have alreagly darified in section 3.1.3.3.
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Absence of new degradation products from microwhweng both dry and wet heating
indicates degradation of aflatoxin by microwavetimgpis purely a result of its thermal

effects, and non-thermal effects of microwave iatakin degradation was not found.

— Control
— Microwave DH 80C AFB1

Counts (a.u.) 10°

6 8 10 12 14 16 18 20
Time(min)

Figure 3.8. Chromatograph of AEBy microwave dry heating at 80 °C.

— Control

— Oven DH 150C
7t — Microwave DH 150C AFB,

Counts (a.u.) 10°¢

6 8 10 12 14 16 18 20
Time(min)

Figure 3.9. Chromatograph of AEBy microwave and conventional dry heating at 150
°C.
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— Control
— WH 80C
7t — Microwave WH 80C AFB,

IS v

Counts (a.u.) 10°

K
W

0 5 10 15 20
Time(min)

Figure 3.10. Chromatograph of AEBy microwave and conventional wet heating 80 °C.

3.3 Conclusions

Aflatoxin are very stable to dry heating and tenapare of 150 °C is required for
aflatoxin to start decomposition. Aflatoxin B/as converted into its enantiomer during
the dry heating process. During wet heating, afiat®; was reduced at much lower
temperature. 73% AFRBvas degraded by wet heating at 80 °C for 1 h. Watdecule
plays a critical role in degradation of aflatoxurithg wet heating. Reaction of Aflatoxin
degradation by wet heating involves hydrolysisusbfuran moiety, lactone ring and
further decarboxylation, 4 major degradation praswé aflatoxin B was found for wet
heating at 80 °C.

Microwave heating was found to be slightly moresefive (5-8%) than
conventional heating to degrade aflatoxiimboth dry and wet heating condition, under
the same average heating temperature for the sameeHowever, this difference results
from higher maximal temperature generated duringomrave heating. Dry and wet

heating by microwave results in the same degradatioducts as conventional heating
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The absence of new degradation products from mavevduring both dry and wet
heating indicates degradation of aflatoxin by micawe heating is due to its thermal

effects.
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CHAPTER 4. REDUCTION OF AFLATOXIN BY FOOD ADDITIVES

In this chapter, the effectiveness of selected fadditives was investigated on aflatoxin
degradation without substrate and in intermediabelycts from ethanol bioprocessing:
DWG and CDS, the reaction mechanisms of aflatoyifobd additives were clarified,
influence of process parameters were evaluatee. rds$ults have been presented and

published, with the citations below:

Journal Papers:
Shi, H., Stroshine, R.L., lleleji, K. 2016. Detenmation of the Relative Effectiveness of
Four Food Additives in Degrading Aflatoxin in Digrs Wet Grains and Condensed

Distillers Solubles. Journal of Food Protectioncépgted.

Conference presentations:
lleleji, K., Shi, H., Stroshine R.L. 2015. “Reduarti of Aflatoxin in distiller grain by

physical and chemical methods”. NC-213 meeting.
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4.1 Literature review of aflatoxin degradation by foadditives
In our previous chapter, we have shown that Aflet@xe very stable when
subjected to dry heat thermal processing, but cbeldartially reduced by wet heating
process such as cooking. In this study, we wilineine aflatoxin degradation by wet
heating with food additives, which were relativebfe compounds at the dose levels
used.

A number of chemical reagents have been testetiéadetoxification of
aflatoxins. Tests with chemical agents such asiytehine, sodium hydroxide, and
formaldehyde have shown them to be effective imced) aflatoxin levels (Piva et al.,
1995). A study has systematically studied theatiffeness of food additives on aflatoxin
degradation, which showed that the a number of amttitives could react with aflatoxin,
including acid additives, alkaline additives anditnal food additives that are oxidizers
(Tabata et al., 1994). Reaction of aflatoxin lgakhe additives involves hydrolysis of
the lactone ring of aflatoxin (Codifer et al., 1936arriola et al., 1988). However, this
reaction is reversible, and high percentage ot@fla degradation products from
alkaline treatment could be reconverted to itsinalystructure upon acidification (Price
and Jorgensen, 1985;Mendez-Albores et al., 2084ddlition, alkaline treatment leaves
strong off-odor and the products treated were fidie to recontamination (Park et al.,
1981). Thus alkaline food additives were not selg¢d for this study. Four food
additives, i.e., sodium bisulfite, sodium hypocligrcitric acid, and ammonium
persulfate were selected for this study for congueriof their effectiveness and safety
evaluation. These fours food additives were setkloeeause of extensive research has

shown them to be effective in degrading aflatoxifidod and feed products during
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thermal processing, their treatment conditions @glradation percentage were

summarized in Table 4.1.

Table 4.1. Literature of selected food additivedegradation of aflatoxin in food and

feed products.

qud substrate Effect reference
additives
None Bisulfite reacts with AFB1 and AFG1 reaction ratdiist order (Doyle and Marth,
Sodium with bisulfite concentration 1978a)
A 2% sodium bisulfite for 24 h reduced aflatoxin fr@3b to below| (Moerck et al., 1980)
bisulfite Corn 20 ppb
corn 8% sodium bisulfite for 14d for total degradatof aflatoxins (Hagler et al., 1982)
None 5% solution for a few second caused losslafcedin fluorescence (Fischbac.H and
Campbell, 1965)
Sodium None 1.25% solution cause instantaneous reducfiafiadoxin (Trage;glg% Stoloff,
hypochlorite Peanut
0 . . .
protein 0.25% solution completgly eliminated AEBl duringgess of (Natarajan et al., 1975
! producing peanut protein.
isolates
Ground L 0 : (Mendez-Albores et al.
corn 1 N aqueous citric acid reduced 96.7% AFB1 (ratid/§) 2005)
Dufgl;l(ljng 1 N aqueous citric acid reduced 86% AFB1 (ratio/gml (Mendezz-é(l)t;())res etal
Citric acid rice 1 N aqueous citric acid reduced 86% AFB1 ¢ratnl/g) (Safara et al., 2010)
Addition of 1N citric acid degraded aflatoxin inrghum during (Mendez-Albores et al
Sorghum extrusion process from 17 to 92% depending on Mr(d. 2009) '
temperature
1% ammonium persulfate solution, aflatoxin was clateby
None destroyed in 16h at 40°C and 1 h at 100 °C (Tabata etal., 1994)
64% reduction of aflatoxins in whole grains maizsre degraded .
. None when soaked for 14h in 1% ammonium persulfate mlat (Mutungi et al., 2008)
Ammonium - . -
Persulfate qun Spiked aflatoxins were completely degradgd at 66rQ4 ywth (Tabata et al., 1994)
grits 10 ml of 1% ammonium persulfate solution to 1 ghogrits '
Adding 2% ammonium persulfate in the liquefactioagess (Burgos-Herandez et
corn reduced 87% of aflatoxin levels in the final prothuaf ethanol 9
. al., 2002)
production

4.2 Usage, Regulation and guidance levels of Food iaddit

Bisulfite is a highly reactive chemical agent aséigenerally accepted food

additive. Bisulfite could inhibit enzymatic and renzymatic browning, acting as

antioxidant and reducing agent. It could also $&dufor control growth of

microorganism and is commonly added to wines, fui@te, dried fruits as avoid aging,
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browning, kill microbes and preserve flavor (Dogled Marth, 1978a;Mcevily et al.,
1992). Sodium hypochlorite is an effective disatéat, which is produced by combing
chlorine with inorganic compounds, such as sodiumatcium (Fischbac.H and
Campbell, 1965). Citric acid is one type of dietarganic acids, which could inhibit the
microorganism growth in feed, and improve the Heaftd performance of animals by
maintain the microbial balance in the gastrointestiract (Salgado-Transito et al., 2011).
Citric acid is one of the most widely used food iides, which could be used as
preservative, antioxidant, flavor enhancer, andcphtroller. Ammonium persulfate is a
powerful oxidizer as well as a source for ammomaayation, and modifier for food
starch (Burgos-Hernandez et al., 2002) .

The use of selected food additives is subjectedrbw regulations, as specified
in table. Both Sodium hypochlorite and ammoniunspkate are used as starch modifier.
The use of sodium hypochlorite should be less lbsmthan 0.5% as starch modifier, and
should be 0.5-1.2g/L as microbial control agenthBoitric acid and Sodium bisulfite are
generally recognized as safe (GRAS), sodium bisudinould not be used in food as a
source of vitamin. Citric acid is most acceptalolethe animals and is as dietary organic

acids.
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Table 4.2. Uses and regulations for selected falolitises

Food Effects, Use Limitsand Restrictions

additives

Sodium Chemical GRAS, Not in meats or foods recognized as a
Bisulfite Preservative | source of Vitamin B1 (REG-182.3739)

NaHSO3

Sodium Microbial GMP, used in food: 0.5-1.2g/L (CODEX STAN
hypochlorite control agent | 192-195)

NaClO Modifier for GMP, not to exceed 0.5 percent (REG-172.892)

food starch
Citric Acid Sequestrant, | GRAS/FS

(C6H807) buffer
Ammonium Modifier for Not to exceed 0.075 percent (REG-172.892)
Persulfate food starch
(NH)SO
42 2 8

GRAS, generally recognized as safe
FS, permitted as ingredient in food
GMP, in accordance with good manufacturing ficac

4.3 Problem statement and objectives

The presence of aflatoxin in in distiller graincEases their value, makes
marketing of the products more difficult when reggal thresholds are exceeded. Higher
levels also jeopardize the health of animals tbasame the distillers grain. Therefore,
aflatoxin detoxification technologies could provisignificant benefit to corn ethanol
processors.

In this section, the effectiveness of four fooditides, i.e., sodium bisulfite,
sodium hypochlorite, citric acid, ammonium perstgdfan degradation of pure aflatoxin
without substrate and in substrate: DWG and CD@®. sfjecific objectives of this study
were: 1) To determine the percent of aflatoxiruain by food additives without
substrate; 2) Identify the degradation productaflatoxin by food additives and clarify
the reaction mechanism; 3) determine the relatifextveness of the four food additives

in degrading aflatoxin in distiller’s grain; 4) duate the influence of the concentration of
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food additives and treatment time on the effectagsnof the most promising additives in

degrading aflatoxin in distiller’s grains.

4.4 Experiment set up

4.4.1.1 Chemical agents

Pure Aflatoxin B (AFB1) powder (5.0 mg) was purchased from Sigma Aldrich
and dissolved in 1ml chloroform solution. The famttlitives sodium bisulfite, 10% (by
wt.) sodium hypochlorite, citric acid, and ammonipersulfate were also purchased
from Sigma Aldrich. Fresh DWG and CDS samples vedértained from The Andersons
Clymers Ethanol LLC (Clymers, Indiana) in Oct, 20&Ad stored in a freezer at -20 °C

until thawing for experiments.

4.4.1.2 Treating AFB1 without substrate by food additives

Solutions of 1% (by weight) food additive were pasgd by adding 1.0 g of
additive to 100. ml. of purified water. One hurdlgd of AFB1 solution (50 pg/mlin
chloroform) was transferred using a pipette ingdass vial (10 ml) that was immediately
transferred to a fume hood where it was kept fOrilso that the chloroform could
completely evaporate. Next, 2.0 ml of each foodtagrsolution was transferred by
pipette into a glass vial and 2.0 ml of purifiedtgravas added. The glass vial was

covered with foil and placed in a water bath wheveas heated at 90 °C for 1.0 h.
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4.4.1.3 HPLC-MS analysis: Measurement of aflatoxin leveld alentification of
degradation products for aflatoxin treated withd@alditives with no substrate.
AFB1 samples (in a glass vial) that was treatetbby additives without
substrate were placed in a fume hood for 3 dayslitpevaporate the residual water.
After the water was fully evaporated, then pipéttal of a 50% ethanol aqueous solution
in the glass vial to extract the AFB1 and degradtagiroducts. The procedure of HPLC-
MS analysis for of aflatoxin levels and identificat of degradation products was

described in detail in section 3.1.2.3.

4.4.1.4 Treatment of AFBin DWG and CDS with food additives.

A 70.0 g sample of DWG was spiked with 100 pl o®10g/ml of AFB1 standard
solution (in chloroform). A 10.0 g CDS sample veaiked with 100 pl of 40. pg/mi
AFB1 standard solution. Thereafter, 35.0 and 5.@fbod additive solution were
added, respectively, to 70.0 g of DWG and 10.0 §bS. This gives a water/material
ratio of 0.5 ml/g. The food additive concentrat{by wt.) can be calculated. For
example, Addition of 0.50 ml 2.0% food additivelgan to a 1.0 g sample of dry matter
will give 1% (by wt.) food additive to dry matter the sample. The DWG or CDS
mixtures containing food additive solutions weraggld in glass jars (250. ml) and
covered with a lid. Then the jar containing the peamwas placed in a shaker equipped
with a heated water bath (Bellco Glass Inc., Vind|aNJ) stabilized at 90°C, and the
samples were heated for 1.0 h. Higher concentmwbwritric acid solution (1., 2., 2.5%

by weight) and longer heating times (2.0, 5.0 hjenesed to test for greater reduction of
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aflatoxin in DWG and CDS. After treatment the adbah levels were determined using

the previously described procedures.

4.4.1.5 Determination of aflatoxin levels in DWG and CDS.

Since no official method has been designated fat@adin level determination in
DWG and CDS matrices, their AkBevels were determined using a commercial Lateral
Flow Device (LFD) QuickTox test stripDDGS (AQ-109=8) and a QuickScan reader
(Envirologix USA, Inc., Portland, Maine). Accordig company literature, the CV
(RSD) of the AQ109 BG3 test strip is around 10% Igh'e 2013), as certified by the

USDA in Addendum Certificate No. FXIS 2013-047The method was first calibrated

by measuring the AFBevels in DWG and CDS samples spiked with a serid®miown
AFB; standards (0-500 pg/kg, with intermediate levelB08® pg/kg intervals). Linear
regression was used to determine the relationsdtipden the measurements and the
levels in the spiked samples?(®.99), The CV’s (RSD) of the three measuresant
each of the six aflatoxin levels were all less th@rv% and the relationship was linear
for the range of 0-500 pg/ml.

Aflatoxin in DWG was measured by first drying.@ g of DWG, spiked with
AFB1, at 60°C for 12h in a forced convection oven tue moisture content to around
10%. After drying was completed, the dried DWG plnwas ground in a Disc Mill
(Seedburo Equipment Co., Des Plaines, Il.) usig@ mesh screen. A 10.0 g subsample
was mixed with 30.0 ml 50% ethanol solution, arelrixture was shaken by hand for

1.5 minutes. After the mixture settled (around lilutes) there were two distinct layers.
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The top layer was used for aflatoxin determinabgrmeans of the ELISA test strips. For
aflatoxin measurements on CDS, a 10.0 g samplewiseed with 30.0 ml of 50% ethanol
solution. The mixtures were shaken by hand fomiinutes, then filtered by passing
them through a funnel lined with Whatman filter papl'he extract that passed through
the filter paper was used for the aflatoxin levetledmination.

The recovery of LFD measurement was also detenby first using the test
strips to measure the aflatoxin level in a solutdéB0% ethanol to which aflatoxin was
added to give 500 ug/ml aflatoxin. Next, same amof aflatoxin was added to samples
of DWG and CDS to give 500 ug/ml of aflatoxin ahe 60% ethanol was used to extract
the aflatoxin from the matrix. Then the test stnpere used to determine the aflatoxin
levels in the extracts and these levels were coaap@r the first measurements, the
recoveries of LFDs measurement for DWG and CDS ®8r2 and 76.9% respectively.

Another concern with using an LFD test strignsss reactivity in which the
degradation products could still possibly showmhie test strips. This was tested by
comparing the aflatoxin levels measured by both & E&3t trips and HPLC instrument
equipped with a Mass Spectrometer after treatitegadin with 1% food additives
solutions and heated at 90 °C for 1 h. The twdouad measured 5.0 pg/ml aflatoxin for
the control. Treatment with the additives redudedldflatoxin levels in the remainder of
the samples. The LFD’s gave 10 and 13.3% highleeegdor the bisulfite and citric acid
treatments, respectively. and 1.9 and 11.4% loatehéated water and persulfate
treatments, respectively. For the solution treatgld hypochlorite, the LFD apparently

reacted with one of the metabolites because thestigss indicated that there was 1.78
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pg/ml remaining after treatment whereas the HPLCiMi®ated there was no aflatoxin

remaining.

4.4.1.6 Data analysis

The effectiveness of each type of food additivelegradation of aflatoxin was
evaluated using one-way ANOVA analysis. Duncan’dtMle range test was used to
determine the significant differences between diifie treatments at the P<0.05 level
(SAS 9.3, SAS Institute Inc., USA).

4.5 Results
4.5.1 Degradation of aflatoxin without substrate by faattlitives

Effectiveness of food additive on degradation ¢dtakin without substrate when
heating at 90 °C for 1 h is presented in Table #8ating at 90 °C for 1 h, water resulted
in 59% reduction of aflatoxin, food additives otlaam bisulfite, citric acid, and
ammonium persulfate achieved similar percent redncf aflatoxin (86 ~ 89). Among
tested four food additives, the sodium hypochlastdhe most effective and completely

degrade the aflatoxin completely following heatai@0 °C for 1 h.

Table 4.3. Effectiveness of food additive on degtamh of aflatoxin without substrate

Treatmenf HPLC-MS Percent
Peak Area| Calibrated Reductiorf
(Hg/ml)
control 21186180 50.00 -

water no heat 1722379( 40.65 18.7
water 8681664 20.49 59.0
Sodium bisulfite 2668736 6.30 87.4
Sodium hypochlorite 3129 0.01 100.0

citric acid 2257252 5.33 89.4
persulfate 2884386 6.81 86.4

a All samples (except the control and water withheating) were heated at’@for 1 hr.

b2 ml 1% (by weight) food additive solution.
¢ Percentage reduction was based on aflatoxin l@fdle control (no treatment).
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4.5.2 Reaction products and reaction mechanism of aflatox food additives

4.5.2.1 Reaction of AFB by sodium bisulfite

Chromatogram of AFBheated with 1% sodium bisulfite was shown in Fegur
4.1Figure 4.3. One new peak (peak 1) which cooedp to degradation products
appeared in the chromatograph. The degradatiatupt@f AFB treated with sodium
bisulfite was proposed as aflatoxin®B(molecular formula: GH1s09NaS) based on the
observed Infrared (IR) spectrum (Hagler et al.,3)98However, the exact mass of the
degradant was unknown at the time that study wefenpeed since because mass
spectroscopy was not readily available. In oudgtine degradation product of AFB
with sodium bisulfite was identified as aflatoxinB(Ci7H190eS) using HPLC-MS
analysis, which is very similar in structure toaddixin BS (G7H1e09NaS) and would
closely resemble its IR spectrum. The reactionhaeism of AFB with bisulfite is
shown in Figure 4.2. The bisulfite group adds ®dobuble bond in the furofuran ring of

AFB:.
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Figure 4.1. Chromatogram of AkBeated at 90 °C for 1 h with 1% sodium bisulfite.
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Figure 4.2. Reaction mechanism of ARB bisulfite.

4.5.2.2 Reaction of AFB by sodium hypochlorite

Chromatogram of AFBheated at 90 °C for 1 h with 1% sodium hypochéonas
shown in Figure 4.3. AFBvas completely degraded by sodium hypochlorite,rand
degradation products appeared in the vicinity oBABeak in the chromatogram. It is

expected that The ARBvas oxidized into small molecules that did notvghup in

chromatogram.
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Figure 4.3. Chromatogram of AkBeated at 90 °C for 1 h with 1% sodium hypochgorit

4.5.2.3 Reaction of AFB by citric acid

Chromatogram of AFBheated at 90 °C for 1 h with 1% ammonium perselfat
was shown in Figure 4.4. Two new peak (peak 1,23mhich corresponds to
degradation products appeared in the chromatog@pé.degradation product is ARB
as reported by previous investigators through aaitddyzed hydrolysis which converts
the AFBito AFBza (Pons et al., 1972). The second degradant wasifiddras AFB-
Citric (Co3 H19 O13), which is produced by adding citric acid to tledle bond of the
furan ring of AFB. The reaction mechanism of AF®ith citric acid is illustrated in

Figure 4.5.
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Figure 4.4. Chromatogram of Ak-Beated at 90 °C for 1 h with 1% citric acid.
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Figure 4.5. Reaction mechanism of ARB/ heating at 90 C for 1 h

with citric acid.
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4.5.2.4 Reaction of AFB by ammonium persulfate

Chromatogram of AFBheated with 1% ammonium persulfate was shown in
Figure 4.6. AFBwas completely degraded by ammonium persulfateil&ito reaction
with the sodium hypochlorite, no AkBegradation products appeared in the vicinity of
AFB1 peak in the chromatogram. Thus it is also suspebgtdlhe AFB was oxidized

into small molecules that did not show up in chrtogeam.
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Figure 4.6. Chromatogram of AkBeated with 1% ammonium persulfate

4.5.3 Degradation of aflatoxin in DWG and CDS by food itigds
The Effects of different food additives on aflatodegradation in DWG and
CDS are shown in Table 4.4. The initial concentratiof aflatoxin in DWG and CDS
samples (control) are 360 £ 15 and 462 + 25 pghkspectively. Heating DWG or CDS
for 1h at 90 °C without addition of any additivesluced AFB levels in DWG and CDS

by 17 and 21% respectively. Adding water (0.5 nF@WG or CDS) to the DWG and
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CDS gave a slight improvement in aflatoxin degrasfatincreasing the degradation from
17-21% to 22-27%. However, this increase was tatissically significant. The food
additives selected were generally not very effectivdegrading aflatoxin in DWG or
CDS at a 0.5% (by wt.) inclusion rate. The mostetif/e agent for aflatoxin degradation
was sodium hypochlorite which reduced the Afels in DWG and CDS by 42% and
56%, respectively. Adding Sodium bisulfite did moprove degradation of aflatoxin in
either DWG or CDS. Citric acid and ammonium pesigifvere comparable in efficacy,
and reduced the aflatoxin level by 31-51% in DW@ @DS. These four Food additives
results in percentage reduction of aflatoxin in D\&i@& CDS ranging from 24~56%,
this is much less compared to their effectivenestegrade pure aflatoxin without
substrate in the same thermal conditions (heati®§ &C for 1 h), the percent reduction
of four food additives were 86~100% (Table 4.3).e Tscrepancy of effectiveness of
food additives in degradation of aflatoxin in subtt (DWG and CDS) and without
substrate indicates protective effects of subsfrata degradation of aflatoxin. This
protective effect has been reported during treatrokaflatoxin by chemical methods
(Samarajeewa et al., 1990). The protective effestibstrate could be a result of binding
of aflatoxin to the substrate or depletion of rescthemical reagents through reaction
with the substrate.

Among the three effective food additives, which eveodium hypochlorite, citric
acid and ammonium persulfate, citric acid is theshezonomical and it is generally
regarded as safe (GRAS). Thus it has the greatésmipal for use in the ethanol industry
for detoxification of aflatoxins in distiller grasn Since a 0.5% inclusion level and

heating for 1.0 h only achieved a 31-51% reduatibaflatoxin in DWG and CDS, the
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influences of the amount of citric acid includedldhe heating time were further

investigated in the hope of achieving a greatencgdn.

Table 4.4. Effects of different food additives dlatoxin degradation in DWG and CDS.
All samples (except the control with no heatingyevieeated at 90°C for 1 hr.

DWG CDS
Food additive$ AFB; level Perce_nt AFB; level Perce_nt
(Lglkg)®® reductdlon (Lglkg)™ reducglon
(%) (%)
Control 360+15A - 462 + 25 A -
Heating only 300+ 10B 17 363 + B5 21
Distilled water 282 + 23 BC 22 336 + BE 27
Sodium bisulfite laHSQ) 277 +12BC 24 300 +43 CD 35
Sodium hypochlorite (NaClO) 208 £+22 D 42 201 +13F 56
Citric acid (GHsOy) 249 + 14C 31 225 + 34 EF 51
Ammonium persulfate 44 42
(NH2:5:0) 198+ 17D 269 + 19 DE

21% (by wt) food additive solution, addition rat@5 ml /g DWG or CDS

bValues are mean * standard deviation (n=3)

¢Among different treatments, values with differegitérs are significantly different (P < 0.05) as
determined using the Duncan’s multiple range test.

4 Percent reduction was calculated by comparingeacbntrol (the initial level of AFB.

4.5.4 Effects of concentration of citric acid and heatiimge on aflatoxin degradation.
Aflatoxin reduction increased in both DWG and CDew the citric acid
inclusion increased and the sample was heatechf@figure 4.7). The percent reduction
in DWG increased linearly as the percent by wedgjltitric acid increased over the
range of 0.0 -2.5 % (by wt). However, the reductdmflatoxin in CDS was less with an
incremental increase in citric acid addition rateae 2.0% (by wt.). The greatest
reductions of aflatoxin in DWG (65%) and CDS (80&@re achieved at the highest citric

acid inclusion rate (2.5% by wt.).
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Figure 4.7. Effects of rate of addition of citricihon aflatoxin reduction in DWG and
CDS.

* Heating at 90 °C for 1 h. Initial aflatoxin lelgen DWG and CDS were 360 £ 15 and
402 + 23 ngl/kg, respectively. The equation showmois a linear regression of percent
reduction in DWG versus percent citric acid addéte response for CDS becomes non-
linear when more than 1% citric acid was added.

Also, aflatoxin reduction in DWG and CDS increassdheating time increased,
regardless of the rate at which citric acid waseald@Figure 4.8). Since the natural
logarithm of AFB concentration varies linearly with time{R0.79-0.90 for DWG and
CDS), the reaction rate decreases with increassagjrig time and the degradation of
aflatoxin approximates a first order reaction. Tikisonsistent with a previous study that
reported the reaction of ARBvith sulfuric acid is a first order reaction(Paetsal., 1972).
The largest percentages of aflatoxin reduction\WW®(77%) and CDS (86%) were
obtained by heating the DWG and CDS for 5.0 houtls thie addition of citric acid at

1.0% (by wt.). However even without addition ofictacid, the aflatoxin level gradually

decreased during heating. When distilled water adated instead of citric acid, aflatoxin
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levels in DWG decreased 53% and levels in CDS dsec 73% when the materials
were heated at 90 °C for 5.0 h. Aflatoxin reductior CDS was greater than it was for
DWG for all citric acid inclusion rates and heatiimges. This indicates that it is easier to
degrade aflatoxin in CDS than in DWG. This may m®asequence of the fact that CDS
is liquid and the fine solids in CDS provide a lErgurface area for interaction between

aflatoxin and the food additives that the coardelsin DWG.
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Figure 4.8. Effects of heating time on aflatox@duction in DWG and CDS.

(Initial aflatoxin levels in DWG and CDS were 282% and 335+ 15 ppb respectively.
Note: CA means 1% citric acid, and the control waepared with distilled water.)
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4.6 Discussion
4.6.1 Efficacy and safety of food additives for aflatoxiegradation distillers grains.
In this study, sodium bisulfite was ineffectivedagrading aflatoxins in DWG

and CDS. This contradicts several previous studies of which reported that sodium
bisulfite was able to react with aflatoxin in ligusolution (Tabata et al., 1994). Bisulfite
reacts with AFB by adding bisulfite to the double bond betweerBA&Nd aflatoxin
B1S (Hagler et al., 1983). Several studies repdttatdSodium bisulfite could be used to
degrade aflatoxins in corn (Doyle and Marth, 19D8gje and Marth, 1978b;Moerck et
al., 1980;Tabata et al., 1994). It completely delgd aflatoxin in highly contaminated
corn (2350 pug/kg B when the corn kernels were soaked in sodium fisglolution for
72 h (Hagler et al., 1982). However, in this stutlyas found that sodium bisulfite is
ineffective in degrading aflatoxin in DWG and CD3we results reported here agree with
one study that reported bisulfite was not an effecAFB: detoxifier (Trager and
Stoloff, 1967). The discrepancy in aflatoxin degtamh by sodium bisulfite could be a
result of the treatment time. In both this study éhe study that reported ineffectiveness
of bisulfite, the treatment time was just 1 h. Hwer, in the studies that reported
significant degradation of aflatoxin in corn, theatment time was 24-72 hours (Doyle
and Marth, 1978b;Moerck et al., 1980;Tabata etl&94). Another important factor that
affects aflatoxin degradation by sodium bisulfgehe acidity of the substrate. Both
DWG and CDS are very acidic (pH#.5) compared to corn. Acids could retard the
reaction of aflatoxin with sodium bisulfite by camsption of the bisulfite ion through the
following reaction: H+HSO; = H,O+SQ(2). The sulfur dioxide (S£ produced

by this reaction is not an effective aflatoxin defier (Doyle and Marth, 1978b).
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Sodium hypochlorite, a common constituent of ble&as strong oxidizing power and is
an effective disinfectant for microorganisms sustbacteria and fungi(Yang, 1972).
Sodium hypochlorite could react with aflatoxin iater solutions (Fischbac.H and
Campbell, 1965;Trager and Stoloff, 1967). In otuglyg, it effectively degraded
aflatoxins when added in the process of prepareanpt proteins isolates and
concentrates(Natarajan et al., 1975). Resultsisnstudy agree with previous studies,
which show that sodium hypochlorite effectively citpd aflatoxin in distiller’s grains.
In fact, it was the most effective detoxifier amadhg four food additives tested.
However, treating with sodium hypochlorite caudselgample to have a pungent odor
and to be lighter in color (bleached) than untr@®@&/G and CDS. The pungent odor
comes from chlorine gas, which is generated byathe reaction of hypochlorite from
the sodium hypochlorite: ZHCIO+Cl = Cl>+H>0 (Wiberg, 2001). Since color is an
important quality characteristic of distiller’s gma, the lighter color produced by the
treatment could lower its market value. Thus sodiymochlorite is not suitable for
aflatoxin degradation.  Citric acid is one of thhost widely used food additives. It has
been used in food as a preservative, an antioxiddtdgvor enhancer, and to control pH.
The US Food and Drug administration (FDA) classifiéric acid as generally
recognized as safe (GRAS). Several studies hapaetesl that AFBwas degraded by
citric acid in various feeds as well as in wholaigr As examples, AFBvas reduced by
96.7% in contaminated ground maize (Mendez-Albeted., 2005), 86% in duckling
feed (Mendez-Albores et al., 2007), and 97.2%aa(®afara et al., 2010) when the
mixture was heated at 40°C for 48 h after the amldivf 1 N aqueous citric acid solution

at a rate of 3 ml of solution/g of material . llo¢le treatments, approximately 90% of the



90

aflatoxin was degraded at 40°C. However, the higflegnt reduction was achieved with
a very high rate of addition of citric acid (19.2% wt.). In this study, the aflatoxin level
was reduced by 65% in DWG and by 80% in CDS byatidition of 2.5% (by wt.) citric
acid and heating at 90 °C for 1 h.

An important consideration is that food addiivshould be used in accordance
with FDA regulations. These state that sodiumlbteutshould not be used in meats or
food recognized as source of Vitamin REG-182.3739); that the concentration of
sodium hypochlorite in food should be less thaWd(REG-172.892); and that the
concentration of ammonium persulfate should noee’d.075% (REG-172.892). It
should also be noted that heating DWG and CDS fopknged time could significantly
reduce the aflatoxin level in DWG and CDS by aathtyzed hydrolysis. This is the
type of reaction that occurs between citric acid aftatoxin , in which AFBor AFG1
are converted to AFB2a and AFG2a (Pons et al., 1 ®B&5ed on an Ames test for
mutagenicity and a duckling test for toxicity (M@&zdAlbores et al., 2005;Mendez-
Albores et al., 2007), the mutagenicity and toyiat aflatoxin contaminated feeds were
both greatly reduced after treatment with citricdad herefore, distiller’s grains treated
with citric acid should be safe for animal consuimptNo significant changes in color
and odor were observed in DWG and CDS after treatavigh citric acid. However, the

nutrient value of DWG and CDS needs to be furthalumted.
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4.6.2 Applicability of food additives for aflatoxins deaptation during ethanol
bioprocessing.

A number of food additives could react with AfBicluding acid, alkaline, and
neutral food additives that are oxidizers (Tabata.e 1994). Since both DWG and CDS
are acidic, a significant amount of alkaline mustadded to these two materials in order
to treat for aflatoxin. Also alkalization leaves @ffrodor, making alkaline food additives
a nonviable option. Among neutral food additivesjiam bisulfate, which has a
relatively low oxidizing power, was not effective aflatoxin degradation in DWG and
CDS because it reacted with the substrate. Thghaeklsodium hypochlorite and
ammonium persulfate, with high oxidizing capacigre able to significantly degrade
aflatoxin in DWG and CDS. However, the distillegsains were bleached by sodium
hypochlorite. Their nutrient value could also bieeted. A variety of organic materials,
including carbohydrates, lipids, and several anaicids in the foodstuff are subject to
oxidation and chlorination reactions and resufoimation of new chloro-organic
compounds (Fukayama et al., 1986). Thus neutral &nldlitives that are strong oxidizers
are also not viable options for aflatoxin degramlain distiller’s grains.

Citric acid appears to be the most promising fadditive for degrading aflatoxin
in distiller grains because of its efficacy andesaf During ethanol bioprocessing, the
corn goes through several processes including ngpkguefaction, fermentation,
distillation, and drying of coproducts. Duringuiefaction and fermentation, the pH
needs to be stable for maximal yield from the y€eHserefore, the citric acid would have
to be added after the fermentation process. Instidy, the addition of 2.5% (by wt.)

citric acid along with heating at 90°C for 1.0 heeduced aflatoxin in DWG by 80% and
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in CDS by 61%. Addition of citric acid at a highate or a longer heating time would be
required for higher degradation of aflatoxins. Hoes a balance would have to be
achieved between aflatoxin degradation efficacythedcost of treatment. Citric acid is
around 3 to 5 times more expensive than DDGS. Agléi5% (by wt.) citric acid could
therefore increase the cost of distillers grainamund 10%. Nevertheless, addition of
citric acid appears to be a promising method ofaggihg DDGS when there is a severe

aflatoxin outbreak.

4.7 Conclusions

Four selected food additives, i.e., sodium biseyftodium hypochlorite, citric
acid, and ammonium persulfate, were able to effelstidegrade aflatoxin by heating at
90 °C for 1 h with 1% (by weight) food additivedwgmns. The percent reduction of
aflatoxin ranges from 86% to complete degradatima, sodium hypochlorite is the most
effective aflatoxin detoxifier among these four doadditives.

For the selected food additives treatment by hgatftatoxin in DWG and CDS
for 90 °C for 1 h with, Sodium bisulfite was notestive, sodium hypochlorite was the
most effective. However, it bleached the substattleft an off-odor. Citric acid and
ammonium persulfate reduced aflatoxin levels byp3%. Citric acid is the most
promising additive for degrading aflatoxin becaiises been classified as GRAS
(generally recognized as safe) by FDA. Degradatioaflatoxin B1 by citric was
through acid-catalyzed hydrolysis which converts AiFB, to AFB2a, the second
degradant was AFRBCItric (Cz3 Hio O13), which is produced by adding citric acid to the

double bond of the furan ring of AEB
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Aflatoxin reduction was enhanced by increasingciléc acid addition level and
prolonging the heating time. Reductions of 65% &d& in DWG and CDS were
obtained by addition of 2.5% (by weight.) citriacheand heating at 90 °C for 1 h.
Aflatoxin levels in DWG and CDS were gradually redd with prolonged heating at
90 °C even without addition of food additives. Adigin reductions of 53 and 73% were

achieved in DWG and CDS as a result of heatin@afor 5 h.
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CHAPTER 5.REDUCTION OF AFLATOXIN BY HIGH VOLTAGE ATMOSPHERIC
COLD PLASMA (HVACP) TREATMENT

In this chapter, we first characterized the gemenatf gas species by HVACP
were characterized via optical emission spectros¢OES), optical absorption
spectroscopy (OAS) and dragger detection tubes: Weeinvestigated the effectiveness
of High Voltage Atmospheric Cold Plasma treatmenteduction of aflatoxin in corn.
The influences of operational parameters (gas tghative humidity, mode of reaction,
stirring of material) on the degradation of aflatoky HVACP treatment. HVACP was
applied for aflatoxin degradation in distiller graiwere investigated. Critical parameters
of different material, sample amount, surface agean depth, and treatment time were
evaluated for their effects on ozone consumptiahatatoxin degradation during
HVACP treatment. We further investigated the medrarof aflatoxin degradation by
HVACP treatment, clarified the structure of AF@egradation products, elucidated the
degradation pathway of AFB1 through mass spectnymand the toxicity of degradation
products.

Journal papers:
Shi, H., Stroshine, R.L., lleleji, K., Keener, Ke®&uction of aflatoxin in corn by high
voltage atmospheric cold plasma. Journal of FoatlBiaprocess Technology.

2016, In review.
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5.1 Introduction of high voltage atmospheric coldsptea (HVACP)

Plasma is referred as the fourth state of mattes.generated by supplying
energy to a neutral gas. The atoms in the gas mieledll be stripped of electrons in
their outer shells, this process is called ion@atWhen the gas is not fully ionized,
plasma is composed of photons, electrons, ionsradicals and gas molecules (Moreau
et al., 2008).

Plasma could be categorized as low or high tempergiasma depending on the
temperature of gas molecule, ions, and electiams the low temperature plasma could
be further divided into thermal and cold (nhonthd)mpéasma (Table 5.1). Thermal
plasma has temperatures higher than ambient (4arftcCare in thermal and charge
equilibrium. The temperature of electrons in thdrplasma is equal or close to the
temperature of neutral gas and ions (Ehlbeck gp@1.1). Thermal plasma is generated at
higher pressures and requires high power. Exangblgermal plasma are arc plasma

that are applied in cutting, welding and spraygu(et al., 2014).

Table 5.1. Subdivisions of plasma.

Low-Temperature plasma High-temperature plasma
(LTP) (HTP)
Cold (Non-thermal) plasma Thermal plasma
Ti=T = 300 K Ti=T=Te> 10K
Te <1CPK T=T=T < 2x10 K
e.g. low pressure glow discharge e.g. arc plasmas e.g. fusion plasma

Note: adapted from (Rutscher, 2008).

On the other hand, cold (nonthermal) plasma hasamhbient temperature of 30-
60 °C, and is in non-equilibrium state which thmperature of the electrons is much
higher than the temperature of ions and neutral@akl plasma could be obtained at

atmospheric or reduced pressures (vacuum). Plasnexaion at atmospheric pressure is
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of interest for the food industry because this do#sequire extreme conditions and
equipment. Typical approaches for atmospheric p@dma generation include the cold
plasma jet, dielectric barrier discharges (DBDYoo@a discharge, plasma jet, microwave
radio frequency (Misra et al., 2011;Surowsky et2014). The schematic set-ups of
these methods for generation of atmospheric cadnph was illustrated in Figure 5.1.
The Characteristics and comparison of advantagésliisadvantages of different

atmospheric cold plasma (ACP) generation approashssummarized in Table 5.2.

Table 5.2. Comparison of methods for generatioatwiospheric cold plasma

ACP methods Characteristics Advantages Disadvasitage
Atmospheric pressure | Consist of one needle and one ringSmall dimension, targeted | Spatial limitation
plasma jet (APPJ) electrodes applicability, ability to (an array of discharges
Produce “small flames” using radip penetrate into narrow gap | needs to be used for
frequencies. large areas)
Ignite voltage is around 100 V
Dielectric barrier Two electrodes separated by a | Great variety of gas could | High ignition voltages
discharge dielectric be used Small gaps
(DBD)/HVACP High ignition voltages (>10 kv) Comparably low flow rate

Good adaptability with
different geometries.

Corona discharge (CD)| Point to plate geometry Little first expenses and Small treatment area
Operated in DC or pulsed mode | operation costs

Microwave discharge | Microwave generated by a Electrodeless setup and Spatial limitation

(MD) magnestron (2.45 GHz) Ability to ignite in air

environment
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Figure 5.1. Different schematic set-ups of atmosplmld plasma.
Adapted from (Surowsky et al., 2014)

High voltage atmospheric cold plasm (HVACP) is calchospheric plasma
generated through dielectric barrier discharge (RPBTChe HVACP system consists of
two parallel aluminum electrodes with a gap spaeéen them, and the current in the
electric field breaks down the gas between theeplatHigh voltage atmospheric cold
plasma (HVACP) is a novel nonthermal food procegsathnology, which has the
advantage of high efficiency, short treatment titow, impact on the quality of food
products, and leaves no residue (Schluter et@L3;Zhirumdas et al., 2015;Misra et al.,

2011). HVACP treatment is able to effectively itvaate a variety of food microbes such
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asEscherichia coli0157:H7 listeria monocytogeneandStaphylococcus aureus
(Niemira, 2012). Fungus species suclsgergillus flavusAspergillus Spp.and
Penicillumcould also be destroyed by HVACP treatment (Basatal., 2008;Selcuk et
al., 2008). One study on the use of HVACP to extiedshelf-life of wet distillers grains
with solubles indicated a level of success witk@uction in microbial load, and thus an
extension of shelf-life (McClurkin, 2016). The adonentioned study was a precursor to

this work on reducing aflatoxin using HVACP treatihe
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5.2 Characterization and kinetics of gas species gdnaray HVACP system

5.2.1 Background

The generation of gas species in different relatumidities (5, 40, 80%) is
investigated using optical emission spectroscopye doncentration of gas species
generated in different relative humidity during HZR were analyzed from optical
absorbance spectroscopy, and compared with measaor@iozone and NOx
concentration using dragger tubes results.

5.2.2 Set up of HVACP system

Figure 5.2 is the experimental set up for HYAGEatment. HVACP Treatment
were conducted utilizing BK 130 HVACP system (Pliehechnologies, Accident, MD),
a patented technology developed by Dr. Keener atudeuJniversity (Keener and Jensen,
2014). The HVACP system was operated at 200 W and-5enerating 90 kV between
the electrodes (4.5 cm gap). The samples weregladhe polypropylene compartment
box with a dimension of 4.4 cm Height x18.4 cmx92dm (Grainger Inc, USA). Boxes
were sealed inside high-barrier Cryovac B2630 fitnarder to prevent leakage of fill gas
as well as generated reactive gas species. Al (M8 22% Q) and modified
atmosphere gas (MA65) (65%,30% CQ, 5% N) were purchased from a local gas
supplier (American Welding, Lafayette, IN) with ertificate of analysis. The storage
boxes and sealed bags containing contaminatedseonple (25 g) were filled with the
working gas (air or MA65) and purged multiple tinfes 2 min to ensure purity of the

contained gas.
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Figure 5.2. Set-up of high voltage atmospheric gddgma (HVACP) system

5.2.3 Characterization of gas species generation usirig&@iEmission Spectroscopy

5.2.3.1 Experiment set-up of optical emission spectrosd@S)
The Schematic diagram of experimental set-up of @ESVACP treatment is
shown in Figure 5.3. Emission spectra during HVAG## different RH (5, 40, 80%),

two filled gas (air, MA65) were acquired by a HRiss spectrometer connected with a

T300 series optical fiber (Ocean optics, USA).

High voltage electrode

Sealed bag
Filled gas @ vﬂ:i‘;e

Source

/ Ground Electrode

Dielectric barrier 1

Spectrometer

Computer

Optical fiber
I

Figure 5.3. Schematic diagram of experimental petfioptical emission spectroscopy.
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5.2.3.2 Optical emission spectra analysis of HYACP

Figure 5.4 shows the emission spectra of HVACPaorking gas air and MAGS.
The emission peaks for HVACP treatment using as meviously reported to be mainly
attributed to N, O atom, and OH species. For example the trangitid\, species has been
reported at 335.3, 335.7, 357.9 nm (Laux et aD32@nd at 315.93, 337.13, 353.67, 357.69
nm (Connolly et al., 2013). OH emission band waseoled at 306-310, 306-322 nm
(Parigger et al., 2003). O atoms emission was gbdeat 776.06 and 780 nm region
(Connolly et al., 2013;Misra et al., 2013). Fromgufe 5.4(a), the major emission peaks
for air during the HVACP treatment were at 316.1827.453, and 357.367 nm, which can
be attributed to Bispecies transition. No distinct peaks were fouwrddH radical or O
atom for air.The OH radical peak is known to be weak and coeladsily overlapped
with the N> species (Connolly et al., 2013), the emission geakd atom is also weak for
air during HVACP treatments (Misra et al., 201B). our knowledge, no previous study
reported the emission spectra for MA65. The majoission peak for MAGS is at 777.546
nm, which belongs to O atom on transition from'D)(to O €P). There were also small
emission peaks fromJd\pecies in the near UV region, which were muchllema MAG5
than in air. The differences of emission spectitavben MA65 and air are mainly caused
by the difference in gas composition, MA65 gas ia®f more oxygen and less Nitrogen

than air, resulting in major emission peak of Ovaend small emission peak 0$.N
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Figure 5.4 Optical Emission spectra of HVYACP foA&)and b) MAG5 at 40% relative
humidity

The effect of relative humidity (RH) during HVACeatment was studied by
evaluating the emission intensity of the major emis peak of HVACP treatment at
wavelength 337.453 nm ¢Nfor air and wavelength 777.546 (O) nm for MAG6Bdas

shown in Figure 5.5. The emission intensity efdwission peak (337.453 nm) tended to



108

decrease with increasing relative humidity and értgeatment time, although the change
is not significantly different. The emission intégsof O emission peak (777.546 nm)
decreased with increasing relative humidity andg&ntreatment time. The emission
intensity in N and O emission peaks decreased with increasiagvelhumidity, which
may have resulted from competition for dissociatbrvater molecule. This is similar to
one study that reported an increased emissiongityeof OH radicals by dissociation of
water molecule when the water content in air waseased to 50% and then stayed
constant with a further increase in water concéntigShin, Park et al. 2000). In this study
increasing relative humidity to 40% significantlgatieased the emission intensity of O
atom, and no significant difference was found wredative humidity was further increased
to 80%. The descending trend of emission intermigr time could be caused by gradual
increase in temperature of filled gases and thehdigjing electrode (from 22 °C to around
38 °C), or by the decreased availability of diatomxygen for dissociation. These results
suggested that the continuous application of HVALIEss efficient over long period time
in breaking down diatomic Nitrogen and Oxygen fengration of ozone and NOXx species.
A pulsed HVACP system may be more efficient and ip@yapplied in the future design

of the system.
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Figure 5.5Emission intensity of HVACP by filled gas (a) Airwaavelength 337.453 nm and (b)
MA at wavelength 777.546 nm MA over time.
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5.2.4 Kinetics of gas species generation using Opticaoiption Spectroscopy

5.2.4.1 Principle of OAS

Optical absorption spectroscopy has been usedgstsashe gas composition after
plasma exposure, observing the concentration ai@f®) and that of N@ NOsz, N2Oa.
Within the applicability limits of Beer-lambert lawhe absorbance is an additive quantity

that depends linearly on species concentrations.

A= Ln:x—j‘L’:Z:l:Ji(A)EQD_ Eq. 5.1
The gas species concentration can Xt;e derived terBéer-Lambert law under several
conditions. Firstly, the Beer-Lambert law is vabidly within a range of absorbance
values, the upper limitis A=4.6 (for transmittant=1%). Since the optical intensity at
250 nm is about 1000 (a.u.), and the detectionmum is 40 (a.u), thus the upper limit
for our spectrometer is A= 3.2. Secondly, a digattulation of species concentration is
only valid when the absorption of other speciasegligible (due to lower absorption
cross-section area or very low concentration) dlverconsidered wavelength interval.
The absorption from water is not interfering heéres its cross section between 200-600
nm is very low (cross section are?fal02°cn?/molecule) at about 5 order or magnitude
lower than that species assessed in the study.cdientration of gas species are
express as parts per million by volume (ppmv) wittonversion coefficient of 2.46*10
molecule cri for 1 ppmv (for air at atmospheric pressure amhréemperature) The gas

temperature during HVACP does not exceed 38 °C ¢ared with IR thermometer) and

does not affect the ppmv conversion.
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5.2.4.2 OAS experiment set up

The OAS was performed with using a UV-Vis (190-1100) Ocean Optics HR2000+ES
spectrometer with 0.9 nm resolution and a deutetiatogen lamp with emission in the
same UV-Vis range. The highly insulated opticallq@® consists of UV-Vis collimater
(Ocean optics 6 nm diameter lens) and. The oppicaies aligned by fitting into a
notched tube. The optical signal transmitted thhoogtical fibers (OZ optics UV-Vis,
1000 um corn, PVC coated, 30cm long). The integnatime was adjusted to make peak
intensity of optical signal around 90% from maximdetection limits, data was
averaged over 10 measurements. The path lengtA8fi©the same as length of notches

24 mm.

5.2.4.3 Methods for calculation of gas species concentnaticom OAS data

Figure 5.6 shows the absorption cross-sectiongwiitant species in humid air plasma
and integration intervals. The wavelength interve¢se selected considering the
maximum (or a local maximum) in the absorption sresctions for each species: NO
N20s, Oz and NQ, around 398 nm, 346 nm, 253 nm and 525 nm, respgc{Table
5.3). Averaging absorbance along a wavelengthvatellows for better accuracy of

calculation.
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Figure 5.6. Absorption cross-sections of domingetcges in humid air plasma and
integration intervals

Table 5.3. Selected order, wavelength intervaleémh species and absorption cross-

section reference.

. . : Absorption cross-sections
)
i Species Wavelength interval (nmy) Refs T (K)
1 NO, 394.553-403.273 MPI'— Bogumil (2003) | 298
MPI— HallBlacet (1952)
N_O -
2 oA 340.199-352.205 & Schneider(1987) 298
3 0, 250.101-256.633 MPI—JPL, 2011 298
4 NO, 515.361-536.151 MPI-HUPAC(2004) 298

MPI: Absorption cross-sections database (The MPIRkIBV/VIS Spectral Atlas of Gaseous
Molecules of Atmospheric Interest

In order to estimate the concentration of gas &ge®02, N204, NO3a and O3

simultaneously across interested interval. Writingar equations according to the Beer-

Lambert law for 4 absorbers at 4 considered interva

i
k=1 i

G xa, xL=A),)

Eqg. 5.2
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Where G are the concentrations of each absorbeij),is the absorption cross section
area of each absorber (i) at specific wavelengthL(ks the path length and A is the

measured absorbance at wavelevrbtm Gauss-Seidel successive under relaxation (GS-

SUR, relaxation = 0.2) method (Mathews and Finld4)@vas used to solve the above
system of equations with relative error <*1The results from GS-SUR methods could
be confirmed by using direct deconvolution meth(ais).
The observed species have absorption cross se@itinmaxima at intervals where
other species have lower absorption therefore eraldirect deconvolution of their
absorbance by successively subtracting the absoelreach species, leading to
residual absorbance:

AN =A,(N)-GC, E (ML Eq. 5.3
ForX in the interval 0-800 nm,* 1, whered; is the absorption cross section of the ith
species. The order is based on that species whiah least superposition of their
absorbance with that of other species on their makabsorption wavelength interval.
Considering the absorption cross section in Figube the order is NO2, N204, O3 and
NO3. The absorbance at first wavelength intervalliattributed the first absorber, the
concentration of first absorber is calculated agditwy Beer-Lambert law using equation
1, then the concentration of other absorber autakd sequentially from residual

absorbance (calculated from Eq. 5.3) at their retggewavelength intervals.
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5.2.4.4 Optical absorbance spectra analysis: Kinetics oheavith different gas type

and relative humidity.

5.2.4.4.1 Change of the optical absorbance spectra over time

The change of optical absorbance spectra with asong HVACP treatment time
is shown in Figure 5.7. A pronounced absorptiorr @z®ne Hartley band (200-300 nm)
is observed. The height of peak over ozone Haliéd increases with longer treatment
time, indicating higher concentration of ozone @rications, absorbance at other

wavelengths are minimal during the initial 2 min AQP treatment.
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Figure 5.7. Change of the optical absorbance spdciing HVACP treatment.

5.2.4.4.2 Kinetics of ozone generation with different gasesilied gas in HYACP system

The concentration of ozone generated during HVAE@Rtinent for different
gases is shown in Figure 5.8. Very low concentratibozone was generated for

Nitrogen gas during HVACP treatment. The genenatade and final concentration of
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ozone during HVACP treatment are higher in gas Mantin air. The increase of ozone
concentration follows a logarithmic function forsgslA and air (Rag; >0.98) during
thel20 s HVACP treatment, the fitting parameteespaut in Table 5.4. The generation
rate (parameter a) of MA is 2.3 times of Air. Comications of generated ozone with 120
s HVACP treatment are 66, 1135, 2872 (ppmv) byNjg®gen, Air and MAG5
respectively. The difference in generation rate famal concentration of ozone in MA,

air, N> is mainly attributed to availability of oxygen,rpentage of oxygen are 65, 21, and
<0.01% in MA, air and Blrespectively. It should be also noted that thegasing percent
of oxygen did not result in the same amount ofease in the ozone generated, the
percent of oxygen in MA is 3.1 times in air, howetlee generation rate and final ozone

concentration in MA is 2.3 and 2.5 times the ozomecentration in air.
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Figure 5.8. Increase of Ozone concentration ovee tluring HVACP treatment for
different fill gases (Air, MA, N).
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Table 5.4. Fitting parameters and ozone conceatrdtir HVACP in different fill gases.

Gas Type a b Ry RMSE Q (ppmv)?
Air 455 -1002 0.995 23.92 1135
MA 1057 -2144 0.981 117.1 2872
N2 NA 66

a2 Ozone concentration at 120 s HVACP treatment time.

5.2.4.4.3 Kinetics of ozone generation in air with differeatative humidity during HVACP
treatment

Increase of ozone concentration during HVACP treainfior air at different
relative humidity was shown in Figure 5.9. The @age of ozone concentration follows
logarithmic growth at different relative humiditiR%q> 0.98). The fitting parameters
and ozone concentration (at 120 s) for HVACP innaih different relative humidity are
summarized in table 2. Higher relative humidityaafresulted in lower generation rate
and ozone concentration during HVACP treatment.gBaion rate (parameter a) of
ozone during HVACP in air at RH 5% is 1.8 and 2dets than at RH 40 and 80%.
Ozone concentration for 120 s HVACP in air at RHi5%.8 and 2.3 times than at RH

40 and 80%.
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Figure 5.9. Increase of ozone concentration dudW@CP treatment for air at different
relative humidity (RH 5, 40, 80%)

5.2.5 Ozone and NOx concentrations measured using Dtaber Effect of relative

humidity and gas type

5.2.5.1 Measurement of Ozone and NOx concentrations usragéd tubes

Ozone and NOx concentrations in the sealed bag meesured in separate
experiments from HVACP treatment without corn saripbide the bag, using Dragger
short term detector tubes (ozone and NOx tube numl§eH21001 and CH31001
respectively), the detector tubes gave a precsiariO ~15% (Draegerwerk AG,
Germany). These tubes are easy to use and coddamd measurement. Each tube
contains colorimetric indicators that change celben coming into contact with specific
gas. Each gas was analyzed by detector tube usiogréd Gas detect Pump (Draeger

safety AG & Co. KGaA, Germany) with each pump egiewnts to 100 ml. For high
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concentrations of ozone, smaller gas sample volumees collected in 5 or 20 ml

syringes, and connected to the detection tubesdanmof flexible tubing.

5.2.5.2 Concentration of ozone and NOx generated by HVA@R arr/MAG5 at
different relative humidity

The concentration of ozone and NOx generated by BRAvith air/MAG5 at
different relative humidity are shown in Figure &.1The effects of relative humidity,
gas type and treatment time are all significanbpone concentration generated by
HVACP. Higher ozone concentration was generatddA®5 than in air. Increasing
relative humidity resulted in decreased ozone catnagon in air and MA65, ozone
concentrations generated by HVACP for 5 min witd®, 80% RH are 5250354,
4500+441, 3750+768 ppm in air, and 15000+2500, 532852, 11875+2419 ppm in
MAG65. The reduced ozone concentration with higlegative humidity could be caused
by decreased ozone generation and increased oercomgosition rate. Decreased
concentration of generated ozone is due to compeissociation of the water molecule
under high RH conditions. Less diatomic oxygenkaoken down as indicated from the
reduced emission intensity of O atom at 40 and &¥«compared to 5% RH (Figure 5.5
b). Also the decomposition rate of ozone is sigaiitly increased with elevated relative
humidity (Mueller et al., 1973); thus lower conaatibn of ozone were left after
HVACP treatment at higher relative humidity. Insiggy treatment time from 0 to 10
min increased the concentration of ozone conceotrahen the ozone concentration
reached saturation status when the rate of geapratid decomposition of ozone were

equal. At 5% RH, the saturated ozone concentrggmerated by HVACP in MA65 was
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17500+£1000 pm, which is 3.33 times the saturat@hezoncentration in air 5250+354
ppm, the ratio of saturated ozone concentration M#&6air was 3.3, which is very close
to the ratio of percent oxygen 3.1 in MAG5 (65%pto(21%). The increased ozone
concentration generated in MAG5 than in air cowddaberibed to increased availability of
diatomic oxygen to be dissociated into oxygen admth then be recombined to form
ozone, as could be confirmed from optical emissioectra. The emission peak of
oxygen atom in air is not discernible as compaoeshlvious emission peaks of oxygen
atom in MAG5 (Figure 5.4).

For NOx concentration generated by HVACP, the faeftects of gas type,
relative humidity, and treatment time were alsamgigant. Higher concentrations of
NOx were obtained in MAG5 at lower relative hunmyditver longer treatment time (Fig.
4b). The increased concentration of NOx in MA6&&inly due to high concentration of
O atoms from breaking down diatomic oxygen as iaidid in Figure 2. The O atoms are
able to recombine with Nitrogen species to form N®wiseev et al., 2014), the
concentration of mentioned NOx species decreastidimdreasing relative humidity,
which agrees with the study by (Moiseev et al.,£01n that study the concentration of
the various NOx species {8, NOz, NOs, NO3) were deconvoluted from the absorption
spectra, decreased NOx concentration with higiative humidity is attributed to
competition of dissociation energy by water molec@Moiseev et al., 2014). Increasing
treatment time from O to 10 min increased the N@xcentration to saturation, then the
NOx concentration stabilized with further increasé&reatment time. NOx concentrations
generated by HVACP for 10 min with 5, 40, 80% RHev&650+400, 625+100, 563+88

ppm in air, and 12250354, 9000+3000, 8750+2500 ppMAGS5.
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Figure 5.10Concentration of (a) Ozone and (b) NOx generatedWCP with different
relative humidities and types of working gas.

5.2.6 Conclusions

Optical emission analysis shows that during HVA@&Rtment, the major
emission peaks werexldnd O atom for air and MAG5 emission spectra, eetyely.

The emission intensity of O atom decreased witheiging relative humidity and longer
treatment time. The HVACP system is less efficiartireaking down diatomic nitrogen
and oxygen over a longer period of time.

Ozone concentration during HVACP treatment coulduecessfully
deconvoluted through optical absorption spectrdyaisa Kinetics of generation of ozone
concentration follows a logarithmic function forsgilA and air (Ragj >0.98) during
thel20 s HVACP treatment. Ozone generation ratdinatozone is higher in gas MA
than air, with lower relative humidity (5%) thanttwhigher relative humidities (40,
80%). Ozone generation rate and final ozone coretgot are 2.3 and 2.5 times higher

in MA than in air. Generation rate (parameterfadzone during HVACP in air at RH
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5% is 1.8 and 2.4 times than at RH 40 and 80%. ©zoncentration for 120 s HVACP
in air at RH 5% is 1.8 and 2.3 times than at R4 80%.

Results from measurement of Ozone and NOx usingperaubes confirmed the
finding of OAS study. During 30 min HVACP treatmehligher concentration of ozone
and NOx are generated in MAG65 than in air, and \ater relative humidity. The
concentration of ozone and NOx increased initiadith increasing HVACP treatment

time, reached a peak and stabilized after10 min BRAreatment.

5.3 Reduction of aflatoxin in corn by HVACP treatment

5.3.1 Background: literature review of reduction of aftaih by cold plasma

To our knowledge, no research has been conductstddy the effect of HYACP
treatment on aflatoxins produced by the fungal igsedwo studies that generate cold
plasma other than HVACP have demonstrated the pakef cold plasma for aflatoxin
detoxification. Pure aflatoxin Bon cover glass was deactivated by microwave indluce
plasma that employ noble gas argon (Park et &.720In another study, 50% reduction
of aflatoxin in nuts was achieved by lower pressale plasma (LPCP) (Basaran et al.,
2008). HVACP system is capable of generating aberrof reactive gas species, such as
charged particles, ions, radicals, reactive oxyayahnitrogen species. Ozone is one of
the major species generated by HVACP treatmentréMisal., 2013). Ozone has been
reported as effective detoxifier of aflatoxin imme@nd peanuts (Luo et al., 2014;Chen et

al., 2014). Thus HVACP treatment holds great padéfdr degradation of aflatoxins.
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Generation of reactive species by HVACP could lfi@@mced by a variety of
parameters, such as the voltage, electrode gandesttype of filled gas, gas relative
humidity, and mode of reaction (direct/indirect)e@her and Jensen, 2014;Moiseev et al.,
2014). The performance of HVACP treatment is aféected by treatment time, post-
treatment storage, or stirring of products durirgegiment (Misra et al., 2011;Ziuzina et
al., 2013). This research studied the effect sftgpe (air and MABG5), relative humidity
(5,40 80%), treatment time (0, 1, 2, 5,10, 20, 3Q)ron efficacy of aflatoxin degradation
in corn by HVACP treatment. The optical emissipearoscopy (OES) is applied to
evaluate performance of HYACP system with differgas$ types and relative humidity.
The concentration of ozone and NOx generated aceraéasured with different working
gases at different relative humidities.

The objectives of this section were to investighteinfluence of relative
humidity, gas type, and treatment time on degradatf aflatoxin in corn by HVACP
treatment, to obtain the kinetic model of percesgrddation of aflatoxin in corn, and to
investigate the effect of other important factets;h as mode of reaction, post-treatment

storage, stirring on degradation of aflatoxin imrcby HVACP treatment.

5.3.2 Materials and Methods

5.3.2.1 Aflatoxin contaminated corn sample
Pure Aflatoxin B (AFB1) powder (5 mg) was purchased from Sigma Aldricth an
first dissolved in 1ml chloroform solution, therriadly diluted to concentration of 50

ug/ml in chloroform. Dent yellow corn was harvesie Purdue Agronomy Center for
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Research and Education (ACRE) farm in 2014 faihchshelled and naturally dried to
moisture content of 14.7% (w.b.), and confirmee fi®m aflatoxin contamination. Each
aflatoxin contaminated corn sample was then preplayespiking 100 ul AFBsolution

in chloroform (50 ug/ml) on 25g corn kernels, aptked samples were allowed to dry

(30s) as the chloroform solution evaporated.

5.3.2.2 HVACP treatment of aflatoxin in corn

Figure 5.11. is the schematic of the experimemalp for HVYACP treatment of
aflatoxin in corn. 25 g corn sample spiked with ARBas placed inside a translucent
polypropylene compartment box and sealed inside-hagrier Cryovac B2630 film in
order to prevent leakage of fill gas as well asegated reactive gas species. Air (78%
N2, 22% Q) and modified atmosphere gas (MA65) (65% 80% CQ, 5% Nb) were
purchased from a local gas supplier (American WgjdiLafayette, IN) with a certificate
of analysis. HVACP Treatment were conducted utigzZBK 130 HVACP system and
operated at 200 W and 5@ generating 90 kV between the electrodes (4.5 qo). Jdne
storage boxes and sealed bags containing contadinatn sample (25g) were filled
with the working gas (air or MA65) and purged mikitimes for 2 min to ensure purity
of the contained gas. The gases in the tank haveeis#ve humidity, to increase the
relative humidity to 40 and 80%, the working gas jpassed through a water bubbler
with specific flow rate and water depth, the resmotithumidity was measured with a
psychrometer (Extech Instruments Inc.). The fieddtive humidities were £3% for

target relative humidity of 40 and 80%. The samplese HVACP treated for 1, 2, 5, 10,
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20, 30 min, either direct or out of field (indirgotvith or without post-treatment storage

inside the sealed bag for 24 h at room temperd82&C).

High voltage electrode
1 — —

— Sealed bag

( Indirect '/Hll s Qs High
- Exposure’ cd gas ( Voltage
' Source

]
/ Ground Electrode

Dielectric barrier -

Optical fiber

| Spectrometer

Computer

Figure 5.11. Schematic diagram of experimentalpdior HVACP treatment of
aflatoxin in corn

5.3.2.3 Temperature measurement

Temperatures of the electrodes and treated samplesmeasured immediately
following treatment using an infrared thermomet@mga Engineering Inc, NY, USA).
The electrodes of HVACP system were cooled to reemperature (around 22 °C)

between treatments for uniform treatment tempeeatanditions.

5.3.2.4 Degradation kinetics of aflatoxin by HVACP

First-order model has been traditionally used talehahe inactivation kinetics of

microorganism and enzyme by heating and other psaeg technologies (Schaffner and

Labuza, 1997). Experimental data of aflatoxin reiuncin corn was modeled using a

first-order degradation model:
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AF = AR, ("
Where AF is the residual aflatoxin level (ppb),oA& initial aflatoxin level (420 ppb), tis
HVACP treatment time, k in the degradation constantl is obtained by least square
nonlinear regression.
However due to significant deviation from first erdnodel have been reported, Weibull
model was frequently used to describe destructioetics of microorganism and
enzymes (Chen and Hoover, 2004;van Boekel, 2062hi$ study, Weibull model was

fitted the degradation kinetics of aflatoxin:
AF = AR &Y

Where,a is the scaler factor (min) ands the shape parameter (dimensionless) which
indicates concavity or convexity of the curve.abidition to the first-order and Weibull
model, a three parameter logistic model, was etatlieonsidering the visual shape of
data, this model has been applied to fit the inatbn of enzyme by HVACP treatment
(Pankaj et al., 2013). The logistic model for aflah degradation kinetic is as:

AR AR
1+ (t /1)

Where, Alin is the minimum value attained by the logistic fume (AFmin > 0 ppb), p is
the power term, anddis the time for half degradation of aflatoxin by AEP treatment.
This equation represents a sigmoidal type of degiaw curve. The data of aflatoxin
degradation kinetics was fitted using the Curvérgttoolbox of Matlab R2015a

(Mathworks Inc, USA). Two fitting parameters, adpdscoefficient Raqj) and root mean
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squared error (RMSE), was obtained during curimdit and were used for assessment

of the goodness of fit.

5.3.2.5 Statistical analysis

Statistical analysis was performed for the datafiaitoxin level, ozone and NOx
concentrations, and optical emission intensity gisitatistical software package (SAS
9.3, SAS Institute Inc., USA). The factor effectsreranalyzed by running the Proc GLM
model and the means were compared using Tukey.sSigmificant differences between
treatments were obtained at P < 0.05 for the arsalys

5.3.3 Results and discussion

5.3.3.1 Effect of RH, gas type on degradation of Aflatoxin

Residual AF levels in corn by HVACP with differegdses, relative humidity, and
treatment time were listed in Table 5.5 and ploiteBigure 5.12. All the factors: relative
humidity, gas type and treatment time have a dant effect on the aflatoxin
degradation in corn by HVACP.

MAGS5 gas is more effective than air in degradinigtakin in corn as the fill gas
for HVACP treatment with all relative humidity atre@atment times. For example, the
residual aflatoxin levels in corn were 161+15 af@A17 ppb after 1 min HYACP
treatment with air and MAG65 at 40% RH. This diffiece could be mainly attributed to
higher concentration of reactive species genelat®&A65 than in air. The generated
concentration of ozone and NOx are more than 3l@ngnes higher in MAG65 and in air
during 5 min HVACP treatment at relative humidiy4 (Fig. 4). However, it should be

noted that the difference in aflatoxin degradabetween using air or MA65 was
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minimized when a longer treatment time was usezlreékidual aflatoxin in corn after 10
min HVACP treatment with air and MAG65 at 40% RH &fet7 and 53+6 ppb,
respectively.

More humid air (40, 80% RH) resulted in higher @efstion of aflatoxin in corn
by HVACP compared with dry air (5% RH). There wassmgnificant difference in
aflatoxin degradation by HVACP between 40 and 80% Hhe optical emission spectra
have shown that HVACP treatment breaks down ma®uiic oxygen, and that higher
concentration of ozone and NOx are generated arloglative humidity 5% than at 40,
80% RH. Thus, factors other than ozone and NOxa&atnation are responsible for the
higher degradation of aflatoxin in corn at highaative humidity (40, 80% RH). The
increased efficacy in aflatoxin degradation by hdifred gas could most likely be
attributed to higher concentration of OH radicatber generated by HVACP or through
reaction of ozone with water. OH radical is a styomidizer and have a stronger
oxidizing power than ozone (Diao et al., 2013). Tien pathway leading to OH radicals
by HVACP is the direct dissociation of water moliecun the gas. Increased emission
intensity of OH radicals was observed when RH wassiased to 50%, indicating higher
concentration of OH radicals generated using puteedna plasma by dissociation of
water molecules, and then the concentration of &ficals remained constant with
further increase of RH. (Shin et al., 2000). The @#icals could also be formed from
decomposition of ozone by reaction with water amidlaece the oxidization power
(Staehelin and Hoigne, 1985). Ozone applicatio wét method (water bubbled) had
better efficacy in degrading aflatoxin Bian the dry method (dry gaseous) in in wheat,

paddy rice, and corn, due to generation of OHaadhrough reaction of water with
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ozone (Wang et al., 2010). Thus, the oxidationgroo¥ ozone is enhanced by water-
vaporization. This is confirmed by the study tHadw that humidified ozone is shown to
more effective than dry ozone in decontaminatimggfon surface of corn kernels when
applied in a modified screw conveyor (McDonouglalet2011).

Aflatoxin in corn was detoxified very quickly usit)/ACP treatment; more than
half of aflatoxin was degraded in 1 min. Increadimg treatment time further increases
aflatoxin reduction in corn; over 70% of aflatoxuas degraded after 10 min of HVACP
treatment. However, the increase of aflatoxin deggian is low when the HVACP
treatment time is more than 10 min. There existting factors that prevent complete
elimination of aflatoxin in corn. The maximum pemtzge of aflatoxin degradation in
corn is around 90% even with 30 min HVACP treatm@&ht obstacles for complete
elimination of aflatoxin could be a result of twaxcfors: lack of stirring of corn to enable
kernels to be fully exposed to reactive specieg/ardifficulty of penetration of the

reactive gas species into corn kernels to reatt thé aflatoxin

Table 5.5Residual aflatoxin levels in corn treated with HVR@sing different gases, RH, and
treatment time*

Gas Type Air MAG65
———_ RH®)| 40 80 5 40 80
Time (min)
1 187+10¢ | 161+13F | 1274210 | 143424 | 1024177 | 110+16Y
2 151414 | 132412 | 100+12v | 111+138F | 72450 | 9248'Bre
5 141+&C | 9245 80+5°P 87+11BC¢ 49+ B 7845
10 112+8Pe | 764408 70+5°Dp 80+5CP 53+6°% 46+3
20 89+1PE* | 65+ 59+5°F8 65+ 28 4445 49467
30 81+4¢ 52+ 42+F° 67+7P 42+%0 37+3>

*replicates: 3, the initial AF level in corn is 421 ppb, Values with different English and Latin
superscripts are significantly different among $pecific column and row.
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Figure 5.12 Reduction of aflatoxin level in cornBBYACP treatment with different fill
gases, relative humidities, and treatment time.

5.3.3.2 Degradation kinetics of aflatoxin by HVACP

Degradation kinetics of aflatoxin by HVACP treatreras fitted using first-
order, Weibull and logistic model, results on tlaegmeters of on the parameter of the
models were summarized in Table 5.6. From fittingaeter Rand RMSE, it can be
observed that the first-order model is not sattsigowith low coefficient (R = 0.48
~0.90), and Weibull and Logistic model were complratth high coefficient (R>
0.99). It could be observed that Weibull model daubt account for the tailing effect of
the aflatoxin degradation data, for example whenARmin > 0 ppb (For data of Air at
5% RH, and MA at 5 and 40% RH). A higher RMSE wesulted from the tailing effect.
Logistic model fitted the degradation kinetics molasely with lower RMSE compared
to Weibull model. This result is similar to the ati@ation kinetic for tomato peroxidase

by HVACP treatment, which is also better describgdhe logistic model than first-
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order, and Weibull models (Pankaj et al., 2013} Tdyistic model curve fitting for
degradation kinetics of aflatoxin in corn by HVA@Batment was plotted in Figure 5.13.
The parameter Afm represents the tailing effect of logistic modehiet is from
incomplete degradation of aflatoxin by HVACP duertability of penetration of reactive
gas species into corn kernels. The parameiétirhe required for half reduction) value
from the logistic model ranges from 0.07 to 0.48& nmdicating rapid degradation of
aflatoxin by HVACP treatment. Also parametgivalue is smaller for gas MAGS at
higher relative humidities (40, 80%), indicating maoapid degradation rate for HYACP

in MAG5 and at higher relative humidities.
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Figure 5.13Percent reduction of aflatoxin in corn by HVACPatment in a) Air and b) MA65
at different relative humidities over time. Solidds represent fitted model
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Table 5.6Results on the parameters of the models fittecgvatiation kinetics of aflatoxin by
HVACP treatment.

Fitting P ol Air? MAG5?

Model arameter—pHs RH 40 RH 80 RH5 RH 40 RH 80
o K 0.47+0.11| 068+0.11| 0094%0.16  0.82+0.16  1.21+0|17.07+0.16

Or'asetr R2ad) 0.48 0.77 0.82 0.72 0.90 0.86
RMSE 80.41 58.24 53.47 63.33 20.67 47.28

a 2.47+0.32| 1.05+0.15| 0.30+0.08 0.43%0.153  0.05+0|08.20+0.07

Weib v 0.20+0.02| 0.23+0.02] 0.17+0.02 0.15+0.20  0.14+0|20.18+0.02

tou Rad) 0.99 0.99 0.99 0.99 0.99 0.99
RMSE 12.31 17.80 14.60 23.07 21.95 10.24
AFmn | 0.00+18.82] 26.55+22.4D0 0.00+21.12 54.62+19.38 @&521| 0.00+23.64

tso 0.48+056| 0.32+0.06] 0.08+0.08 0.16+0.10  0.25+0|0D.07+0.04

Logistic P 0.34+0.19| 056+022| 035%0.10  0.64+0.32  1.20+0/30.38+0.23

R%aa) 0.99 0.99 0.99 0.99 0.99 0.99
RMSE 12.76 10.20 9.78 1257 9.78 10.65

afitting parameters (mean tstandard error).

5.3.3.3 Effect of mode of reaction, post-treatment storael, stirring on aflatoxin
degradation in corn

In order to better understand the mechanism ofcedila degradation in corn by
HVACP, the parameter effect of mode of reactiorstgiceatment storage, and stirring
were studied. The effect of mode of reaction imday HVACP is presented in Table
5.7. No significant difference in aflatoxin degréida in corn was found between direct
or indirect HVACP treatment. Generally, under dind ACP treatment, the sample is
exposed to all of the generated reactive gas span@uding positive or negative ions,
charged particles, excited and non-excited molacditee radicals, or heat and UV
radiation. In contrast, under indirect HVACP treatit) the sample is subject only to
long-lived reactive species such as NOx, ozon@xpde etc. (Ziuzina et al.,
2013;Laroussi and Leipold, 2004). Thus, it coukbdbe inferred that the aflatoxin in
corn is mostly destroyed by long-lived reactive gpscies like ozone or NOx, instead of

short-lived species like free radicals, chargediglas, ions. Aflatoxin degradation by
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HVACP generated by Nitrogen gas is remarkably diffé from air and MAG5, thus the
oxygen molecule in air and MAG5 plays a vital rslggenerating reactive oxygen species
(e.g. ozone, peroxide), which are likely to be oesible for degrading the aflatoxin.B
Ozone is long-living and very oxidative speciesagated during HVACP treatment and
peroxide could be produced by the ozone reactitig water molecules (Klockow and
Keener, 2009). The exact reaction mechanism ofcedila during HVACP treatment and

degradation products of aflatoxin still needs tduréher investigated.

Table 5.7 Effects of the mode of reaction on aflatoxin degtaxh in corn by HVACP

treatment.
Gastype| Treatment Mode of AF (ppb) AF Percent
Time (min) reaction (mean % std) | reduction (%)
1 indirect 390+15 7
Nitrogen _ dlr_ect 396+18 6
30 |n(_1|rect 330+26 21
direct 34016 19
1 indirect 161+15 62
Air direct 159+14 62
30 indirect 52+4 88
direct 55+12 87
1 indirect 102+17 76
MAG5 direct 138+32 67
30 indirect 4242 90
direct 47+8 89

Note: Initial aflatoxin level in corn: 420+21 r8plicates, HVACP treatment condition: RH 40%,
treatment time 10min.

The effect of post-treatment storage on aflatoxdgrddation in corn by HYACP
is presented in Table 5.8. Storing HVACP treateuh eadthin the sealed package for 24 h
significantly improved the aflatoxin degradationciorn (P<0.01). The increase in percent
reduction of aflatoxin was 9% for air and 8% for BB It should be noted that majority

of aflatoxin detoxification happened during thestitO0 min of HVACP treatment instead
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of the prolonged storage period (24 h). This indisahat the HVACP treatment could
detoxify most of the aflatoxin in corn quickly (Wit minutes), post-treatment storage of
the sample is not required, although it could shigimcrease the amount of aflatoxin

degraded.

Table 5.8 Effects of post-treatment storage on aflatoxin ddgtion in corn by HVACP

treatmeng
Gas Storage time | AF (ppb) Percent
species | (h) (mean * std) Reduction (%)
Air 0 113+15% 73
24h 76+48 82
MAG5 0 103+4A 76
24h 53+6° 88
dnitial aflatoxin level in corn: 420+21, HVACP tramment condition: 40% RH, treatment time

g-lgil;:‘]g:’ent letters in the column mean significarffelience between treatments (P <0.05).

The effect of stirring of corn on aflatoxin degréda in corn by HVACP
treatments presented in Table 5.9. Sample stirring sigairfity increase percent
reduction of aflatoxin in corn for both air and MA@<0.05). HVACP treatment
degraded 82 and 88% of aflatoxin in corn in air 8AB5 without stirring. Stirring the
corn multiple times increased the percent reduaticeiflatoxin to 92% for both air and
MAG5, this clearly demonstrated that stirring couddrease aflatoxin degradation to a
certain limit (92% in our study) by fully expositige outer surface of corn kernels.
However complete elimination of aflatoxin in comnot achieved by stirring, which
might result from the lack of penetration of reaetspecies to detoxify the aflatoxin

present inside the corn kernels.
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Table 5.9 Effects of corn stirring on aflatoxin degradationcorn by HVACP treatmenit

Working | Stirring/No AF (ppb) Percent Reduction
gas stirring® (mean * std) | (%)
Air No-stirring 764 A 82
Stirring 3415 C 92
MAG65 No-stirring 5316 B 88
Stirring 3516 C 92
nitial aflatoxin level in corn: 420+21, HVACP trement condition: RH 40%, treatment time

10min.
bStirring: shake the corn in the plastic box 30sradivery 2.5 min HVACP treatment

5.3.4 Conclusions

Aflatoxin in corn is rapidly degraded by HVACP tteeent with increasing
HVACP treatment time, aflatoxin in corn was degbyg 62% and 82% after 1 and 10
min, respectively, using HVACP treatment in RH 48% Three kinetic models (first-
order, Weibull, and logistic model) were fittedtte aflatoxin degradation data, logistic
model is found to be the best to describe the diagian kinetics of aflatoxin by HVACP
with high coefficient (R> 0.99). Stirring the corn during HVACP treatmergrsficantly
increased aflatoxin degradation to 92%. The iniglolf reactive species generated by
HVACP to penetrate into corn kernels seems to bditthiting factor preventing
complete degradation of aflatoxin in corn. MA65ightly more effective for HVACP
treatment in degrading aflatoxin in corn than aittee working gas because of higher
concentration of Ozone and NOx species are genkiatdA65. HVACP treatment with
humid air/MAG5 at relative humidity 40% and 80% wasre effective than dry gas (5%
RH). Direct or indirect HVACP treatment was equaffective in the degradation of

aflatoxin in corn. The majority of aflatoxin deglation happens within minutes during
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HVACP treatment, post-treatment storage of cornfarttier interaction with reactive

gas species slightly increase aflatoxin degradataiential.

5.4 Application of HVACP for reduction of aflatoxin idistiller grains

5.4.1 Background: Critical parameters on application ¥ACP in distiller grains

Application of HVACP to reduce aflatoxin in cornvgabeen investigated,
process parameters for HVACP, such as relative thityngas type, direct/indirect
treatment, and stirring of samples on the efficaicMVACP treatment have been
investigated in previous sections. Parametersectk® material for application could
also have great importance. For example, sampleiatngrain depth have great
influence on the efficacy of HVACP treatment on ralwal load reduction in distiller
wet grains (McClurkin, 2015).

This section investigated application of HVACP feduction of aflatoxin in
distiller grains. Degradation of aflatoxin by HVAGfatment were compared for three
coproducts during ethanol bioprocessing: wet testdrain (DWG), condensed solubles
(CDS), and dried distiller grain with solubles (DBY5 Impact of Parameters, including
sample amount, surface area of exposure, deptingble, treatment time, were
investigated for their effects on reduction of &fian in DDGS by HVACP treatment.
Effects of parameters of material type, sample arhand surface area on ozone
concentration during HVACP treatment was evaluétedonitoring the ozone

concentration during HVACP treatment using optatadorption spectroscopy. Relative
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importance analysis was performed to identify thigcal parameters for the efficacy of
HVACP treatment. Stepwise regression model waopedd for prediction of percent

reduction of aflatoxin in DDGS by HVACP treatment.

5.4.2 Experimental Set up and methods

5.4.2.1 Sample spiked with aflatoxin

DDGS sample were prepared by mixing 90% (by weiglet) distiller grains
(WDG) and 10% (by weight) condensed solubles (CR&J, drying the mixed material
in air oven at 150 °C for 48 hours to moisture eahdf around 12%. The DWG and
CDS were obtained from Andersons Clymers Ethan@ (Clymers, Indiana). Same
amount of aflatoxin was spiked to WDG, CDS, DDGS) 1l aflatoxin B solution in

chloroform (50 pg/ml) into 10g of the samples of @DCDs, DDGS.

5.4.2.2 Measurement of aflatoxin in DWG, CDS and DDGS

AFB;: levels in DDGS were determined using a commetastral Flow Device
(LFD) QuickTox test strip for DDGS (AQ-109-BG3) andQuickScan reader
(Envirologix USA, Inc., Portland, Maine). DDGSnsple was firstly ground in a Disc
Mill (Seedburo Equipment Co., Des Plaines, Il.ngsa 20 mesh screen. A 10.0 g
subsample was mixed with 30.0 ml 50% ethanol smhy@and the mixture was shaken by
hand for 1.5 minutes. After the mixture settlecdb(ard 10 minutes) there were two
distinct layers. The top layer was used for akataetermination by means of the LFD
test strips. Measurement of aflatoxin levels in D\At@&l CDS follows the methods

described in section 4.4.1.5.
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5.4.2.3 Measurement of ozone concentration using Opticsbigdhion spectroscopy
Ozone concentration generated during HVACP treatwere measured using
optical absorption spectroscopy. The specific mesasent set up is describedsi@ction
5.2.5.2. To investigate the effect of different materialazone generation during
HVACP treatment, different material (water, DWG, E[DDGS) were placed in a
plastic petri dish (90 * 15 mm) without cover andged in the box and treated with
HVACP. Different amount of DDGS sample (5, 10,d)Qvere placed in the plastic petri
dish (90 * 15 mm) to determine effect of sample ant@n ozone concentration in the
box. DDGS samples were exposed with differentesgrfarea by placing in a different
container, small petri dish (65 * 15 mm), one stddoetri dish (90 * 15 mm), two
standard petri dish, and subject to HVACP treatm&m¢ surface area of DDGS placed
for small petri dish, one standard petri dish amdl $tandard petri dish are 34, 56, 112
mnY respectively. The optical absorption spectra ofegated gas species by HVACP

were obtained over 10 min HVACP treatment.

5.4.2.4 Treatment of aflatoxin in distiller grains by HVACP

Samples of aflatoxin spiked DWG, CDS, or DDGS weeated by HVAVP in
the same way as aflatoxin in corn, and is describeletail in section. The samples
(DWG, CDS, and DDGS) in this experiment is tredigdHVACP for 2 and 10 min.
aflatoxin spiked DDGS were treated with differeatnple amount (5, 10, 20 g) and

varying surface area (34, 56, 112 ffor exposure to the cold plasma field.
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5.4.2.5 Data analysis

5.4.2.5.1 Optical absorption spectra analysis

Methods for optical absorption spectra analysisd@resented in section 5.2.5.2.
and ozone concentration during HVACP treatmentetdained from the optical

absorption spectra analysis.

5.4.2.5.2 Relative importance analysis

Within the context of linear regression, the teatative importanceefers to the
proportional contribution of each predictor varmabhakes to the total variance, taking
into account a variable’s contribution by itselflan combination of other predictor
variables (Johnson & LeBreton, 2004).

Relative importance refers to the quantificatiorooé individual regressor’s
contribution to a multiple regression model. Imaltiple linear model, when all
regressors are uncorrelated, each regressor'stmatign is just the Rfrom univariate
regression, and all univariate regression adds tipet full model R However, if the
regressors are correlated, it is no longer stréoglvird to break down modePRto
shares from individual regressor. The R packatgmpo offered several methods for
assessing relative importance in linear aggresshenmetric of First, Last, Img were
selected for evaluation. The metric “first” is theivariate contribution of the regressor to
the full model, and metric “last” is determined thy ability of each aggressor to explain
the variance in addition to all other regressdrag® metric decompose Rnto on-
negative contributions that automatically sum ®@tital R. Among them “Img” metric

IS most computer intensive and is the recommendstiods.
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5.4.2.5.3 Stepwise regression analysis

A general linear model (Im function) was first nimnpackage R including all of
the variables (sample amount, surface area, depttment time) in the model.
However, since some variables are correlated, auliitiearity problem could be an
issue. A stepwise regression model (step functigaction: both) was developed in R to
compare the effect of each variable on percentatemuof aflatoxin by HVACP and to
choose the best linear model automatically accgrtbrmallows’s G value. The

stepwise regression polynomial model is given by:
V=Bt BX A B Xtk B X e
Whenp values were determined from SAS output, and tival¥es represents the

different parameters for each variable that wascsetl in the final linear regression

model. And Y is the percent reduction of aflatoxin.

5.4.3 Results on ozone concentrations during HVACP treatrof Distiller grains

5.4.3.1 Influence of matrix (DWG, CDS, DDGS, distilled wgten ozone
concentration
Ozone concentration with different matrix inside frackage during 10 min
HVACP treatment is presented in Figure 5.14. astedi in Table 5.10. During 10 min
HVACP treatment without food matrix (control), tbeone concentration increase
rapidly in the initial 2 min, and then the increaate is slowed and reached a maximal
concentration of 1216 (ppmv) at 3-4 min, then then@ concentration started to decrease

gradually over time. Ozone concentration generayed VACP with matrix follows
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similar trend, however the maximal concentratiomzdne was lowered compared to the
control. The reduced ozone concentration dependkeotype of matrix within the
package. The maximal ozone concentration genedatedg HVACP treatment with
matrix water, DWG, CDS, and DDGS were 84, 64, 186 the maximal concentration
ozone for the control. These matrices have diffengoisture content and in different
forms. Water and CDS are liquid material, whe®@#$G and DDGS are bulk materials
that have much large surface area than liquid nat&WG and CDS matrix have
moisture content of 65% and DDGS moisture contéaP8o. By comparing the
maximal ozone concentration for liquid material @and CDS, CDS contains a lots of
nutrients, around 8% crude fats, 6% proteins, 3&%4& reducing sugars on dry matter
basis (Probst et al., 2013), which could reactk wr#one and results in lower ozone
concentration inside the package. By comparing makbzone concentration in bulk
materials DWG (722 ppmv) and DDGS (866 ppmv), whiakie similar chemical
compositions but different moisture content, therezconcentration is lower in the
DWG and DDGS. Thus influence of food matrix on me@oncentration during HVACP
is dependent on the moisture content and formsadfixy wet and bulk matrix with large

surface area lead into lower concentration of ozone
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Figure 5.14. Ozone concentration with differentenal inside the package during 10
min HVACP treatment. (filled gas: ambient air)

Table 5.10. Maximal and final ozone concentratiarniry 10min HVACP.

Matrix @ O3 max Oz at (10min)

Concentration| TimeP® Pert of | Concentration| Pert of
(ppmv) (min) max¢ (ppmv) max®

DWG 772 3.1 64 567 47
CDS 915 2.8 75 636 52
DDGS 866 4,5 71 764 63
Water 1025 3.1 84 738 61
Control 1218 3.6 - 1046 86

The mass of all the matrix is 10 g

b Time for ozone concentration to reach maximal eotration
¢ Pert of maximal is ozone concentration relativentiximal ozone concentration of
control (1218 ppmv)

HVACP.

5.4.3.2 Influence of sample amount, surface area on ozoneentration during

Ozone concentration during HVACP treatment foredight sample amount and

different surface area was plotted in Figure 5th& maximal and final ozone

concentration during treatment was summarized bi€la.11. Increasing sample
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amount and sample surface area of exposure, threea@mcentration during HVACP
treatment was reduced. With the same surface &ea$ but increasing sample amount
from 5g to 20g, the maximal and final ozone coneditn generated by HVACP was
reduced slightly by 19 and 12%. With the same sarapiount 10g but increasing
surface area from 34 to 112 rirmaximal and final 0zone concentration was reduned
29 and 23%. Thus surface area of exposure hasageglimpact on ozone concentration
(for both maximal, final) during 10 min HVACP théme sample amount. Surface area
for exposure is especially critical for ozone caortcation during the initial period (first 2
min) of HYACP. With sample exposure surface are34g 56, and 112 mfnthe ozone
concentration at 2 min HVACP is only 83, 69, an&®e ozone concentration of
control (surface exposure area 0 fimRelationship of ozone consumption by DDGS
with surface area and treatment time during HVAf@Rtment is plotted in Figure 5.16.
The ozone consumption by DDGS sample is calculasetie difference in integration of
0zone concentration over time between control aD&B sample. The ozone
consumption by DDGS sample is linearly relatechgroducts of surface area and

HVACP treatment time (R0.95).
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Figure 5.15. Ozone concentration within the paclkdageg 10 min HVACP treatment
for (a) different sample amount (5, 10, 20g), dnddifferent surface area (34, 56, 112
mmy)

Table 5.11. Ozone concentrations within the packhgeag HVACP treatment for
different sample amounts, and surface areas.

Sample | Surface | O°*max and ok o3

amount area time (2 min) |  (10min)
(9) (mn?) | (ppmv, min) | (ppmv) | (ppmv)
5 56 954, 4.1 829 786
10 56 888, 5.3 776 773
20 56 769, 5.3 644 689
10 34 983, 3.7 928 773
10 112 700, 5.7 477 596

Control - 1218,4.1 1121 1046
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Figure 5.16. Relationship of ozone consumption B3 with surface area and
treatment time during HVACP treatment

5.4.4 Results on aflatoxin reduction in distiller graimsHVACP

5.4.4.1 Aflatoxin reduction in different matrix (DWG, CD®DG, DDGS) by HVACP
Aflatoxin reduction in the matrix of DWG, CDS, DDéhd DDGS was plotted in
Figure 5.17. By 10 min HVACP treatment, aflatoxirCDS, DWG, DDG, and DDGS
was reduced by 20, 52, 59, 35%. Aflatoxin in CB%educed the least by HYACP
compared with other matrix, this is mainly duetie fact that CDS is liqueous material
have a smaller surface area exposure compareti¢o riatrix which are bulk material.
In addition, CDS have high content of protein,digind mineral nutrients, which react
readily with ozone, thus exerts a protective eftacaflatoxin within in CDS during
HVACP treatment. For bulk material of DWG, DDG dpBGS, aflatoxin in DWG and
DDG were more readily reduced by HVACP treatmeaht®DGS. This effect is mainly

attributed to fact that DWG and DDGS larger surfamea for exposure than DDGS. The
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surface is inversely related to bulk density, toé lensity of DWG and DDG is kgfn
compare to DDGS. From these results, it is suggast apply HVACP treatment to

degrade aflatoxin in DWG, DDG instead of DDGS arialSC

500
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Figure 5.17. Aflatoxin reduction in different mat(iDWG, CDS, DDG, DDGS) by
HVACP treatment.

5.4.4.1.1 Influence of sample amount, surface area, samgthdeeatment time on aflatoxin
reduction in DDGS by HVACP

The results of aflatoxin reduction in DDGS by HVA@Batment with varying
sample amount, surface area, depth, and treatmemate presented in Table 5.12.
From analysis of variance (ANOVA), parameter of plamamount, and treatment time
are significant factors (at alpha level 0.05) thif¢ct the percent reduction of aflatoxin in
DDGS during HVACP treatment. Since collinearityue exist between surface area and
grain depth, the parameters of surface area amasgree found not significant with p

value of 0.15 and 0.75. Higher percent reductioaflatoxin by HYACP was achieved
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with less sample amount, larger surface area/lgnasn depth, and with longer treatment
time. The higher percent reduction of aflatoxidiBGS was around 45%. When sample
amount is small (5g), there are not significaffiedence in percent aflatoxin degraded by
HVACP caused by different surface area, since thang depth is still low<4.9 mm)

and DDGS could still have good reaction with geteztanzone species.

Table 5.12. Aflatoxin reduction in DDGS by HVACPtlvivarying sample amount,
surface area, depth, and treatment time.

Sample Surface | Grain 2 min treatment .10 min treatment
Residual Percent Residual Percent
amount area depth . .
) (mn?) (mm) AF levels reduction | AF levels reduction
(ppb)* (%) (ppb)* (%)
5 112 1.5 308+11e 27 235+14q 44
56 3 313+12cde 26 235+14d 44
34 4.9 338 +11c 20 243+18(| 42
10 112 3 305+14e 28 233+11¢ 45
56 5.9 309+16de 27 265+14be 37
34 9.9 335+14cd 20 288+18b 31
20 112 5.9 380+8b 10 350+144 17
56 11.8 394+8ab 6 360+144 14
34 19.8 415+10a 1 356+154 16

*different letter in the column means significaiffetence at level 0.05 from pairwise t test.

5.4.4.1.2 Stepwise regression model

In order to evaluate the effect of parameters aredipt aflatoxin reduction in
DDGS by HVACP treatment, a stepwise regression misgeerformed to explain the
contribution of parameters to the variance, thaipaters included into models are
sample amount, time, and surface area and grath.dépthe best model selected after
stepwise regression, the variable of sample amasurface area, and treatment time were
incorporated into regression model.

Y=28.8-1.63 %+ 0.0745% + 1.76 % (R%qj= 0.89) Eq. 5.4

Where X is sample amount (g),24s surface area (miy and % treatment time (min).
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From Eg. 5.4, the Percent of aflatoxin reductiacreéases with longer HYACP treatment
time and more surface area for interaction, andedses with the amount of sample
treated. This aflatoxin reduction model agree$ wie microbial deactivation model
developed by (McClurkin, 2015), which found thag &ffect of sample amount of
treatment time was significant on log reductiomoérobial load. In our model, the
parameter of surface area was also found to bgn#isant factor.

Because multicollinearity issue exist between theables sample amount,
surface area, and grain depth, the variable deptbtiincorporated in the selected model.
However, this does not mean that grain depth issignificant parameter in determining
the efficacy of HVACP treatment on aflatoxin. Ircfathe second best regression model
during stepwise regression model incorporates bkrigrain depth instead of variable

surface area, the regression model is
Y=33.8-1.27 X-0.582 % + 1.76 X% (R?adj = 0.88) Eg. 5.5

Where X is sample amount (g),2As depth (mm), and 2¢reatment time (min).
We could see that this model that incorporategitapth is only slightly inferior to
previously selected model, the adjusted residusdusgifor the model with grain depth

and the model with surface are 0.88 and 0.89 réispbc

5.4.4.1.3 Relative importance of factors sample amount, tneat time, surface area and
sample depth

Results of relative importance analysis were ptbiteFigure 5.18. The
parameters of sample amount and treatment timengu@rtant variables explaining great

amount of variance regardless of the metrics usetkfative importance analysis, which
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agrees with previous stepwise regression modellwihimorporates the variables sample
amount and treatment time (McClurkin, 2015). Gidapth is also found to be an
importance parameters explain 43% variance int*faad 23% in “Img” metric relative
analysis, which is higher than the variance expldiby parameter surface area. Thus
grain depth is more important variables than thiéase area in determining percent
reduction of aflatoxin in DDGS by HVACP treatmenih our previous stepwise
regression analysis, the best prediction modgbéocent aflatoxin reduction incorporates
variables of sample amount, treatment time, anfhserarea, and dropped the parameters
of sample depth. It should be noted that stepwigdainselected the variables basted on
metric “last”, and from relative importance anasyby metrics “last”, surface area is

slightly more significant than grain depth.

Relative importances for Pert
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R*= 89.3%, metrics are not normalized.

Figure 5.18. Relative importance of treatment tisample amount, surface area, depth
for percent reduction of aflatoxin by HVACP treatme
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5.4.5 Conclusions for application of HYACP to distilleragns

Ozone concentration during HVACP treatment couldneasured by optical
absorption spectroscopy (OAS). Ozone concentratidine package during HVACP
depends on the material types and conditions bdedaged (moisture content, liquid or
bulk material, chemical compositions), sample amaund surface area exposed to
treatment are also important factors. Ozone copsomby the DDGS sample during
HVACP treatment is linearly related to the produgftsample surface area and treatment
time. Degradation of aflatoxin by HVACP is influettby type of materials treated,
aflatoxin was found more readily degraded in DW@ BIDG compared to DDGS and
CDS. From relative importance analysis, sampleuajdreatment time, and grain depth
are critical parameters that determine percentateatuof aflatoxin in DDGS by
HVACP. The percent reduction of aflatoxin by HYAGPDDGS could be modelled

through stepwise regression analysis.
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5.5 Structures of Degradation Products and Degrad&aihways of Aflatoxin B1 by
HVACP Treatment
5.5.1 Background
This section aims to clarify the structure of AR@dgradation products, elucidate

the degradation pathway of AFB1 by HVACP treatmant] identify reactive gas species
that are responsible for AFB1 degradation duringd@W treatment. The toxicity of
degradants will also be analyzed according to tteirctures. Pure AFB1 powder spiked
on a glass slide was treated by HVACP, the degi@datoducts of AFB1 by HVACP
treatment were separated, their chemical formula® wlucidated by liquid
chromatograph time of flight coupled with mass $fenetry (HPLC-TOF MS), which
has been used as an effective tool in analyzingadiatjon products of aflatoxin (Diao et
al., 2012). The structure of the reaction produas further investigated using Orbitrap
Mass spectrometry, a new technology of high resmluhass spectrometry, with
miniature design, high speed detection and exddljeantification, which has been used
for reaction product identification and moleculausture characterization (Perry et al.,

2008;Zubarev and Makarov, 2013).

5.5.2 Materials and Methods

5.5.2.1 Chemicals and Reagents.
Aflatoxin B1 was purchased from Cayman Chemicats (Ann Arbor, M,
USA). Chloroform and 200 proof Ethanol were obgaifirom campus laboratory store.

AFB1 powder was dissolved in chloroform and seyidlluted to a concentration of 50
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pg/ml, and then the AFB1 standard solution wasesttat -5 °C in a freezer prior to

conducting the tests.

5.5.2.2 Treating AFB with HVACP.

Figure 5.19 shows the schematic of experimentalgéor HVACP treatment of
AFB1 on glass slide. A 100 pl pipette was used to peefiee standard ARBsolution in
chloroform (50 pg/ml) on a glass slide with a wiaate of 2 h for the chloroform to fully
evaporate. The AFBon glass slide was placed inside a transluceyppapylene
compartment box with a dimension of 4.4 cm heigt.4 cm widthx 27.9 cm length
(Grainger Inc, USA). Boxes were sealed insidegaarrier Cryovac B2630 film in
order to prevent leakage of the filled gas as a®ltontain the generated gas species.
The fill gas air (78% N2, 22% 0O2) was purchasedhfelocal gas supplier with a
certificate of analysis. The gas in the tank h&&relative humidity. In order to increase
the relative humidity (RH) to 40%, the working geas passed through a water bubbler,
the gas flow rate and water depth was adjustedtrancesultant humidity was measured
with a psychrometer (Extech Instruments Inc., USIA¢,final relative humidity of
humidified air as filled gas is 40 +3%. The storédggs containing AFB1 on glass slide
were filled with the working gas (air, 40% RH) gomarged multiple times for 2 min to
ensure purity of the gas in the bag. HVACP treaitimeere conducted utilizing the
HVACP system (Phenix Technolgies, Accident, MD)whon Figure 5.19, which is
patented technology developed by Dr. Keener atuirukthiversity. The HVACP system

was operated at 200 W and 50 HZ generating 90 kWéden the electrodes (4.5 cm gap).
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The AFB1 samples were HVACP treated for 1, 2, 5.1Aiter treatment, the AFB1

samples inside the sealed bag were stored at rempetrature for 24 h.

High voltage electrode

J Sealed bag

Filled gas FE High

. {f \v,f) Voltage
AFBI on slide " Source

|
/ Ground Electrode

Dielectric barrier

Figure 5.19. Schematic of experimental set-up /dABP treatment of aflatoxin in corn

5.5.2.3 HPLC- MS Analysis.

The HVACP treated and untreated AFB1 samples ssglhdes were carefully
rinsed multiple times with 1 ml of a 50% ethanoliagus solution to extract the AFB1
and degradation products. The extracts were tla@sferred to an Eppendorf tube (2.0
ml) and stored at -5°C in a freezer before beirgstied for HPLC with mass
spectrometry analysis. HPLC-MS data of degradatiaduct of AFB1 were obtained on
a time-of-flight (TOF) instrument system (Agilenédhnologies, USA) equipped with a
1100 series binary solvent delivery system andutosampler. Chromatography was
performed on a 2.1x150 mm, 3.5 um particle Watdesrd C18 column. The injection
volume was 10 pL, the flow rate was 300 pL/min. T@bile phase was a gradient
prepared from water with 0.1% formic acid (compdn&hand acetonitrile with 0.1%
formic acid (component B). A gradient elution stdrtvith 10% B for 1 min, then B was

increased linearly to 95% in 20 min, and kept iaticrfor 1 min. The proportion of B
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was then decreased back to 10% in 1 min and ke@tasc for 7 min. The total run time
was 30 min. The MS was run with positive electragponization (ESI), and data was
collected over the range of 75 — 1000 m/z. Higlssreccuracy was ensured by infusing

a lock mass calibrant corresponding to 121.05089%200098 m/z.

5.5.2.4 HPLC- MS-MS Analysis

The same chromatographic conditions were usech&®HPLC/MS/MS analysis
as described in the HPLC/MS section above. Work peaformed using a Thermo LTQ
Orbitrap XL mass spectrometer. The analysis ussdipe polarity electrospray
ionization. High mass accuracy, fragmentation eaee acquired using data dependent
scanning mode. FTMS resolution of 60,000 with asmange of 50-1100 was used for
full scan analysis and the FTMS was used for MS@dt acquisition with a resolution
of 7500 and collision induced dissociation (CID)dro The top five most intense ions
were acquired with a minimum signal of 1000, isolatvidth of 2, normalized collision
energy of 35, default charge state of 1, activa@oof 0.250, and an activation time of
30.

5.5.3 Results and Discussion

5.5.3.1 Formation of AFB1 degradation products by HVACPhitime

Figure 5.20 shows the total ion chromatograms tleated AFB1 sample and
sample treated by HVACP in ambient air for 5 mimlyOone peak appeared for AFB1
sample without HVACP treatment, while seven laqgeaks (including AFB1 peak) were
observed for HVACP treated sample, which indic&EB; was degraded by HVACP

treatment. Six major degradation products are shavagure 5.20 B. The retention
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time and peak shape revealed satisfactory separefiect for the degradation products
except products 4 and 5, whose retention times waneclose and their peaks were not

completely separated.
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Figure 5.20Chromatograms of AFBuntreated (5 pg/ml) in 50% ethanol solution (A)
and AFB sample treated by HVACP in ambient air for 5 min.

Figure 5.21 shows the change in response valudRBi and degradation
products (P1 - P6) with increasing HVACP treatntane in air. With increasing
HVACP treatment time, AFB1 was decomposed graduaitg the degradation products

were increasing gradually. About 76% of AF&s measured by peak area was degraded

after 5 min HVACP treatment.



Value of degradation products (area) =10°

N
=}

=
w0

g
=]

o
%]

o
(=)

155

A— P3

—— P5

—e— AFB1/50
@ P1 < P4 - P6
—¥— P2/10
X
\\
\
N
\‘ -
= *~—

HVACP treatment time(mins)

Figure 5.21. Relative change in response valuer@8:Aand degradation products 1 to 6
(P1 - P6) for AFB sample with increasing HVACP treatment time in air

Note: AFB and P2 are normalized to have the same scale.

5.5.3.2 Molecular formula of degradation products

To identify the molecular formulas of the degradatproducts of AFBbefore and

after HVACP treatment, the data of degradation pctelof AFB by HVACP, including

retention time, proposed formula, experimental miassss error, double bond equivalent

(DBE) and score (the overall score is 0-100%, &wedstore closer to 100% being better)

are listed in Table 5.13. Compared with the thiecebmass obtained from the proposed

molecular formula, the mass determined by TOF M&euexperimental condition had

less than a 6 ppm error. The results showed theé she product masses were acutely

determined, the elemental composition could berdeted by considering the number of

proposed elemental compositions. Because Ak#s treated by HVACP in a pure

system, AFB and its degradation products could only be compo$d elements:
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Carbon, Oxygen, Hydrogen, and Nitrogen. The mobladarmulas were proposed
according to the isotope distribution patterns exact mass by using MassHunter
Qualitive Analysis software (Agilent Technologi€sSA). As an example, the
molecular formula and some possible molecular catipos of product 2 were
proposed as {2 Hi4 Oy, CigH10N403, CieHsN7O> with scores of 95, 89, and 90%
respectively. Since {zH1407 has the highest agreement score, it is more lilkebe the
molecular formula. Another indicator is the doubtend equivalents (DBE) value of the
degradation products, which should be similar & tf AFB:. It is well known that
AFBL1 consist of 17 carbon atoms and 12 hydrogemsatoith a DBE value of 12. The
DBE of the molecular formulae,1&H14O7, CisH10N4Os, CieHsN7O2 are 11, 16, 14.5,
respectively. Since the molecular formula and DBE @ H14O7 are more similar to

AFBg, it is more likely to be the molecular formula goaned with other two formula.

Table 5.13. The proposed formula of AFdhd its degradation products obtained using

LC-TOF MS.
Proposed _Retenti_on Proposed| Observed Diff © DBE Score (%)
Products | time (min) | Formula | mass (m/z} (ppm)
1 101 [ C, H O, [ 3051028 -1.98 9 98.12
2 11.0 C.H.O [ 331.0820 -1.67 11 98.7
3 115 | C,H,O, | 261.0772 -5.92 9 90.32
4 11.9 [ C,H,O, [ 329.0666 -4.01 12 92.00
5 120 |[C,H, O, [ 275.2560 -3.62 10 96.24
6 125 |[CH,O, [ 375.1085 -2.93 11 96.09
AFB1 134 | C.,H, O | 3130716 -2.52 12 99.1

2The m/z in the table is the m/z of [M+H} DBE = double bond equivalents.
bDifference between observed and theoretical mass
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5.5.3.3 Structure proposition for degradation products

To elucidate the structure of the six degradatiadpcts of AFB, the degradation
products were further analyzed by orbitrap MS/M8eatermine the exact masses of the
fragmentation ions that enable postulation of theast probable parental structure and
the structure of the reaction products of AFBn the basis of the accurate masses of the
parent ions and fragments obtained from MS/MSatedysis of the structure of the six
degradation products are shown in Figure 5.22.sthuetures of the degradation
products of AFB by HVACP are summarized in Figure 5.23. The stmeg of the six
degradation products (P1 - P6) are similar to thecgire of AFB. The degradation by
HVACP resulted in the modification of ARBtructure of furo-furan ring (Products 1, 2,
3,4,5,6), cyclopentenone (Products 1, 3, 6) andhaxgtgroup (Product 1). Product 1
(C16H1606) and Product 2 (H1407) have been shown to be ozonolysis products of
AFB1 by aqueous ozone,(Luo et al., 2013;Diao et&all2) and four other major
degradation products were newly identified, whibbws that reaction of ARBoy
HVACP treatment involves new pathways other thamno#tysis as reported by other

research.
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Figure 5.23. Proposed structure of reaction prad(el — P6) of AFB1 by HVACP

5.5.3.4 Degradation pathway of AFB1 by HVACP

According to the structure of the six degradatioodpicts of AFB by HVACP,
two degradation pathways were proposed as in Fig@# and Figure 5.25. The first
pathway is from AFBto reaction productsigHis07 (m/z 331.0821), GH1706 (m/z
305.1028), @H190s (M/z 375.1056). The second pathway is from AFBfetction
products G4H130s (m/z 261.0755), GH1106 (M/z 275.0549), and &H1307 (M/z
329.0666).

The first degradation pathway mainly involves aidditreaction by adding water
molecule (HO), hydrogen molecule (H) or aldehyde group (CHOAEB:. The first
branch of reaction starts with the addition of watelecule (hydration reaction) to the
C8-C9 double bond at the furan ring of AFBnd formed degradation products,

C17H1507 (m/z 331.0821). The methoxy group (-OCHS3) of ARt&as cleaved to form the
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intermediate product 6H130s (M/z 301.0712), and the carbonyl groups of the
intermediate product 6H130s were further hydrogenated to form degradation pcodu
C16H1706 (Mm/z 305.1028). The second branch of reactiohasatdition of an aldehyde
group (CHO) to form the intermediate productgiisOgs (m/z 371.0767), then again the
carbonyl groups in lactone ring and cyclopentarafrtiis intermediate product were
hydrogenated to form the degradation produgiHesOs (m/z 375.1056). From the first
degradation pathway of ARBthe crucial reactive agents are H and OH radiedisch
was generated in HVACP system by the breaking dofwmater molecules by
HVACP.(Rodriguez-Mendez et al., 2013) These twadald are responsible for
hydration and hydrogenation to form new degradgpimaucts. Another reactive agent
generated by HVACP is aldehyde (CHO) radical, whiets formed in HVACP system
when carbon dioxide (Cfpwas present.(Siow et al., 2006)

The second pathway mainly involves oxidation reansi The first branch was the
formation of degradant {H1307 (m/z 361.0560) through epoxidation of the terminal
double bond of AFB The epoxidation reaction could be caused by pehaxyl radical
(HO2) which is generated during HVACP treatment andaiscentration increases with
higher relative humidity.(Dorai and Kushner, 2003D>. is one type of peroxy radical,
which reacts with double bonds and leads to epdxideation.(Koelewijn, 1972) The
second branch involves cleavage of furan ring oBA® form an intermediate
compound @&H110s (Mm/z 259.0606), and this compound was either lyegnated into
the degradation product 4E1110s (m/z 261.0755), or was hydroxylated into the
degradation producti@H110s (m/z 275.0549). In the second pathway, the maintiee

agents are ozone molecule responsible for addibidine double bond and cleavage to
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furan ring of AFB, the H and OH radical also play a role in furtdegradation of the

intermediate products.

+2CHO
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Figure 5.24. First degradation pathway of AFy HVACP
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Figure 5.25. Second degradation pathway of AFBHWACP
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5.5.4 Conclusions

This study determined and elucidated the struattitee degradation of pure
Aflatoxin B; (AFB1) powder treated by a high voltage atmosphericnpgaHVACP)
system. About 76% degradation was observed foma3reatment time in air (78%:2N
22% Q). Aflatoxin B1 (AFB.) was degraded into six degradation products, thigir
formulae and structures elucidated using liquicdboratograph time of flight (TOF) mass
spectrometry (HPLC-TOF MS) and orbitrap mass spewttry. Two degradation
pathways were proposed based on the structuregoadigtion products. Among the six
degradants, two degradants were ozonolysis prodfi&EB;, appearance of other four
degradants indicates that HVACP generated othetiveaspecies besides ozone that
reacts with AFB. The main degradation mechanism of AkiB/olves hydrogenation,
hydration, and oxidation of the furan ring. Hydragedical, hydroxyl radical,
hydroperoxyl radical and ozone are proposed amtjer reactive agents for AEB
degradation generated HVACP treatment. Basedefiténature, it appears that the
degradation products, which involved changes ifuhafuran and lactone rings, and
cyclopantenone and methoxyl structures should [@ssebiological activity risks than
AFB:1. However, this needs to be confirmed by bioagtitests in order for the results to

be conclusive.
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CHAPTER 6. SUMMARY OF CONCLUSIONS AND DISCUSSIONS

6.1 Thesis overview

The overall goal of this study was to evaluate ssvapproaches to the reduction
of the aflatoxin levels in DDGS, the final prodwétethanol bioprocessing. The first
approach pursued was to reduce the aflatoxin imit@ming corn prior to bioprocessing.
The second was degradation of aflatoxin in therimégliate products of corn ethanol
bioprocessing: DWG and CDS. The last was degradafiohe aflatoxin in the DDGS
using high voltage cold plasma (HVACP) treatment.

With respect to the first approach, two segregadiot detoxification methods
were evaluated for their effectiveness in redueifigtoxin. The effectiveness of size
screening in reducing aflatoxin was determinedthed density sorting using a gravity
table was examined. For the second approach, éneéh stability of aflatoxin was
evaluated by heating with or without the preserfogaier (dry or wet heating). Both
conventional and microwave heating methods werestigated. At the same time, the
effectiveness of the addition of food additives wagermined. First the reduction
achieved without any substrate present (pure flatovas evaluated and second and
evaluation was made when the aflatoxin was add&@WW¢& and CDS. Finally, treatment
with High Voltage Atmospheric Cold Plasma (HVACPaswevaluated as a novel method

for degradation of aflatoxin in corn and DDGS.
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6.2  Major findings corresponding to the objectives

6.2.1 Objective 1: Reduction of aflatoxin by size scregnand density sorting
For a 737 kg corn lot we tested, there were sizdibf significant differences in major
and minor diameters, the sphericities and the teadietween moldy and healthy corn
kernels. The distribution in size, shape and derfmtween mold and healthy corn
kernels were significantly different. The moldy rdernels had a smaller major
diameter, greater sphericity and a lower dendrgmoval of fine materials mixed in with
the corn lot using size screening significantlyueet the aflatoxin level in the remaining
lot. Further removal of small size kernels throatganing through a screen cleaner and
removal of lower density kernels using a gravityiésbrought an additional and

considerable further reduction in aflatoxin in teenaining corn lot.

6.2.2 Objective 2: Reduction of aflatoxin by conventiohahting, microwave heating
The thermal stabilities of aflatoxiniBuring dry and wet heating using either
conventional or microwave heating were investigatdtlatoxin is very stable during dry
heating and a temperature of 150 °C is requirexitiate its decomposition. HPLC-MS
analysis indicated that the aflatoxin Bas converted into its enantiomer during the dry
heating process. During wet heating, aflatoximBs reduced at a much lower
temperature. Seventy three percent of the A& degraded when it was heated wet at

80 °C for 1 h. The water molecule played a critroé in degradation of aflatoxin during
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wet heating. Aflatoxin degradation by wet heatimgplved hydrolysis of the furofuran
moiety and the lactone ring and further decarbdioma

For a given average heating time and temperatucgpwave heating was found
to be slightly more effective (5-8%) than conventibheating in degrading aflatoxin B
for both dry and wet heating scenarios. Howeves, difference probably is the result of
the higher maximum temperature generated duringowive heating. Dry and wet
heating by microwave resulted in the same degrad@tioducts as conventional heating.
The absence of new degradation products indicatgsiegradation of aflatoxin by

microwave heating is due to its thermal effects.

6.2.3 Objective 3: Reduction of aflatoxin by food addas/

In tests on pure aflatoxin, four selected food tdels, namely sodium bisulfite,
sodium hypochlorite, citric acid, and ammonium p#ede, were shown to effectively
(>86%) degrade aflatoxin immobilized in a glasgsleoihen it was heated at 90 °C for 1
h with 1% (by weight) food additive solutions. Whielwd additives were added to DWG
and CDS and the substrates were heated at 90 AChfdihere was apparently a
protective effect of the substrate because theeclegs aflatoxin degradation. Sodium
bisulfite was not effective, and for the other faattlitives the aflatoxin reduction was
less than 56%. Citric acid was the most promispigjtave for degrading aflatoxin
because it has been classified as GRAS (geneeabgnized as safe) by the FDA.
Degradation of aflatoxin Boy citric acid was through acid-catalyzed hydr@yshich

converts the AFBto AFBza. The second degradant was AFBtric (Czz Hio O13), which
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is produced by adding citric acid to the doubledohthe furan ring of AFB Aflatoxin
reduction was enhanced by increasing the citrid addition level and prolonging the
heating time. Aflatoxin levels in DWG and CDS weradually reduced with prolonged

heating even without addition of food additives.

6.2.4 Objective 4: Reduction of aflatoxin by high voltagtenospheric cold plasma
(HVACP) treatment

Performance of the HVACP system and generatioeadtive species were
characterized using optical emission spectral amalpuring HVACP treatment, the
major emission peaks were from When the treatment was conducted in air and from O
atoms when it was conducted in MA65. The HVACP aysts less efficient in breaking
down diatomic nitrogen and oxygen over a longerggeof time.

Ozone concentration during HVACP treatment was tooad using optical
absorption spectral analysis. The kinetics of thieegation of ozone concentration
follows a logarithmic function for both MA and &R%g; > 0.98) during the120 s
HVACP treatment. Ozone generation rate and the dimane level were higher in MA
gas than in air, and when the relative humidity Weaser (5%) as contrasted with higher
(40 or 80%). Ozone concentration inside the packiageg HVACP depended on the
type of material being treated and the treatmentitmns (moisture content, liquid or
bulk material, chemical composition). In additi@zone consumption by the DDGS
sample during HVACP treatment was linearly reldtethe product of the sample

surface area and the treatment time.
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Aflatoxin in corn could be rapidly degraded by HVR@eatment. Incorn it was
degraded by 62% and 82% by 1 and 10 min HVACPnreats, respectively. Three
kinetic models (first-order, Weibull, and logistitodel) were fitted to the aflatoxin
degradation data. The logistic model was foundetthie best to describe the degradation
of aflatoxin by HVACP with a high coefficient of tlemination (R > 0.99). Stirring the
material during HVACP treatment could further irase aflatoxin degradation.
Penetration of the reactive species generated b&CF/into the material being treated is
believed to be the limiting factor preventing costpldegradation of the aflatoxin. The
use of MAG5 as the working gas during HVACP treattmeas slightly more effective in
degrading aflatoxin than the use of air becauskdrigoncentrations of Ozone and NOXx
species were generated when MAG5 was used. HVAERnient with humid airfMAG5
at relative humidities of 40% and 80% were moredtiVve than dry gas (5% RH). In
addition, degradation of aflatoxin by HVACP waduinced by the type of material
being treated. Aflatoxin was more readily degrameBWG and DDG compared to
DDGS and CDS. From relative importance analybes sample amount, the treatment
time, and the grain depth were the critical paransethat determined percent reduction
of aflatoxin in DDGS by HVACP. The percent redoctiof aflatoxin by HVACP in
DDGS could be modelled using stepwise regressiatysis.

As a result of the HVACP treatment, aflatoxinvBas degraded into six
degradation products. Their formulae and structue® elucidated using liquid
chromatography time of flight (TOF) mass spectragn@dPLC-TOF MS) and Orbitrap
mass spectrometry. Two degradation pathways wepoped based on the structure of

degradation products. Among the six degradants degradants were ozonolysis
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products of AFB. The appearance of the other four degradantsates that HVACP
generated other reactive species besides ozoneettes with AFB. The main
degradation mechanism of AEBivolves hydrogenation, hydration, and oxidatidthe
furan ring. Hydrogen radicals, hydroxyl radicalgdioperoxyl radicals and ozone are
proposed as the major reactive agents for Adyyradation generated using HVACP
treatment. Based on the literature, it appearstileadegradation products, which
involved changes in the furofuran and lactone rilagsl cyclopantenone and methoxyl

structures, should pose a lower risk to biologamivity than does AFB

6.3 Future work

The first approach evaluated was screening andtgesasting to remove
contaminated kernels and fine material therebyciedithe aflatoxin levels in the corn
lot. For future studies of this type, the autrerammends that tests to determine the
effectiveness of the techniques be accompanieahblysis of the size and density
distribution of the kernels. This will help to eapt why the sorting technique was or was
not effective. In addition, other techniques susisiaving with slotted sieves, and color
or NIRS sorting should be evaluated. The same agprased in this study for aflatoxin
could be used to determine the effectiveness abwatechniques, such as size screening
and density sorting, in reducing mycotoxins in ktketorn contaminated with other
species of mycotoxin producing fungi.

The second approach that was discussed was tthieemtaterial so that the

aflatoxin is broken down into non-toxic or lessitogompounds. In order to better
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understand the thermal stability of aflatoxin incanplex food matrix during thermal

food processing, a model food substrate consistingrious constituents including
starch, lipids, fibers, and proteins, could be usedests. The tests would be conducted
with the addition of different amounts of water faother evaluate the effect of water
within the food substrate on the decompositiorheftoxin. The tests could be conducted
using varying thermal conditions so that the eftddhe interaction of thermal conditions
and food substrate on aflatoxin decomposition Gaddiermined.

The HVACP system used for the tests reported mttiesis could only be used to
treat small samples (25g). In order to obtain damwith homogenous levels of
aflatoxin, the corn samples were spiked with akatanstead of beginning with a sample
of wet corn that was inoculated with the Aspergilpecies that would then grow on the
wet corn and produce the aflatoxin. When the texiproduced by the fungi growing on
the corn, it may be located deeper in the kernarevitt would be more difficult for the
various decontamination processes to interact #vithe HVACP system should also be
scaled up to accommodate a sample of one kilogragneater of naturally contaminated
corn. To achieve better exposure of the cornaotiee species, the HVACP system
should be modified so there is continuous treatmérghould also incorporate a method
of stirring the sample as it is being treated. Fn#he effect of HYACP treatment on
detoxification of other mycotoxins (DeoxynivalenBlymonisin, Zearalenone, etc.) could
also be investigated.

Another approach that could be evaluated wouldhbaise of a combination of
the aflatoxin degradation methods that were test¢lis study to achieve a higher level

of degradation. For example, first the corn mosesaly contaminated with aflatoxin
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could be removed using size screening and dermityng. Then the segregated highly
contaminated corn kernels could be decontaminatend)uhermal processing, food
additives, or HVACP treatments.

The author’s final recommendation is that additioh@es tests for mutagenicity
and toxicity be conducted using ducklings, which @among the animals most sensitive
to aflatoxin. This would reveal the bioactivity thie degradation products of Ar-Bhat
are produced by thermal processing, food additiared,HVACP treatments. In addition,
changes in physical, chemical, sensory propertidspalatability of corn treated using

the various methods are also recommended for futsearch.



VITA



178

VITA
Education
Purdue University, West L afayette, IN
Ph.D. Agricultural & Biological engineering (ABE) 08/2012-12/2016
China Agricultural University, Beijing, China
M.S. Agricultural and Biological Engineering 09/2010-06/2012
B.S. Mechanical Engineering 09/8206/2010

Teaching Experience
Teaching Assistant, Purdue University. 2013, 2014, 2015, 2016 fall

* Course ABE45000: Finite Element Method in Desigd @ptimization. Grading, held
office hours, assisted in lab sessions.

Resear ch Experience
Resear ch Assistant, Purdue University, West L afayette, I N.
2012 Fall-Present
Thesis project: Investigation of Methods for RedigcAflatoxin Contamination in
Distillers Grains
* Reduction of aflatoxin in corn by size screening density sorting
» Test thermal stability of aflatoxin by dry and viretating and microwave heating
» Detoxification of aflatoxin by food additives
» Characterization of high voltage atmospheric cdéma (HVACP) through optical
emission and optical absorption spectra, and txgtadiation of aflatoxin in corn and
DDGS by HVACP treatment.

Resear ch assistant, China Agricultural University. 09/2010-06/2012
MS thesis: Experimental and Finite Element Analygithe Mechanical Properties of
Wheat Straw

* Measured the tensile and shear properties of véteat biomass

» Built a porous layer structural model of wheat\stresing Pro/Engineer

* Analyzed the stress response of the structural hvaitte ANSYS
BS thesis: Design of refractance window drying pqent for fresh whole foods.



179

Honors and Awards

Outstanding undergraduate student scholarship,aCgmicultural University, Beijing,
China, 06/2010.

Distillers Grains Scholarship, Distillers Grainschaology Council, Kansas City,
Missouri, 05/2015.

Engagement and Service

Secretary of Graduate association of Agricultural Biological Engineering, Purdue
University, 2014.

Member of American society of Agricultural and Riglcal Engineers.

Members of American Association of Cereal Chemists.

Presentations

“Reduction of aflatoxin in distillers grains”. Puwred ABE GSA symposium, Purdue
University, 02/2014.

“Reduction of aflatoxin in corn by cleaning andtswy”, ASABE annual conference
meeting, Montreal, Canada, 07/2014.

“Reduction of aflatoxin in distiller grains and atensed solubles”. ¥9Annual Distillers
Grains Symposium, Kansas City, Missouri, 05/2015.

“Reduction of Aflatoxin in Corn by High Voltage Awspheric Cold Plasma”. NC-213
meeting, 2016/02.

Manuscripts (published and papersin review)

1.

2.

Shi, H., Stroshine, R.L., lleleji, K. 2014. Aflatoxreduction in corn by cleaning and
sorting. ASABE paper No. 14-1890901. St JosephhMASABE.

Shi, H., Stroshine, R.L., lleleji, K. Determinatiofthe Relative Effectiveness of Four
Food Additives in Degrading Aflatoxin in Distillek&/et Grains and Condensed
Distillers Solubles. Journal of Food Protection120In press.

. Shi, H., Stroshine, R.L., lleleji, K. Differences kernel shape, size and density

between healthy and aflatoxin contaminated kerawedstheir relationship to reduction
in aflatoxin levels in a sample of shelled cornpA@d Engineering in Agriculture.
2016. In review.

. Shi, H., Stroshine, R.L., lleleji, K., Keener, Ke®uction of aflatoxin in corn by high

voltage atmospheric cold plasma. Journal of FoabB&ioprocess Technology. 2016,
In review.

. Shi, H., Cooper, B., Stroshine, R.L., lleleji, Keener, K. Structure of Degradation

Products and Degradation Pathway of AFB1 by Highdge Atmospheric Cold
Plasma (HVACP) Treatment. Journal of Agricultunatid=ood Chemistry. 2016, In
review.



	Purdue University
	Purdue e-Pubs
	12-2016

	Investigation of methods for reducing aflatoxin contamination in distillers grains
	Hu Shi
	Recommended Citation


	Thesis_Hu_2016_1214_updated

