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Nitric oxide (NO) is a recently discovered fumigant for postharvest pest control on fresh and stored
products. Nitric oxide fumigation also does not leave residues on fresh fruit and vegetables when con-
ducted properly. In this study, we analyzed nitrate (NO3

�) and nitrite (NO2
�) levels in liquid extracts and

nitrogen dioxide (NO2) desorption rates as residues of NO fumigation at various times after fumigation
on nine stored grain and nut products. Each product was fumigated separately with 3.0% NO for 24 h in
two treatments: one treatment (NOeN2) was terminated with nitrogen gas (N2) flush and the other (NO-
Air) was terminated with normal air flush. For NOeN2, NO3

� concentrations of all fumigated products
were not significantly higher than those of untreated controls at 1, 7, and 14 d after fumigation. NO2

�

concentrations of all fumigated products from N2 gas flush were not significantly higher than those of
control products at 14 d after fumigation. NO2 desorption rates for most products from NOeN2 treatment
showed no significant difference from those for the controls 1 d after NO fumigation, except for beans
and wheat, which showed no significant difference at �7 d after fumigation. All products from NO-Air
treatment, however, had significant higher NO3

� and NO2
� ion concentrations in liquid extracts at 14 d

after fumigation than those from NOeN2 treatment and the control. NO2 desorption rates in all products
from NO-Air treatment were also significantly higher than those from NOeN2 treatment and the control
at 21 d after fumigation. Therefore, when terminated properly with N2 flush, NO fumigation did not
result in significant increases of NO3

�, NO2
�, or NO2 as residue in nut and grain products.

Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).
1. Introduction

There is a great need for safe and effective alternative fumigants
for postharvest pest control to replace methyl bromide which has
been phased out of production globally as mandated by Montreal
Protocol due to its depleting effects on atmospheric ozone
(Montreal Protocol, 1987). Phosphine and sulfuryl fluoride have
become mostly widely used alternative fumigants for postharvest
pest control on stored products. However, both phosphine and
sulfuryl fluoride have limitations for postharvest pest control.
Phosphine fumigation acts slowly against pests and may take more
ention of proprietary prod-
ication is not for the purpose
stitute an endorsement or a
re for its use. The USDA is an

access article under the CC BY lice
than ten days to control stored product insects (Hole et al., 1976).
Some stored product insects have developed resistance to phos-
phine (Nayak et al., 2003; Benhalima et al., 2004; Opit et al., 2012).
Sulfuryl fluoride fumigation has low efficacy against insect eggs
and, therefore, has limited potential for postharvest pest control on
stored products (UNEP, 2011).

The recently discovered new fumigant nitric oxide (NO), how-
ever, is effective against all insects and mites tested to date and has
potential for postharvest pest control (Liu, 2013, 2015; Liu and Yang,
2016; Yang and Liu, 2018). Nitric oxide fumigation has been
demonstrated highly efficacious against awide range of insect pests
including external and internal feeders at all life stages on both
fresh and stored products including rice weevil and confused flour
beetle (Liu, 2013). Nitric oxide fumigationwith desired levels of NO
and NO2 is also effective in controlling microbes such as Aspergillus
flavus spores (Liu et al., 2019). Moreover, NO is an antagonist of
ethylene biosynthesis of plants and NO fumigation has been
demonstrated to improve postharvest quality and extend shelf life
extension of fresh products (Soegiarto and Wills, 2004;
nse (http://creativecommons.org/licenses/by/4.0/).
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Manjunatha et al., 2010).
Nitric oxide reacts with oxygen (O2) spontaneously to form ni-

trogen dioxide (NO2) and, therefore, NO fumigation must be con-
ducted under ultralow oxygen (ULO) conditions in airtight
fumigation chambers to minimize the oxidation of NO in fumiga-
tion chamber (Liu, 2013, 2015; Liu et al., 2017). NO fumigation also
needs to be terminated by flushing the chamber with inert gas like
nitrogen (N2) to dilute NO to prevent NO2 formation, which may
cause injuries to fresh products (Liu, 2016). When terminated
properly with N2 gas flush, NO fumigation is safe to postharvest
quality of fresh products (Liu, 2016; Liu et al., 2017; Yang and Liu,
2017, 2018).

NO fumigation may result in increases in nitrate (NO3
�) and ni-

trite (NO2
�) levels as residues in fumigated products. Both NO3

� and
NO2

� already exist in various food products (Hord et al., 2009;
Bahadoran et al., 2016). For fresh products, NO fumigation when
terminated properly with N2 gas flush does not increase levels of
NO3

� or NO2
� residues (Yang and Liu, 2017). As NO is a recently

discovered fumigant, it is essential to understand whether NO
fumigation has an impact on quality and safety of fumigated
products and these data are also necessary for approval of NO by
regulatory agencies such as U.S. Environmental Protection Agency
(EPA) for commercial use as a pesticide for postharvest pest control.
In this study, we analyzed NO3

� and NO2
� ion concentrations and

NO2 desorption rate as residues on a variety of grain and nut
products from two NO fumigation treatments, one terminated with
N2 gas flush to dilute NO concentration and the other with air flush
to simulate oxidation of NO. The importance of proper termination
of procedure of NO fumigation was also discussed.

2. Materials and methods

2.1. Fumigation gas and stored products

Nitric oxide with >99.5% purity (other ingredients: 120 ppm
carbon dioxide, 400 ppm nitrous oxide, 800 ppm nitrogen, and
<5 ppmmoisture) (Advanced Specialty Gases, Sparks, NV, USA) and
commercial grade N2 gas in compressed cylinders (Praxair, Inc.,
Danbury, CT, USA) were used for all experiments. Nitric oxide was
released and stored in a N2-washed foil bag (40� 20 cm) (Uline,
Pleasant Prairie, WI, USA) equipped with stopcock for easy sam-
pling with an airtight syringe.

Nine grain and nut products from local supermarket were used
and they were almonds, barley, garbanzo bean, pecan, pinto bean,
pistachio, walnut, wheat, and rice. They were stored in their orig-
inal packages at ambient temperatures of 18e25 �C, 60e75% RH in
the laboratory before the fumigation experiments. Products were
visually screened to remove mold-contaminated grains and nuts
before each fumigation experiment.

2.2. NO fumigation treatments

The nine products were fumigated separately with 3.0% NO
under ULO conditions for 24 h at 25 �C using the procedures
described previously (Liu, 2013; Liu et al., 2017; Yang and Liu, 2017).
Eight of the products were fumigated in 1.9 L air-tight glass jar
chambers and walnuts were fumigated in 7.6L air-tight chambers
modified from pressure cookers. Two 3.0% NO fumigation treat-
ments and one control were included in each test. About 400 g of
each product was randomly sampled and sealed in each fumigation
chamber (filling ratio of 30e35%). Fumigation chambers were then
flushed with N2 by releasing N2 through a tube to the bottom of the
chamber to establish an ULO atmosphere with �35 ppm O2. Nitric
oxide from a preloaded foil bag was then taken with an airtight
syringe and injected into the fumigation chamber to establish 3.0%
NO. To balance the air pressure inside fumigation chamber, 3.0% of
air fromULO chamberwas removed using an airtight syringe before
NO injection. Nitric oxide concentrations were calculated based on
volumes of NO injected and sizes of fumigation chambers. All
chambers were kept at 25± 0.5 �C in an environment chamber for
the 24 h fumigation treatment. An untreated portion of each
product was stored in an air-tight chamber as a control under the
same conditions as the two fumigation treatments.

The two NO fumigation treatments for each product were
terminated differently: one was terminated with N2 flush (NOeN2)
and the other was terminated with air flush (NO-Air). The NOeN2
treatments for 1.9 and 7.6 L chambers were terminated by flushing
chambers with N2 gas for 30min at flow rate of 2 and 3 Lmin�1

respectively. The NO-Air treatments in the 1.9 and 7.6 L chambers
were terminated by flushing with air using an air pump (SP6000,
Smart Products, Inc., Morgan Hill, CA, USA) at the same flow rate
and duration as in NOeN2 treatments. Chambers were then opened
to ambient air. Treatments were replicated 4 times for each prod-
uct. After treatment, all products were stored in open fumigation
chambers at 25± 0.5 �C in a temperature chamber prior to residue
analysis.

2.3. Residue analysis

NO3
� and NO2

� concentrations in liquid extracts of fumigated
products, and NO2 gas desorption rate from fumigated products
weremeasured as residues at 1, 7, and 14 d after NO fumigation. For
each treatment, a 10 g sample was randomly taken from each
product and homogenized in 100mL deionized water in a blender
(Blender 7010G, Waring Commercial, Torrington, Connecticut,
USA); the homogenized sample was then vacuum-filtered and
analyzed using a NO analyzer (minimum detection limit: 1 pg)
(NOA 280i, GE Analytical Instruments, Boulder, CO, USA) to deter-
mine NO3

� and NO2
� concentrations. The detailed procedures for

measuring NO3
� and NO2

� in liquid extract using the NO analyzer
was same as previously described (Liu et al., 2017; Yang and Liu,
2017). Total concentrations of NO3

� and NO2
� were measured by

injecting 5 mL liquid sample into 5mL vanadium chloride (VCl3)
(Acros Organics-Fisher Scientific, Geel, Belgium) as a reducing
agent in 1M hydrochloride acid (HCl) (Cole-Parmer, Vernon Hills,
Illinois, USA) in the purge vessel of the analyzer at 95 �C. Concen-
trations of NO2

� were measured separately using NO2
� reduction

analysis by injecting 5 mL liquid sample into 5mL sodium iodide
(NaI) (Fisher Chemicals, Hampton, NH, USA) solution as a reducing
agent in 1M HCl in the purge vessel at room temperature. Helium
(He) gas (Praxair, Inc., Danbury, CT, USA) was used as carrier gas for
both reduction reactions. The concentration of NO3

� was calculated
by subtracting NO2

� concentration from the total concentration of
NO3

� and NO2
�. NOAnalysis software (v3.2, Sievers Instruments Inc.,

Boulder, CO, USA) was used to determine concentrations of NO3
�

and NO2
� and results were converted to mM by using a calibration

curve established from standards using the same NOA 280i pa-
rameters (Yang and Liu, 2017). To create the standard curve, 69mg
sodium nitrite (NaNO2) or 85mg sodium nitrate (NaNO3) (Fisher
Chemicals, Hampton, NH, USA) were diluted in a 10mL flask with
deionized water to prepare the 100mM standard stock solution.
The stock solution was then used to prepare standard solutions
containing 10, 50, 100 nM, 1, 5, 10, and 10 mM in microfuge tubes
(1.5mL) after a serial dilution. After preparing dilute standard so-
lutions, the calibration curve was then constructed by injection of
the standards into the purge vessel and analyzed by NOAanalysis
software. The standard curves were then used to determine NO3

�

and NO2
� concentrations in sample solutions. All NO3

� and NO2
�

concentrations were converted to mg kg�1. Each treatment for each
product was replicated 4 times.
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NO2 desorption rates from each fumigated product and each
fumigation treatment were measured using a Model 405 nm NO2/
NO/NOx monitor (limit of detection: 0e10,000 ppb for NO2,
0e2000 ppb for NO) (2B Technologies, Boulder, CO, USA) following
procedures described earlier (Liu et al., 2017). To measure NO2
desorption rate, fumigation chambers containing fumigated prod-
ucts from all three treatments for each product were sealed, and the
two ports on the chamber lid were connected to the inlet and outlet
of the NO2 monitor to create a recirculation loop for air in the
headspace of the chamber to pass through the NO2 monitor
continuously and NO2 levels were shown on the display of the
monitor. The chambers were then kept sealed with the two stop-
cocks closed and held at 25 �C for one hour. At the end of one hour,
NO2 levels were then measured again to determine the increases in
NO2 concentration during the one-hour period. After the second
measurements, fumigation chambers were opened and held at
25 �C in the temperature chamber. The weight of product sample in
each fumigation chamber for each treatment and each product was
used to calculate NO2 desorption rate in one hour based on
chamber volume and product weight (mg kg�1h�1). To determine
how fast NO2 desorbs from a fumigated product after fumigation,
NO2 desorption rates were measured for all three treatments for
each product at 3 h and 1, 7, 14, and 21 d after fumigation. The
residue analysis for NO2 desorption rate was replicated 4 times for
each treatment and each product.

2.4. Data analysis

NO3
�, NO2

�, and NO2 data for each product were subject to one-
way analysis of variance. Means of NO3

� and NO2
� ion concentra-

tions and NO2 desorption rates among treatments for each product
at each time after fumigation were compared using Tukey's HSD
multiple range test in repeated measurement analysis of variance
by using SAS program (PROC GLM). All statistical analyses were
conducted using SAS program (SAS Institute, 2012).

3. Results

There were no significant differences between NOeN2 which
was terminated with N2 flush and control treatments for NO3

� or
NO2

� levels for any of the nine products 14 d after fumigation
treatment (Table 1). Some products from NOeN2 treatment had
significantly higher levels of NO3

� or NO2
� 1 and 7 d after fumigation

as compared with the control, showing gradual declines of both
NO3

� and NO2
� levels over time (Table 1). The NO-Air treatment,

however, which was terminated with air flush, resulted in signifi-
cantly higher NO3

� and NO2
� concentrations as compared with the

control 1, 7, and 14 d after fumigation in all products, with the
exception that the NO3

� level in almond from NO-Air treatment was
not significantly higher than that in the control 14 d after fumiga-
tion (Table 1). Therefore, termination of NO fumigation with N2
flush was critical to prevent increases of NO3

� and NO2
� as residues

in fumigated stored products.
NO3

� concentration of control samples ranged from 7.39mg kg�1

(rice) to 28.37mg kg�1 (pinto bean) during post-treatment storage.
None of the NOeN2 fumigated products differed significantly from
the control for NO3

� concentration one day after fumigation. In
contrast, all products from NO-Air treatment had significantly
higher NO3

� concentrations than their respective controls at all
times after fumigation, with the exceptions of almonds, pinto bean,
and walnut, which were not significantly greater in NO3

� concen-
trations compared to their respective NOeN2 treatment or controls
14 d after fumigation (Table 1).

The NO2
� concentrations in control treatments were 0mg kg�1

at all times during post-treatment storage for all species tested. No
significant difference in NO2
� concentration was found between

NOeN2 treatment and control at any time after fumigation for any
product. Concentrations of NO2

� in all products subjected to NO-Air
treatment were significantly above the 0mg kg�1 value for controls
1, 7, and 14 d after fumigation (Table 1).

NO2 desorption rates of fumigated products for all species
showed no significant difference between NOeN2 treatment and
the control 7 d after fumigation, except for pinto bean, which
showed no significant difference between NOeN2 and the control
14 d after fumigation (Table 2). At 3 h after fumigation, NO2
desorption rates of pecan, almonds, walnut, and barley from
NOeN2 treatment showed no significant difference from the con-
trol. All products from NO-Air treatments showed significantly
higher NO2 desorption rates than those from the control at all times
after NO fumigation, with four exceptions: wheat (14 d), barley
(14 d), rice (1 d), and pistachio (7 and 14 d) (Table 2). The mean NO2
desorption rate measurements in controls ranged from 0.7 mg kg�1

h�1 for pinto bean, to 54.9 mg kg�1 h�1 for barley at 3 h after
fumigation, and from 0.6 mg kg�1 h�1 for pinto bean, to 3.6 mg kg�1

h�1 for rice at 21 d after fumigation. NO2 desorption measurements
for most unfumigated control products showed gradual declines
over time of the five measurements (Table 2).

4. Discussion

No significant increases in NO3
� or NO2

� ion concentration in any
fumigated product from NOeN2 treatment indicate that NO fumi-
gation does not leave significant amounts of NO3

� or NO2
� residue if

it is terminated properly with N2 flush. There was also no signifi-
cant difference in NO2 desorption rate between NOeN2 and con-
trols for any product 14 d after fumigation. The 3.0% NO
concentration used in this study is higher than the concentrations
used previously to successfully control all life stages of rice weevil
and confused flour beetle (Liu, 2013). A conclusion of no significant
increase in NO3

�, NO2
� or NO2 residue for NO fumigation terminated

with N2 flush is likely, therefore, to be conservative and valid for NO
fumigations to control insects on stored products. When NO
fumigation was terminated with air flush, there were significant
increases in NO3

� and NO2
� levels in fumigated products as

compared with controls, and the magnitude of increases for NO3
�

ranged from 32.9% in almond to 268.2% in barley 14 d after fumi-
gation (Table 1). Levels of NO2

� in controls were zero in most
products. NO2

� levels in fumigated products from NO-Air treatment
had significant levels of NO2

� ranging from 1.1mg kg�1 (pinto bean
and wheat) to 8.03mg kg�1 (pistachio) at 14 d after fumigation
(Table 1). For the majority of products, NO-Air treatment also had
significantly higher NO2 desorption rates as compared with con-
trols (Table 2). These results indicate that NO fumigation needs to
be terminated with N2 flush to prevent NO3

�, NO2
�, or NO2 residues

in fumigated stored products.
NO3

� ions are essential nutrient in food and are the primary
source of nitrogen for vegetable and fruits (Hord et al., 2009;
Bahadoran et al., 2016; Yang and Liu, 2017). Plants normally take up
NO3

� from soil during growth and the level of nitrogen in plants is
primarily controlled by fertilization practices. For example, vege-
tables like spinach and lettuce normally accumulate high concen-
trations of NO3

� from soil and yield high levels of NO3
� in these

vegetables with amount up to 1000mg kg�1 (Muramoto, 1999).
Excessive NO3

� may, however, be reduced to NO2
�, which in turn

under certain conditions such as high heat or strong acidic envi-
ronment may form nitrosamine, which is carcinogenic to human
(Cammack et al., 1999; Pannala et al., 2003; Santamaria, 2006).

Our results showed that NO3
� levels in stored products are

generally lower than those in fruits and vegetables, ranging from
7.76mg kg�1 (rice) to 28.37mg kg�1 (pinto beans). Although NO-



Table 1
Nitrate and nitrite levels on stored products at different times after 24 h fumigation treatments with 3.0% nitric oxide.

Product Treatment Nitrate (NO3
�), mg kg�1 Nitrite (NO2

�), mg kg�1

1 d 7 d 14 d 1 d 7 d 14 d

Almonds NO-Air 16.86± 1.10a 14.95± 0.85a 15.85± 5.21a 4.22± 0.37a 3.15± 0.51a 2.61± 0.79a
NOeN2 12.21± 1.83 ab 9.92± 0.65b 11.92± 2.72a 1.91± 0.89b 0.46± 0.20b 0.10± 0.05b
Control 11.34± 0.79b 9.53± 1.19b 11.92± 1.88a 0b 0b 0b
F2,9 5.10 10.70 0.41 14.48 29.14 10.44
P 0.0330 0.0042 0.6782 0.0015 0.0001 0.0045

Barley NO-Air 26.36± 0.50a 21.90± 1.20a 29.79± 4.58a 6.23± 0.35a 6.23± 0.34a 3.62± 0.15a
NOeN2 8.29± 1.10b 7.54± 1.23b 7.64± 1.58b 2.04± 0.36b 0.53± 0.17b 0.09± 0.05b
Control 8.48± 0.56b 7.84± 0.86b 8.09± 1.17b 0c 0b 0b
F2,9 181.4 54.71 19.38 118.40 245.63 513.41
P <0.0001 <0.0001 0.0005 <0.0001 <0.0001 <0.0001

Garbanzo bean NO-Air 37.72± 5.26a 30.38± 6.17a 29.69± 2.57a 8.02± 0.55a 7.14± 1.26a 4.12± 1.25a
NOeN2 19.03± 2.53b 14.12± 0.45b 9.56± 0.38b 5.78± 0.93a 1.19± 0.37b 0.26± 0.09b
Control 15.41± 1.04b 13.0± 2.29b 9.70± 3.14b 0b 0b 0b
F2,9 12.23 6.52 24.20 44.0 25.37 10.12
P 0.0027 0.0178 0.0002 <0.0001 0.0002 0.0050

Pecan NO-Air 23.01± 4.28a 22.51± 1.02a 19.68± 2.09a 3.74± 0.54a 3.63± 0.22a 2.30± 0.07a
NOeN2 17.15± 4.11b 10.02± 0.09b 10.96± 1.78b 1.83± 0.21b 1.44± 0.17b 0.06± 0.02b
Control 16.49± 1.51b 11.96± 1.29b 10.51± 0.65b 0c 0c 0b
F2,9 10.3 49.66 10.05 31.38 128.49 873.49
P 0.0395 <0.0001 0.0051 <0.0001 <0.0001 <0.0001

Pinto bean NO-Air 39.58± 3.53a 36.96± 4.12a 23.60± 11.47a 9.54± 1.47a 3.07± 0.43a 1.11± 0.36a
NOeN2 33.62± 9.0b 18.82± 1.07b 13.61± 5.73a 1.12± 0.16b 0.88± 0.39b 0.22± 0.10b
Control 28.37± 5.84b 17.07± 0.88b 16.11± 6.16a 0b 0b 0b
F2,9 7.4 19.27 0.40 37.57 22.21 7.42
P 0.042 0.0006 0.6810 <0.0001 0.0003 0.0125

Pistachio NO-Air 34.86± 1.23a 34.11± 0.90a 31.19± 3.68a 9.08± 0.49a 8.62± 0.74a 8.03± 2.06a
NOeN2 21.00± 2.25b 20.07± 1.77b 17.75± 3.88b 6.48± 0.67b 3.54± 0.26b 0.54± 0.20b
Control 21.49± 2.67b 19.19± 1.32b 16.16± 0.42b 0c 0c 0b
F2,9 13.52 37.08 7.12 96.54 90.38 14.13
P 0.0019 <0.0001 0.0140 <0.0001 <0.0001 0.0017

Rice NO-Air 14.41± 2.02a 14.37± 0.60a 11.31± 0.69a 3.44± 0.28a 2.10± 0.11a 1.81± 0.33a
NOeN2 8.53± 1.60 ab 7.46± 1.13b 7.45± 0.59b 1.69± 0.13b 0.71± 0.26b 0.15± 0.10b
Control 7.76± 0.71b 7.80± 0.41b 7.39± 0.91b 0c 0c 0b
F2,9 5.53 25.22 9.19 95.48 41.85 25.40
P 0.0271 0.0002 0.0067 <0.0001 <0.0001 0.0002

Walnut NO-Air 19.04± 3.61a 17.39± 1.11a 16.41± 3.47a 3.20± 0.07a 3.15± 0.42a 2.57± 0.16a
NOeN2 11.73± 2.12a 10.46± 0.68b 9.73± 1.19a 0.82± 0.47b 0.43± 0.19b 0b
Control 13.84± 0.22a 10.18± 0.54b 11.18± 0.45a 0b 0b 0b
F2,9 2.42 25.17 2.72 36.36 41.24 244.39
P 0.1444 0.0002 0.1194 <0.0001 <0.0001 <0.0001

Wheat NO-Air 38.05± 5.08a 31.75± 5.93a 25.58± 1.66a 9.52± 1.48a 3.07± 0.44a 1.11± 0.36a
NOeN2 14.49± 0.77b 13.76± 0.55b 7.49± 0.57b 1.12± 0.16b 0.88± 0.39b 0.22± 0.10b
Control 12.86± 1.14b 8.59± 2.75b 7.56± 0.25b 0b 0b 0b
F2,9 21.52 10.30 103.59 36.92 21.90 7.38
P 0.0004 0.0047 <0.0001 <0.0001 0.0003 0.0127

Mean± SE were presented. Means were separated by Tukey honest difference test (PROC GLM). Means in each column for each product at a specific time followed by same
letter were not significantly different at P¼ 0.05.
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Air treatments resulted in higher NO3
� and NO2

� ion concentrations
than those in the control and NOeN2 treatments in the current
study, the level of NO3

� and NO2
� ion concentrations in products

from NO-Air treatments were still well below the maximum limits
(2500e4500mg kg�1) set by European Commission (EC) Regula-
tion (Santamaria, 2006).

Our study showed that NO2 desorption rates from NOeN2

treated products were not significantly different from control
products 21 d after fumigation. Some products in our tests showed
no significant difference in NO2 desorption rates immediately after
fumigation, e.g., pecan, almonds, walnut, and barley. Formation of
NO2 after fumigation is mostly due to incomplete flush during
termination which resulted in oxidation of some of NO. Under
moist conditions, NO2 can react with water to form nitric and
nitrous acids, which can eventually be converted to nitrosamine
under certain conditions such as high temperature or strong acidic
environment. However, most stored products after harvest are
dried to recommended low moisture levels before storage (Walker
et al., 2018). NO2 has a boiling point of about 21 �C and it is,
therefore, expected that NO2 residue on nuts and grain products,
which are normally stored at ambient temperature instead of low
temperature for most fresh products, will likely desorb faster after
treatment than NO2 residue on fresh products stored at low
temperatures.

Due to the toxicity of NO and NO2 gases to human, the Occu-
pational Safety and Health Administration (OSHA) has set exposure
limits for both gases in workplace air for worker safety purposes
(Agency for Toxic Substances and Disease Registry, 2002). Proper
flush of fumigation chamber with inert gas like N2 at the end of NO
fumigation can reduce the NO2 level on fumigated products,
especially for small grains, and thereby lower the risk of worker
exposure to NO2. This is another important factor for proper
termination of NO fumigation with N2 flush for stored products,
particularly for small grains.

There are growing interest and developmental efforts in her-
metic grain storage in recent years, especially in Asia and Africa (De
Groote et al., 2013; Njoroge et al., 2014). Metal, hermetic silos are
specifically promoted since they are suitable for hermetic bulk



Table 2
NO2 desorption rates from stored products at different times after 24 h fumigation treatments with 3.0% nitric oxide.

Product Treatment NO2, mg kg�1 h�1

3h 1 d 7 d 14 d 21 d

Almonds NO-Air 187.3± 8.0a 34.2± 7.9a 18.4± 6.9a 12.4± 8.0a 4.6± 1.0a
NOeN2 25.6± 8.6b 23.8± 8.4a 13.4± 4.6a 7.5± 0.9 ab 2.2± 0.9a
Control 22.8± 8.6b 19.9± 8.0a 7.6± 0.9a 4.9± 0.8b 2.0± 0.5a
F2,9 125.25 0.82 1.28 4.59 3.24
P <0.0001 0.4707 0.3249 0.044 0.0873

Barley NO-Air 461.1± 99.5a 36.6± 9.8a 25.3± 9.6a 7.4± 0.9a 5.1± 0.9a
NOeN2 65.1± 9.1b 31.3± 8.4b 19.1± 6.8a 5.5± 0.9a 3.2± 0.8a
Control 54.9± 7.7b 18.2± 5.1b 9.6± 1.0b 5.7± 1.0a 3.5± 0.9a
F2,9 16.02 6.12 6.02 1.32 1.53
P 0.0011 0.03 0.0309 0.3138 0.2686

Garbanzo bean NO-Air 149.1± 49.0a 11.3± 0.7a 9.7± 1.1a 5.7± 0.8a 5.2± 0.9a
NOeN2 11.6± 1.5b 10.1± 0.9 ab 6.3± 0.9 ab 3.9± 0.8a 2.7± 0.8a
Control 7.2± 0.8b 6.4± 0.9b 4.2± 1.0b 3.4± 0.7a 2.0± 0.8a
F2,9 8.14 9.1 7.86 2.31 4.12
P 0.0096 0.0069 0.0106 0.1554 0.0537

Pecan NO-Air 217.4± 37.2a 18.1± 8.0a 16.1± 7.0a 9.9± 1.0a 5.6± 0.8a
NOeN2 18.4± 6.5b 12.4± 2.7a 9.8± 1.0a 5.7± 0.8b 2.4± 0.8b
Control 13.7± 4.2b 12.3± 6.7a 7.5± 0.9a 5.7± 0.9b 1.9± 0.7b
F2,9 28.17 0.29 1.15 6.82 6.64
P 0.0001 0.7569 0.3589 0.0158 0.0169

Pinto bean NO-Air 166.7± 20.7a 17.3± 5.1a 12.0± 4.0a 8.0± 1.5a 1.9± 0.1a
NOeN2 10.0± 1.8b 12.6± 1.0b 7.6± 0.8 ab 5.0± 1.2a 0.6± 0.2b
Control 0.7± 0.1c 0.6± 0.1c 0.4± 0.2b 0.2± 0.1b 0.6± 0.1b
F2,9 60.38 8.04 6.1 12.5 27.22
P <0.0001 0.0099 0.0212 0.0025 0.0002

Pistachio NO-Air 230.1± 41.8a 29.1± 3.9a 17.4± 6.2a 5.6± 1.0a 5.5± 0.7a
NOeN2 65.8± 9.5b 18.8± 1.3 ab 12.9± 1.5a 5.0± 1.1a 1.2± 0.2b
Control 43.2± 2.2b 14.3± 4.3b 13.4± 2.9a 5.3± 1.7a 1.3± 0.1b
F2,9 6.69 4.92 0.38 0.05 31.28
P 0.0166 0.036 0.6919 0.9518 <0.0001

Walnut NO-Air 278.4± 64.7a 22.5± 8.2a 13.4± 2.1a 9.9± 2.7a 6.2± 0.9a
NOeN2 19.8± 5.5b 14.9± 6.5a 8.5± 0.8 ab 6.6± 0.9a 1.9± 0.1b
Control 14.5± 1.8b 15.5± 7.2a 7.8± 0.9b 6.8± 1.0a 1.9± 0.5b
F2,9 16.2 0.33 4.78 1.1 21.31
P 0.001 0.7249 0.0386 0.3732 0.0004

Wheat NO-Air 360.7± 85.6a 25.9± 2.3a 15.6± 5.9a 8.7± 1.3a 6.3± 0.9a
NOeN2 28.7± 4.9b 25.6± 8.9a 13.5± 7.9 ab 6.3± 0.7a 3.5± 0.7 ab
Control 8.5± 5.9c 9.2± 7.7b 6.7± 1.9b 6.2± 1.8a 2.9± 0.6b
F2,9 15.88 1.91 0.66 1.13 6.2
P 0.0011 0.2032 0.5420 0.3661 0.0203

Rice NO-Air 460.2± 93.4a 41.5± 8.6a 25.1± 8.2a 8.6± 0.5a 5.1± 0.5a
NOeN2 152.5± 19.6 ab 33.3± 8.0a 18.8± 7.0a 5.3± 0.8b 3.5± 0.6a
Control 53.5± 8.7b 33.7± 8.8a 8.7± 0.9a 4.9± 1.3b 3.6± 1.0a
F2,9 6.49 0.3 1.76 4.65 1.65
P 0.018 0.7470 0.2260 0.0411 0.2452

Mean± SE (standard error) were presented. Means were separated by Tukey honest difference test (PROC GLM). Means in each column for each product at a specific time
followed by same letter were not significantly different at P¼ 0.05.
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storage and can be made in different sizes based on needs of
growers or farmers (Walker et al., 2018). With some modifications,
hermetic silos can be suitable for NO fumigation applications. If
harvested grains are fumigated after being sun-dried and before
storage to control insect pests and microorganism as pretreatment,
the treatment will likely reduce or prevent issues of pest infestation
and microbial development during postharvest storage. The cost of
NO fumigation has been estimated and discussed earlier, and NO
fumigation was concluded to be likely cost effective (Liu, 2015).
Even though advantages of NO fumigation toward stored products
treatment are promising, the lack of large gastight facilities and
uncertainty of registration of nitric oxide as a pesticide in the future
remain to be challenging for commercial application of NO
fumigation.

Nitric oxide fumigation was previously demonstrated safe to
fresh products with no residue. The results of current study pro-
vided additional residue data on stored products. These data are
important in determining safety of NO fumigation and meeting
data requirements for eventual registration of NO as a pesticide for
postharvest pest control with regulatory agencies, e.g., EPA. Given
that NO fumigation does not leave toxic residues in fresh and stored
products, and controls both pests and microbes, more research and
developmental efforts are warranted to gain regulatory approval
and commercial application for NO fumigation. Specifically, large or
commercial-scale studies are needed to develop treatment pro-
tocols and demonstrate efficacy in controlling pests and pathogens
and safety of NO fumigation to postharvest quality of fresh and
stored products.
5. Conclusions

Nitric oxide (NO) is a recently discovered as a potent fumigant
for postharvest pest control. Nitric oxide fumigation did not leave
significant amounts of residue in forms of NO3

�, NO2
� ions or NO2 gas

on nut and grain products tested at certain times after fumigation
when the treatments were terminated properly with N2 flushing.
Previous and present results indicated no safety concerns for NO
fumigation of stored product in terms of residues, and that
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termination of NO fumigation with N2 flush is critical for reducing
residues.
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