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Abstract: Sodium hypochlorite (NaOCl) and peracetic acid (PAA) are commonly used disinfectants
with a maximum recommended concentration of 200 ppm for food-contact surfaces. The objectives
of this study were to assess the effect of pH and water hardness on NaOCl and PAA efficacy against
SARS-CoV-2 on stainless steel (SS). The two disinfectants were prepared at 200 ppm in water of
hardness 150 or 300 ppm with the final pH adjusted to 5, 6, 7, or 8. Disinfectants were applied to
virus-contaminated SS for one minute at room temperature following the ASTM E2197 standard assay.
SARS-CoV-2 infectivity was quantified using TCID50 assay on Vero-E6 cells. In general, increasingly
hard water decreased the efficacy of NaOCl while increasing the efficacy of PAA. Hard water at
300 ppm significantly increased virus log reduction with PAA at pH 8 by ~1.5 log. The maximum
virus log reductions were observed at pH 5 for both NaOCl (~1.2 log) and PAA (~2 log) at 150 and
300 ppm hard water, respectively. In conclusion, PAA performed significantly better than NaOCl
with harder water. However, both disinfectants at 200 ppm and one minute were not effective
(≤3 log) against SARS-CoV-2 on contaminated food-contact surfaces, which may facilitate the role of
these surfaces in virus transmission.

Keywords: SARS-CoV-2; peracetic acid; sodium hypochlorite; water hardness; pH; food-contact
surfaces; wet markets; wildlife hunting

1. Introduction

In December 2019, an outbreak of severe pneumonia was reported by China to the
World Health Organization (WHO). Of the first 41 patients hospitalized, 66% had direct
exposure to wet markets, specifically the Huanan wholesale seafood market in Wuhan,
China [1]. The causative agent was later identified to be the severe acute respiratory
syndrome-coronavirus-2 (SARS-CoV-2), and the disease was called COVID-19. Food
animals sold alive or slaughtered for fresh meat are a common practice in these wet
markets [2]. For example, between 2017 and 2019, more than 47,000 animals belonging to
38 species, including illegally caught wildlife, were sold in wet markets in Wuhan, China [3].
These animals are usually kept in cages under poor hygienic conditions, including the
presence of animal feces in the vicinity [2,3]. Many of the animals sold at these markets
were later shown to be susceptible to SARS-CoV-2 infection [1]. Also, a wide range of
environmental and food-contact surfaces collected from Huanan Market tested positive
(33 of 585) for SARS-CoV-2 by RT-qPCR [1]. For example, a wagon surface, scale, trash
cart, door surface, freezer surface, fish packing surface, hair/feather removal machine,
metal cage, gloves, foam dispenser, shoe bottoms, wall surfaces as well as dirty water and
blood from ground surfaces were found positive for SARS-CoV-2 [1]. The latter indicated
that proper disinfection of environmental and food-contact surfaces was limited at these
markets, which may facilitate the transmission of zoonotic disease to humans in these

Foods 2023, 12, 2981. https://doi.org/10.3390/foods12162981 https://www.mdpi.com/journal/foods

https://doi.org/10.3390/foods12162981
https://doi.org/10.3390/foods12162981
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/foods
https://www.mdpi.com
https://doi.org/10.3390/foods12162981
https://www.mdpi.com/journal/foods
https://www.mdpi.com/article/10.3390/foods12162981?type=check_update&version=1


Foods 2023, 12, 2981 2 of 12

settings [2]. The Huanan wet market is now recognized as the epicenter of the COVID-19
pandemic [1].

In Western countries, central slaughtering of food animals is adopted which limits
direct exposure of the population to food animals and, consequently, to zoonotic pathogens.
Nevertheless, early during the pandemic, many meat processing facilities across the United
States experienced large outbreaks of SARS-CoV-2. Almost 3% of the workforce from over
100 processing facilities became infected with SARS-CoV-2; resulting in meat shortages,
economic loss, and the death of 20 individuals [4,5]. While these hotspots for virus transmis-
sion were eventually controlled, another less apparent mode of SARS-CoV-2 transmission
from wildlife animals such as white-tailed deer was gaining recognition [6,7]. Recent stud-
ies showed that SARS-CoV-2 with multiple variants of concern was prevalent in wild deer
at about 30–40% prevalence [8,9] and high infectious viral load can be present in multiple
deer tissues [7]. This could potentially lead to spill back to humans, knowing, for example,
that there is huge population of deer (>30 million) and deer hunters (>10 million) in the
US generating billions of dollars annually for the US economy [10]. Human-to-deer and
deer-to-deer transmission of SARS-CoV-2 are now recognized; however, deer to human
is less investigated and can theoretically happen from direct exposure to infected deer
or through processing of hunted deer and the associated contamination of food-contact
surfaces. Furthermore, unhygienic food-contact surfaces are recognized as vehicles of
infectious disease transmission [11], and laboratory studies have shown that SARS-CoV-2
artificially inoculated on meat or food-contact surfaces can persist for prolonged periods
of time depending on the temperature [12–14]. Multiple factors can affect the survival of
SARS-CoV-2 on surfaces such as virus load, the presence of organic matrix, temperature,
and relative humidity [15]. For example, at room temperature (~25 ◦C) and relative humid-
ity of 35–50%, SARS-CoV-2 in a tripartite soil load deposited on SS showed 1-log reduction
after 96–143 h [16]. In another study, transfer of SARS-CoV-2 from SS to fingers was found
to be high, ranging from 19.5–100% depending on the prevailing relative humidity [17].
Another study showed that the transfer of SARS-CoV-2 from surfaces to fingers was sub-
stantial when virus droplets were wet, while transfer occurred at a lower rate after droplets
evaporated [18]. Hence, implementing proper hygiene measures is important to safeguard
against the possibility of food-contact surfaces spreading SARS-CoV-2.

Sodium hypochlorite (NaOCl) is the most commonly used disinfectant by the food
industry [19,20]. NaOCl is a strong oxidizing agent with broad antimicrobial properties
and has been in use for over 100 years. However, peracetic acid (PAA) has a stronger
oxidation potential than NaOCl [21] and is emerging as an alternative to chlorination due
to its broad antimicrobial activity and low-toxicity byproducts [22]. In the food industry,
PAA is mainly used in food processing and handling to disinfect food-contact surfaces
and recirculated flume water and as a sanitizer for fruits, vegetables, meat, and eggs [21].
Certain factors can either optimize or reduce the efficacy of disinfectants, including pH,
temperature, organic matter, water hardness, disinfectant concentration (in-use dilution),
contact time with the pathogen, and surface type [19,20]. It is well established that the
pH of NaOCl affects its antimicrobial action [19]. When diluted in water, NaOCl dissoci-
ates into two chemical species: hypochlorous acid (HOCl) and hypochlorite ion (OCl−).
The HOCl has greater antimicrobial action than OCl− and is the dominant species at
pH < 7; with the highest proportion at pH 4–5. OCl− dominates at pH > 7, and toxic
chloride gas starts to accumulate at pH < 4 [20]. In comparison, PAA occurs as an aque-
ous mixture under equilibrium with acetic acid, hydrogen peroxide, and water [23] and
is thought to be more germicidal at acidic pH [20,24]. NaOCl’s mechanisms of action
are thought to be through the HOCl molecule which disrupts peptide bonds and thiol
groups on proteins through oxidation and chlorine exchange [25]. The HOCl molecule
can penetrate negatively charged membranes and causes an exchange of hydrogen with
chlorine. This exchange causes the membrane to break and thus microorganisms become
inactivated [26]. PAA is theorized to denature proteins, oxidize sulfhydryl and sulfur
bonds, and permeabilize cell walls or viral envelopes [27]. Furthermore, it is thought that
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increases in temperature, up to 52 ◦C, increase NaOCl efficacy [19]. The latter is attributed
to factors not related to hypochlorous acid proportion but to an increase in the pH of the
solution and lowering of surface tension [19]. For PAA, it is reported that it can be used at a
wide temperature range (0–40 ◦C); however, some reports mentioned higher temperatures
(20–25 vs. 4–5 ◦C or 43–46 vs. 22 ◦C) increased the efficacy of PAA [24,28], while others
reported a decrease in the antimicrobial efficacy at 35 ◦C and no difference between 15
and 25 ◦C if the solution was at pH 8 or 9 [29]. For organic matter, it is widely accepted
that the efficacy of NaOCl decreases with increases in organic matter content, because this
generates organic chloramines which have little antimicrobial efficacy [20]. Meanwhile,
PAA is considered less reactive to organic matter and as such its efficacy is, comparatively,
partially affected by organic matter depending on the concentration used [30,31]. Water
hardness can directly affect the efficacy of disinfectants, because calcium and magnesium
can combine with bicarbonates to form difficult to remove films especially under heat and
alkaline pH [31]. The way a combination of factors can enhance or reduce the disinfec-
tant efficacy is not well known, especially for NaOCl and PAA against SARS-CoV-2 on
surfaces. This may lead to failure in disinfection of food-contact surfaces and spread of
SARS-CoV-2 [11].

The objective of this study was to assess the effect of pH and hard water on the efficacy
of NaOCl and PAA against SARS-CoV-2 on food-contact surfaces. Toward this objective,
we used NaOCl and PAA at 200 ppm, the maximum FDA-recommended concentration on
food-contact surfaces, without an additional rinse step [21]. Stainless steel (SS) is by far the
most preferred food-contact surface, because it is a corrosion-resistant metal and easier to
clean, hence it is specified by many regulatory designs and construction standards [32]. We
used SS as specified in the ATM standard E2197 assay for testing disinfectant on surfaces
and their standard composition of organic matter (mucin, bovine serum albumin, and
tryptone) [33]. The desired contact time for a disinfectant on food-contact surfaces is 30 s
to show a 5-log reduction in bacteria [31]. However, the contact time is not well defined
for viruses, especially for SARS-CoV-2, but a 3-log reduction is required by EPA for a
disinfectant to be labeled effective against SARS-CoV-2 on inanimate surfaces [34]. To
comparatively assess the effect of pH and water hardness on PAA and NaOCl efficacies,
we used a fixed contact time of 1 min. According to the USGS, hard water contains
121–180 ppm of CaCO3 and very hard water contains >180 ppm CaCO3 [35]. Subsequently,
we tested two levels of hard water, 300 ppm which is recommended by ATSM E2197 and
150 ppm which is typical of what is found in tap water [28]. A range of pH 5–8 was tested
to include the natural pH of PAA (pH ~5) and that of chlorine (pH ~8) in hard water at
room temperature (~22–25 ◦C).

2. Materials and Methods
2.1. Virus Propagation and Cell Culture

The USA reference strain SARS-CoV-2 USA-WA 1/2020 (BEI resources NR-52281) was
propagated in African green monkey kidney cells (Vero-E6 ATCC CRL-1586) as described
previously [36]. Handling of SARS-CoV-2 was carried out under strict BSL3 biosafety
protocols at the Center for Food Safety BSL3 laboratory. Briefly, one- or two-day-old 90%
confluent cells were used to prepare virus stocks using a multiplicity of infection of 0.01.
Infection media consisted of DMEM supplemented with 2% heat-inactivated fetal bovine
serum and 1% antibiotic–antimycotic cocktail. Harvesting the virus was carried out at
72 h post-infection. Infected cells were collected from the flasks and centrifuged at
450× g for 5 min at 4 ◦C to pellet the cell debris, while supernatants containing the virus
were ultrafiltered through Amicon 100 KDa Ultra-15 centrifugal devices (MilliporeSigma,
St. Louis, MO, USA) immediately after harvest to concentrate the virus 10 times, while
semi-purifying it from cell culture lysates [37]. The latter would also overcome the buffering
effect of infection media in virus stocks on NaOCl. An aliquot of the virus was immediately
titrated as described below. The original viral titer generated was ~7 log10 TCID50/mL,
while the ultrafiltered virus titer was ~8 log10 TCID50/mL.
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2.2. Preparation of Disinfectant Solutions

Sodium hypochlorite solutions were made by diluting commercial bleach (7.5% NaOCl,
The Chlorox Company, Oakland, CA, USA) in sterile water using fresh (unopened) com-
mercial bleach for every experiment. The free available chlorine was measured in all NaOCl
solutions using Hydrion Chlorine Test Paper (Micro essential laboratory, New York, NY,
USA). Peracetic acid solutions were made by diluting concentrated peracetic acid (17%
PAA with 26% H2O2, Peroxychem LLC, Philadelphia, PA, USA) in sterile water.

Disinfectants at 200 ppm were prepared in 300 ppm hard water. The AOAC guideline
for making hard water, measured in mg/L of CaCO3, was followed [38]. Two solutions
were used to make the hard water. The first solution was composed of 0.98 M anhydrous
MgCl2 and CaCl2 (Sigma-Aldrich, Burlington, MA, USA) dissolved in boiled deionized
water. The second was composed of 0.66 M NaHCO3 (Sigma). Both solutions were sterilized
by membrane filtration using a 0.22 µm nitrocellulose filter (Millipore). Per 100 ppm of
hard water, 1 mL of solution one and 4 mL of solution two were added to 995 mL of sterile
water. Disinfectants were then adjusted to pH from 5–8 after dilution of disinfectant using
1M HCl or 1M NaOH and measured using Orion Star A211 (Thermo Scientific, Waltham,
MA, USA). PAA solutions in hard water had a natural pH ~5 and those of NaOCl had pH
~8. Hard water and disinfectant solutions were made fresh for every experiment.

2.3. Quantitative Disk Carrier Test Method ASTM E2197

The surfaces used were stainless steel disks of type 304, no. 4 finish (Washington
Specialty Metal, Athens, GA, USA). Stainless steel disks were placed inside wells of 6-well
plates and inoculated with the virus. The ultrafiltered viruses were directly diluted in soil
load and 10 µL of the resulting virus in soil suspension was inoculated on the disks. Soil
load with virus in volumes of 500 µL was composed of a tripartite mixture of 35 µL tryptone
(Sigma-Aldrich, St. Louis, MO, USA), 25 µL bovine serum albumin (BSA) (HyClone,
Logan, UT, USA), 100 µL mucin from bovine submaxillary glands (Sigma-Aldrich St.
Louis, MO, USA), and finally 340 µL virus. Tryptone and BSA solutions were prepared
by dissolving 0.5 g each in separate 10 mL amounts of phosphate buffer solution (PBS).
Meanwhile, the mucin solution was prepared by dissolving 0.04 g in 10 mL PBS. All three
solutions were sterilized by membrane filtration using 0.22 µm nitrocellulose filters (VWR,
Radnor, PA, USA).

The virus-contaminated disks were allowed to dry at room temperature for 45 min
inside a biosafety cabinet. Fifty microliters of disinfectants was added to virus-inoculated
disks. The contact time was one minute. Disinfectants were neutralized with 50 µL of
0.025 M sodium thiosulfate (Sigma-Aldrich) for NaOCl [39] or Dey/Engley neutralizing
broth (Thomas Scientific, Swedesboro, NJ, USA) for PAA [40]. Disks were then immediately
transferred to 50 mL Falcon tubes containing 900 µL of cell culture infection media and
vortexed at medium speed for 1 min. Eluates were transferred to 1.5 mL tubes and tested
immediately using the TCID50 assay as described below. Controls were included for
verification of neutralization (disinfectant and neutralizer were combined, held for one
minute, then the virus was added) and the assessment of the effect of neutralizer on
virus (only virus and neutralizers combined). Cytotoxicity controls were included for the
disinfectants, neutralizer, and disinfectant and neutralizer combined. A negative control
(without virus added) and positive control (virus only) were included in each experiment.
All experiments were performed at room temperature. After using these disks, they
were sterilized by spraying with 10% Micro-Chem Plus (National Chemical Laboratories,
Philadelphia, PA, USA) and autoclaved at 121 ◦C for 120 min to inactivate SARS-CoV-2.
After autoclaving, disks were sprayed with 70% ethanol and rinsed twice with deionized
sterile water to remove Micro-Chem residue before being autoclaved a second time and
re-used.
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2.4. Quantification of Virus Infectivity Using TCID50 Assay

Quantification of virus titers was performed using the 50% tissue culture infectious
dose (TCID50) assay. Briefly, ten-fold serially diluted samples in infection media were
added to four wells of 1–2-day-old Vero-E6 cells in a 96-well tissue culture plate. After
4–5 days of incubation, the cells were observed for cytopathic effect (CPE). The titer was
determined from the dilutions where 50% of the wells showed CPE and was then calculated
based on the Reed and Muench method [41]. Negative and positive controls were included
in every experiment as described above. Neither the neutralizers nor the disinfectant
combined with neutralizers had any significant effect on SARS-CoV-2 titers. However, PAA
and NaOCl had a limited and infrequent cytotoxic effect on Vero-E6 cells at the undiluted
concentrations. Therefore, the detection limit in the TCID50 assay was set at 1.8 log10
TCID50/mL when cytotoxicity was observed.

2.5. Statistical Analyses

All experiments were performed independently at least two times; with at least three
to four technical replicates. The entire dataset was transformed to log10. Means and
standard errors were calculated from all replicates. The log10 reductions were calculated
by subtracting virus titers of all technical replicates for a specific treatment from the
average virus titer of the control (no treatment). GraphPad Prism version 5 (GraphPad
Software, San Diego, CA, USA) was used for all statistical analyses. Data were expressed as
mean ± standard error. Two-way analysis of variance (ANOVA) followed by a Bonferroni
post-test was used to compare means. Differences in means were considered significant
when the p value was less than 0.05 and are denoted in the figures and tables by either
different letters, asterisks, or bolded numbers.

3. Results
3.1. Effect of Hard Water and pH of 200 ppm NaOCl against SARS-CoV-2 on Stainless Steel at
One Minute Contact Time

SARS-CoV-2 on SS disks treated with NaOCl (200 ppm) prepared in water of hard-
ness of 150 ppm and adjusted to pH 5 and 7 showed significantly lower infectivity titers
as compared to virus on SS treated with water (Figure 1A). In contrast, when NaOCl
(200 ppm) was prepared in water of hardness of 300 ppm, none of the NaOCl treatments
at any pH tested showed any significant difference in comparison to virus on SS treated
with water (Figure 1B). The maximum log reduction was achieved with NaOCl at pH 5
using water of 150 ppm hardness (1.18 ± 0.1 log) (Table 1). However, two-way ANOVA
revealed that the virus log reductions at any pH tested were not significantly different from
each other’s (Table 1). In general, increasing the water hardness for NaOCl resulted in
lower log reductions across all pH levels tested (Table 1). Two-way ANOVA revealed that
pH and hard water explain 2.8 and 6% of the total variance in the log reduction data and
that this effect is significant for water hardness only. Overall, when using very hard water
(300 ppm) and not adjusting the pH of NaOCl (~pH 8), a ≤ 0.5-log reduction in SARS-CoV-2
on SS occurred in one minute, whereas, when adjusting the pH to 5 and using water with
less hardness (150 ppm), a 1-log reduction (90%) was achieved.

3.2. Effect of Hard Water and pH of 200 ppm PAA against SARS-CoV-2 on Stainless Steel at
One Minute Contact Time

When SS disks contaminated with SARS-CoV-2 were treated with a 200 ppm PAA
solution prepared in 150 ppm hard water, only PAA at a final pH of 5 showed a sig-
nificant effect on SARS-CoV-2 infectivity titer in comparison to virus disks treated with
water (Figure 2A). This effect gradually diminished as the pH of PAA solution was in-
creased to 8 (Figure 2A). In contrast, SARS-CoV-2-contaminated disks treated with PAA
solutions prepared in 300 ppm hard water and adjusted to a final pH of 5, 6, 7, and 8
showed significant effects on SARS-CoV-2 on SS (Figure 2B). The maximum log reduc-
tion obtained with the 200 ppm PAA solution prepared in 150 ppm hard water was at



Foods 2023, 12, 2981 6 of 12

pH 5 (1.19 ± 0.26 log) (Table 1). The maximum log reduction observed with the PAA
solution prepared in 300 ppm hard water was again obtained at pH 5 (2.08 ± 0.3 log)
(Table 1). However, in both cases, these log reductions were not significantly different
from log reductions obtained with other tested pHs (Table 1). Two-way ANOVA revealed
that pH and hard water explain 5.5 and 26.8% of the total variance in the log reduction
data and that this effect was significant for water hardness only. In general, increas-
ing the water hardness for PAA resulted in higher log reductions across all pH levels
tested (Table 1). This effect was significant at pH 8 where 300 ppm showed an additional
~1.5 increase in virus reduction as compared to 150 ppm water hardness (Table 1). Overall,
not adjusting the pH of PAA (~pH 5) and using very hard water (300 ppm) would result in
~2-log reduction (99%) in SARS-CoV-2 on SS in one minute.
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(log10 TCID50/mL). The disinfectant was prepared in (A) 150 ppm or (B) 300 ppm hard water and
the pH of the final solution was adjusted to 5, 6, 7, or 8. SARS-CoV-2 was prepared in tripartite
soil load and inoculated on SS disks according to ASTM E2197 standard method. Disinfectant was
applied to SS disks for a 1 min contact time. Data are reported as means ± standard error. Means
with different letters differ significantly. The asterisk (*) sign indicates significant difference between
the two hardness levels of a specific pH treatment.

3.3. Comparing NaOCl to PAA Effect on SARS-CoV-2 on Contaminated Stainless Steel

In the NaOCl experiments, the infectivity titer of the viruses from disks receiving water
of 150 ppm hardness (4.88 ± 0.28 log) was not significantly different from those receiving
300 ppm hard water (4.71 ± 0.14 log) (Figure 1A,B). Similarly, in the PAA experiments,
SARS-CoV-2 on SS treated with 150 ppm hard water was not significantly different from
that treated with 300 ppm hard water (5.17 ± 0.23 and 5.26 ± 0.15 log, respectively)
(Figure 2A,B). In addition, these results were not significantly different from those obtained
from the NaOCl experiments. When comparing virus log reduction between PAA to NaOCl,
no significant differences were observed when these disinfectants were prepared in water
of 150 ppm hardness, regardless of the final pH (Table 1). In contrast, when 300 ppm hard
water was used, a significantly higher log reduction was observed for PAA in comparison
to NaOCl under all pH levels except at pH 7 (Table 1). Overall, two-way ANOVA revealed
a significant effect for the type of disinfectant at 300 ppm water hardness but not at
150 ppm water hardness.

4. Discussion

In this study, we investigated two factors, namely pH and water hardness that can
affect the efficacy of NaOCl and PAA against SARS-CoV-2 on food-contact surfaces. A
fixed contact time (one minute), temperature (~25 ◦C), organic matter (ASTM tripartite
composition), and disinfectant concentration (200 ppm as per FDA guidelines for food-
contact surfaces) were used. First, it was established that SARS-CoV-2 infectivity was not
significantly affected by the range of pH of 5–8 used in our study and a one-minute contact
time, as neither a twenty-minute [42] nor one-hour [43] incubation at room temperature
had had any significant effects. It would take 24 h of virus incubation at room temperature
with buffers of pH 5 to 8 to observe a significant decrease in virus infectivity of ~1 and
1.2 log, respectively [44]. Second, there are no previous studies assessing the effect of hard
water by itself on virus infectivity. However, our data revealed no significant difference
in SARS-CoV-2 infectivity on SS disks treated with water with hardness of 150 ppm or
300 ppm. Therefore, the reductions in virus infectivity observed in our study within
the one-minute contact time were due to the action of the disinfectants, not pH or hard
water by themselves. Previous studies investigating the virucidal effect of NaOCl and/or
PAA against SARS-CoV-2 were mostly carried out using suspension assays, with high
disinfectant concentrations (≥200 ppm up to 5000 ppm) or contact time (≥1 to 30 min),
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on high-touch surfaces (such as door knobs, toilets, sinks, hospital surfaces, etc.) or using
surrogate coronaviruses (reviewed by [45]). Only one study examined NaOCl against
SARS-CoV-2 on food-contact surfaces using the maximum concentration recommended by
the FDA, 200 ppm [13]. Specifically, on SS, NaOCl at 200 pm showed a ~1.4-log reduction
in SARS-CoV-2 infectivity in 1 min using virus in standard tripartite soil composition and
NaOCL diluted in 375 ppm hard water. While the previous study did not mention the
pH of the final NaOCl solution, our data similarly showed that NaOCl in 300 ppm hard
water was not effective (~0.5- to 0.8-log reduction) against SARS-CoV-2 on SS. No previous
studies can be found for PAA at 200 ppm against SARS-CoV-2 on food-contact surfaces
while investigating factors that can optimize or reduce the efficacy of these commonly used
disinfectants.

Studies on the effect of water hardness and pH on the antimicrobial efficacy of NaOCl
and PAA are limited and were mostly carried out with bacterial pathogens either on
fruits and vegetables or in process waters but not on food-contact surfaces contaminated
with viruses. In these studies, it was established that the final pH of NaOCl affects its
antimicrobial activity. This is because HOCl is the dominant chlorine species in NaOCl
solutions with pH 4–7 [19,20]. HOCl is the strongest oxidizer of the chlorine species, thus
being preferred in disinfectant solutions [25,46]. This is in agreement with NaOCl use in
the food processing industry, where NaOCl in produce wash water must be adjusted to
pH < 6.5 to maximize the active form of chlorine in water [30]. Furthermore, a previous
study found that NaOCl at 500 ppm was more effective at pH 5.5–7, with maximum inacti-
vation at pH 7 (5-log reduction) as compared to alkaline pH 8 (~2.5-log reduction) against
Bacillus spores [46]. While the authors used deionized water typically of low hardness to
dilute their disinfectants, we also obtained a higher log reduction for NaOCl at pH 5 and
7 (~1.1 log) when using the lower hard water level. At pH ≥ 7.6 (the pKa of chlorine),
a weaker chlorine species begins to predominate, the hypochlorite anion (OCl−) [19,20],
which may explain our NaOCl data that showed that minimal log reduction occurred at
pH 8, especially in 300 ppm water hardness. This, in addition to the interaction of divalent
cations with carbonate at alkaline pH, reduces the efficacy of NaOCl at 300 ppm water
hardness [31].

Although PAA is thought to be germicidal across pH 0–7.5 [20], the pH value at which
PAA shows maximum pathogen reduction may depend on the target application and the
pathogen. For example, the adjustment of a PAA solution (80 ppm prepared in tap water
of hardness 140 ppm) from pH 6.3 to pH 2.3 and 3.8 did not show any significant effects
on its efficacy against Listeria monocytogenes on apples; resulting in ~1.7-log reduction in
2 min [28]. In a suspension assay, a 300 ppm PAA solution incubated for 30 min with
Bacillus subtilis spores at pH 8 and pH 9 showed little inactivation (1- and 0-log reduction)
but was more effective at pH 5 (2-log reduction) [46]. In produce wash water, PAA at pH 5
provided the most log reduction in E. coli O157: H7 (~5 log) compared to pH 6.5 and 9 [47].
These studies are in agreement with our results, where PAA at pH 5 achieved the highest
log reduction value in SARS-CoV-2 infectivity titers under both hard water levels (~1.2 log
at 150 ppm and 2 log at 300 ppm).

While there are no studies addressing the effect of water hardness of NaOCl against
SARS-CoV-2, a previous study reported that water hardness reduced NaOCl antimicrobial
activity. Specifically, an increase in the hardness of water from 50–100 ppm to 200 ppm of
an NaOCl solution (~65 ppm) was found to significantly reduce the inactivation of E. coli
O157:H7 (6.5 to 4.5 log) in a suspension assay at one minute contact time [35]. In general,
for NaOCl, we noted a reduced efficacy at all pH levels tested when hard water was raised
to 300 ppm. In contrast, we observed that the overall PAA efficacy against SARS-CoV-2 was
enhanced by higher hardness. This effect was significant for mean virus log reduction for
PAA at pH 8 (300 vs. 150 ppm water hardness). A previous study reported that variation
in water hardness (20, 140, and 460 ppm) of a PAA solution (80 ppm) did not affect its
efficacy against Listeria monocytogenes on apples within 2 min contact time at 22 ◦C [28].
However, in that study, the pH of PAA in waters of different hardnesses was not mentioned
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except for the pH at a hardness level of 140 ppm which was 6.3. It is reported that a pH
of PAA above the pKa value of 8.2 may reduce its stability and efficacy depending on
the concentration [48], which may explain why our lowest observed log reductions for
PAA were at pH 8 and 150 ppm hard water. It is also reported that lower hardness levels
cause wide fluctuation in the pH of PAA [49]. These fluctuations cause the equilibrium
between peracetic acid and hydrogen peroxide to shift [48]. The latter may explain our
data that showed that PAA solution in less hard water was less efficacious than in harder
water, especially for pH 8. Malchesky et al. [24] mentioned that PAA can have an extended
germicidal effect at high concentrations under alkaline pH. This idea is further corroborated
by a recent study showing an extended PAA efficacy through pH 8.2 to 10 as compared
to unadjusted pH (~4.5–6) when PAA was used at higher concentrations (500 ppm) and
longer contact times (60 min) against bacterial pathogens on chicken wings [50]. Although
the hard water level was not reported in these studies, it can be a factor leading to this
enhanced efficacy. More research is needed to understand the mechanism by which more
divalent cations in hard water enhanced PAA efficacy against SARS-CoV-2, specifically at
alkaline pH.

Overall, PAA performed similarly to NaOCl at lower water hardness; however, at a
higher hard water level, PAA was better than NaOCl, showing up to 2-log reduction in
SARS-CoV-2 infectivity across multiple pH values. A previous study also showed that
in a direct comparison between NaOCl and PAA, the efficacy of PAA was far better [28].
Specifically, when 100 ppm NaOCl at an adjusted pH of 6.8 was sprayed on apples inocu-
lated with Listeria monocytogenes a maximum of 0.9-log reduction was observed in 2 min,
while PAA at 80 ppm and final pH of 6.3 showed a 1.7- to 2.7-log reduction [28]. Other
than the differential effects of hard water on NaOCl and PAA discussed above, organic
matter is expected to decrease the efficacy of NaOCl in comparison to PAA. In a direct
comparison between PAA and NaOCl against Bacillus subtilis spores, NaOCl (500 ppm)
sporicidal activity was completely inhibited in the presence of organic matter (>2% serum),
while PAA (300 ppm) required much higher organic load (25% serum) to be completely
inhibited [51].

5. Conclusions

Taken together, although there were no overall significant differences among NaOCl
pH levels of 5 to 8 in terms of virus log reduction, our data suggested that NaOCl, when
pH adjusted after dilution in water, would achieve higher values for virus log reduction
on SS. However, from a practical standpoint, households using bleach for disinfection of
food-contact surfaces do not adjust the pH of the diluted NaOCl, which is around pH
8. This is in accordance with disinfectant label instructions and EPA regulations [19,52].
The latter would result in about 0.5–1log inactivation of SARS-CoV-2 with NaOCl. In
contrast, PAA diluted in hard water would result in 1.2–2-log virus reduction without any
pH adjustments. The EPA requires a 3-log reduction in virus infectivity for a disinfectant
to be considered an effective virucidal on inanimate surfaces [27]. In settings such as wet
markets with poor hygiene conditions or wildlife hunting such as deer hunting, current
standards of using either NaOCl or PAA at 200 ppm with a quick one-minute contact time
are not enough, especially when these surfaces are not pre-cleaned before disinfection.
Therefore, targeted preventive measures need to be devised and validated for premises
handling, slaughtering, and processing meat from animals susceptible to SARS-CoV-2
infection to prevent further spread of the contamination via food-contact surfaces.

Author Contributions: Conceptualization, formal analysis, writing—original draft preparation,
visualization, supervision, project administration, funding acquisition, M.A.E.; methodology, investi-
gation, data curation, writing—review and editing, J.N.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by a University of Georgia’s Center for Food Safety internal
grant and UGA graduate school.



Foods 2023, 12, 2981 10 of 12

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author upon reasonable request.

Acknowledgments: The authors would like to thank Amy Mann for making Vero infection plates for
TCID50 assays, Yen-Con Hung for providing us with the stainless steel disks, and Issmat I. Kassem
for reviewing the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Worobey, M.; Levy, J.I.; Malpica Serrano, L.; Crits-Christoph, A.; Pekar, J.E.; Goldstein, S.A.; Rasmussen, A.L.; Kraemer, M.U.G.;

Newman, C.; Koopmans, M.P.G.; et al. The Huanan Seafood Wholesale Market in Wuhan was the early epicenter of the COVID-19
pandemic. Science 2022, 377, 951–959. [CrossRef] [PubMed]

2. Woo, P.C.; Lau, S.K.; Yuen, K.Y. Infectious diseases emerging from Chinese wet-markets: Zoonotic origins of severe respiratory
viral infections. Curr. Opin. Infect. Dis. 2006, 19, 401–407. [CrossRef] [PubMed]

3. Xiao, X.; Newman, C.; Buesching, C.D.; Macdonald, D.W.; Zhou, Z.M. Animal sales from Wuhan wet markets immediately prior
to the COVID-19 pandemic. Sci. Rep. 2021, 11, 11898. [CrossRef]

4. Dyal, J.W.; Grant, M.P.; Broadwater, K.; Bjork, A.; Waltenburg, M.A.; Gibbins, J.D.; Hale, C.; Silver, M.; Fischer, M.; Steinberg, J.;
et al. COVID-19 Among Workers in Meat and Poultry Processing Facilities—19 States, April 2020. MMWR Morb. Mortal. Wkly.
Rep. 2020, 69, 557–561. [CrossRef]

5. Pedreira, A.; Taskin, Y.; Garcia, M.R. A Critical Review of Disinfection Processes to Control SARS-CoV-2 Transmission in the Food
Industry. Foods 2021, 10, 283. [CrossRef]

6. Caserta, L.C.; Martins, M.; Butt, S.L.; Hollingshead, N.A.; Covaleda, L.M.; Ahmed, S.; Everts, M.R.R.; Schuler, K.L.; Diel, D.G.
White-tailed deer (Odocoileus virginianus) may serve as a wildlife reservoir for nearly extinct SARS-CoV-2 variants of concern.
Proc. Natl. Acad. Sci. USA 2023, 120, e2215067120. [CrossRef]

7. Martins, M.; Boggiatto, P.M.; Buckley, A.; Cassmann, E.D.; Falkenberg, S.; Caserta, L.C.; Fernandes, M.H.V.; Kanipe, C.; Lager, K.;
Palmer, M.V.; et al. From Deer-to-Deer: SARS-CoV-2 is efficiently transmitted and presents broad tissue tropism and replication
sites in white-tailed deer. PLoS Pathog. 2022, 18, e1010197. [CrossRef] [PubMed]

8. Chandler, J.C.; Bevins, S.N.; Ellis, J.W.; Linder, T.J.; Tell, R.M.; Jenkins-Moore, M.; Root, J.J.; Lenoch, J.B.; Robbe-Austerman, S.;
DeLiberto, T.J.; et al. SARS-CoV-2 exposure in wild white-tailed deer (Odocoileus virginianus). Proc. Natl. Acad. Sci. USA 2021,
118, e2114828118. [CrossRef]

9. Hale, V.L.; Dennis, P.M.; McBride, D.S.; Nolting, J.M.; Madden, C.; Huey, D.; Ehrlich, M.; Grieser, J.; Winston, J.; Lombardi, D.;
et al. SARS-CoV-2 infection in free-ranging white-tailed deer. Nature 2022, 602, 481–486. [CrossRef] [PubMed]

10. Allen, T.O.E.; Routhwick, S.; Scuderi, B.; Howlett, D.; Caputo, L. Hunting in America: An Economic Force for Conservation.
Available online: https://www.fishwildlife.org/application/files/3815/3719/7536/Southwick_Assoc_-_NSSF_Hunting_Econ.
pdf (accessed on 3 June 2023).

11. Bloomfield, S.F.; Scott, E.A. Developing an effective policy for home hygiene: A risk-based approach. Int. J. Environ. Health Res.
2003, 13 (Suppl. S1), S57–S66. [CrossRef]

12. Featherstone, A.; Brown, A.C.; Chitlapilly Dass, S. Understanding how different surfaces and environmental biofilms found in
food processing plants affect the spread of COVID-19. PLoS ONE 2023, 18, e0286659. [CrossRef]

13. Jung, S.; Kim, D.H.; Ahn, H.S.; Go, H.J.; Wang, Z.; Yeo, D.; Woo, S.; Seo, Y.; Hossain, M.I.; Choi, I.S.; et al. Stability and inactivation
of SARS-CoV-2 on food contact surfaces. Food Control 2023, 143, 109306. [CrossRef] [PubMed]

14. Jung, S.; Yeo, D.; Wang, Z.; Woo, S.; Seo, Y.; Hossain, M.I.; Choi, C. Viability of SARS-CoV-2 on lettuce, chicken, and salmon and
its inactivation by peracetic acid, ethanol, and chlorine dioxide. Food Microbiol. 2023, 110, 104164. [CrossRef] [PubMed]

15. Biryukov, J.; Boydston, J.A.; Dunning, R.A.; Yeager, J.J.; Wood, S.; Reese, A.L.; Ferris, A.; Miller, D.; Weaver, W.; Zeitouni, N.E.;
et al. Increasing Temperature and Relative Humidity Accelerates Inactivation of SARS-CoV-2 on Surfaces. mSphere 2020, 5.
[CrossRef] [PubMed]

16. Ijaz, M.K.; Nims, R.W.; Zhou, S.S.; Whitehead, K.; Srinivasan, V.; Kapes, T.; Fanuel, S.; Epstein, J.H.; Daszak, P.; Rubino, J.R.; et al.
Microbicidal actives with virucidal efficacy against SARS-CoV-2 and other beta- and alpha-coronaviruses and implications for
future emerging coronaviruses and other enveloped viruses. Sci. Rep. 2021, 11, 5626. [CrossRef]

17. Walker, M.D.; Vincent, J.C.; Benson, L.; Stone, C.A.; Harris, G.; Ambler, R.E.; Watts, P.; Slatter, T.; Lopez-Garcia, M.; King, M.F.;
et al. Effect of Relative Humidity on Transfer of Aerosol-Deposited Artificial and Human Saliva from Surfaces to Artificial
Finger-Pads. Viruses 2022, 14, 1048. [CrossRef] [PubMed]

18. Behzadinasab, S.; Chin, A.W.H.; Hosseini, M.; Poon, L.L.M.; Ducker, W.A. SARS-CoV-2 virus transfers to skin through contact
with contaminated solids. Sci. Rep. 2021, 11, 22868. [CrossRef]

19. Eifert, J.a.S.G. Chemistry of Chlorine Sanitizers in Food Processing. Dairy Food Environ. Sanit. 2002, 22, 534–538.
20. Gombas, D.; Luo, Y.; Brennan, J.; Shergill, G.; Petran, R.; Walsh, R.; Hau, H.; Khurana, K.; Zomorodi, B.; Rosen, J.; et al. Guidelines

To Validate Control of Cross-Contamination during Washing of Fresh-Cut Leafy Vegetables. J. Food Prot. 2017, 80, 312–330.
[CrossRef]

https://doi.org/10.1126/science.abp8715
https://www.ncbi.nlm.nih.gov/pubmed/35881010
https://doi.org/10.1097/01.qco.0000244043.08264.fc
https://www.ncbi.nlm.nih.gov/pubmed/16940861
https://doi.org/10.1038/s41598-021-91470-2
https://doi.org/10.15585/mmwr.mm6918e3
https://doi.org/10.3390/foods10020283
https://doi.org/10.1073/pnas.2215067120
https://doi.org/10.1371/journal.ppat.1010197
https://www.ncbi.nlm.nih.gov/pubmed/35312736
https://doi.org/10.1073/pnas.2114828118
https://doi.org/10.1038/s41586-021-04353-x
https://www.ncbi.nlm.nih.gov/pubmed/34942632
https://www.fishwildlife.org/application/files/3815/3719/7536/Southwick_Assoc_-_NSSF_Hunting_Econ.pdf
https://www.fishwildlife.org/application/files/3815/3719/7536/Southwick_Assoc_-_NSSF_Hunting_Econ.pdf
https://doi.org/10.1080/0960312031000102804
https://doi.org/10.1371/journal.pone.0286659
https://doi.org/10.1016/j.foodcont.2022.109306
https://www.ncbi.nlm.nih.gov/pubmed/35975280
https://doi.org/10.1016/j.fm.2022.104164
https://www.ncbi.nlm.nih.gov/pubmed/36462820
https://doi.org/10.1128/mSphere.00441-20
https://www.ncbi.nlm.nih.gov/pubmed/32611701
https://doi.org/10.1038/s41598-021-84842-1
https://doi.org/10.3390/v14051048
https://www.ncbi.nlm.nih.gov/pubmed/35632793
https://doi.org/10.1038/s41598-021-00843-0
https://doi.org/10.4315/0362-028X.JFP-16-258


Foods 2023, 12, 2981 11 of 12

21. USDA. Peracetic Acid. Available online: https://www.ams.usda.gov/sites/default/files/media/Peracetic%20Acid%20TR%203_
3_2016%20Crops%20Final.pdf (accessed on 5 August 2023).

22. Vinneras, B.; Holmqvist, A.; Bagge, E.; Albihn, A.; Jonsson, H. The potential for disinfection of separated faecal matter by urea
and by peracetic acid for hygienic nutrient recycling. Bioresoure Technol. 2003, 89, 155–161. [CrossRef] [PubMed]

23. Liberti, L.; Lopez, A.; Notarnicola, M. Disinfection with peracetic acid for domestic sewage re-use in agriculture. Water Environ. J.
1999, 13, 262–269. [CrossRef]

24. Malchesky, P.S. Peracetic acid and its application to medical instrument sterilization. Artif. Organs 1993, 17, 147–152. [CrossRef]
[PubMed]

25. Lin, Q.; Lim, J.Y.C.; Xue, K.; Yew, P.Y.M.; Owh, C.; Chee, P.L.; Loh, X.J. Sanitizing agents for virus inactivation and disinfection.
View 2020, 1, e16. [CrossRef] [PubMed]

26. McDonnell, G.; Russell, A.D. Antiseptics and disinfectants: Activity, action, and resistance. Clin. Microbiol. Rev. 1999, 12, 147–179.
[CrossRef] [PubMed]

27. Zoellner, C.; Aguayo-Acosta, A.; Siddiqui, M.W.; Dávila-Aviña, J.E. Chapter 2—Peracetic Acid in Disinfection of Fruits and
Vegetables. In Postharvest Disinfection of Fruits and Vegetables; Siddiqui, M.W., Ed.; Academic Press: Cambridge, MA, USA, 2018;
pp. 53–66.

28. Shen, X.; Sheng, L.; Gao, H.; Hanrahan, I.; Suslow, T.V.; Zhu, M.J. Enhanced Efficacy of Peroxyacetic Acid Against Listeria
monocytogenes on Fresh Apples at Elevated Temperature. Front. Microbiol. 2019, 10, 1196. [CrossRef]

29. Ercken, D.; Verelst, L.; Declerck, P.; Duvivier, L.; Van Damme, A.; Ollevier, F. Effects of peracetic acid and monochloramine on the
inactivation of Naegleria lovaniensis. Water Sci. Technol. 2003, 47, 167–171. [CrossRef]

30. Lopez-Galvez, F.; Tudela, J.A.; Allende, A.; Gil, M.I. Microbial and chemical characterization of commercial washing lines of fresh
produce highlights the need for process water control. Innov. Food Sci. Emerg. 2019, 51, 211–219. [CrossRef]

31. Schmidt, R.H. Basic Elements of Equipment Cleaning and Sanitizing in Food Processing and Handling Operations; University of
Florida/IFAS Extension: Gainesville, FL, USA, 2012.

32. Jellesen, M.S.; Rasmussen, A.A.; Hilbert, L.R. A review of metal release in the food industry. Mater. Corros. 2006, 57, 387–393.
[CrossRef]

33. ASTM E2197-17e1; Standard Quantitative Disk Carrier Test Method for Determining Bactericidal, Virucidal, Fungicidal, Mycobac-
tericidal, and Sporicidal Activities of Chemicals. ASTM: West Conshohocken, PA, USA, 2018.

34. SOP Number: MB-39-01; Standard Operating Procedure for Standard Practice to Assess Virucidal Activity of Chemicals Intended
for Disinfection of Inanimate, Nonporous Environmental Surfaces Using Human Coronavirus. EPA: Washington, DC, USA, 2020.

35. Pangloli, P.; Hung, Y.-C. Effects of water hardness and pH on efficacy of chlorine-based sanitizers for inactivating Escherichia coli
O157:H7 and Listeria monocytogenes. Food Control 2013, 32, 626–631. [CrossRef]

36. Esseili, M.A.; Mann, A.; Narwankar, R.; Kassem, I.I.; Diez-Gonzalez, F.; Hogan, R.J. SARS-CoV-2 remains infectious for at least a
month on artificially-contaminated frozen berries. Food Microbiol. 2022, 107, 104084. [CrossRef]

37. Esseili, M.A.; Saif, L.J.; Farkas, T.; Wang, Q. Feline Calicivirus, Murine Norovirus, Porcine Sapovirus, and Tulane Virus Survival
on Postharvest Lettuce. Appl. Environ. Microbiol. 2015, 81, 5085–5092. [CrossRef] [PubMed]

38. SOP Number: MB-30-02; Standard Operating Procedure for Preparation of Hard Water and Other Diluents for Preparation of
Antimicrobial Products. EPA: Washington, DC, USA, 2019.

39. Cromeans, T.; Park, G.W.; Costantini, V.; Lee, D.; Wang, Q.; Farkas, T.; Lee, A.; Vinjé, J. Comprehensive comparison of cultivable
norovirus surrogates in response to different inactivation and disinfection treatments. Appl. Environ. Microbiol. 2014, 80, 5743–5751.
[CrossRef] [PubMed]

40. Manuel, C.S.; Moore, M.D.; Jaykus, L.A. Efficacy of a disinfectant containing silver dihydrogen citrate against GI.6 and GII.4
human norovirus. J. Appl. Microbiol. 2017, 122, 78–86. [CrossRef]

41. Reed, L.J.; Muench, H. A Simple Method of Estimating Fifty per cent Endpoints. Am. J. Epidemiol. 1938, 27, 493–497. [CrossRef]
42. Oswin, H.P.; Haddrell, A.E.; Otero-Fernandez, M.; Mann, J.F.S.; Cogan, T.A.; Hilditch, T.G.; Tian, J.; Hardy, D.A.; Hill, D.J.; Finn,

A.; et al. The dynamics of SARS-CoV-2 infectivity with changes in aerosol microenvironment. Proc. Natl. Acad. Sci. USA 2022,
119, e2200109119. [CrossRef] [PubMed]

43. Fumagalli, M.J.; Capato, C.F.; de Castro-Jorge, L.A.; de Souza, W.M.; Arruda, E.; Figueiredo, L.T.M. Stability of SARS-CoV-2 and
other airborne viruses under different stress conditions. Arch. Virol. 2022, 167, 183–187. [CrossRef]

44. Chan, K.H.; Sridhar, S.; Zhang, R.R.; Chu, H.; Fung, A.Y.F.; Chan, G.; Chan, J.F.W.; To, K.K.W.; Hung, I.F.N.; Cheng, V.C.C.; et al.
Factors affecting stability and infectivity of SARS-CoV-2. J. Hosp. Infect. 2020, 106, 226–231. [CrossRef]

45. Xiao, S.; Yuan, Z.; Huang, Y. Disinfectants against SARS-CoV-2: A Review. Viruses 2022, 14, 1721. [CrossRef]
46. Sagripanti, J.L.; Bonifacino, A. Comparative sporicidal effects of liquid chemical agents. Appl. Environ. Microbiol. 1996, 62, 545–551.

[CrossRef]
47. Ghostlaw, T.; Corradini, M.G.; Autio, W.R.; Kinchla, A.J. Impact of various postharvest wash water conditions on the performance

of peracetic acid against Escherichia coli O157:H7 over time. Food Control 2020, 109, 106891. [CrossRef]
48. Yuan, Z.; Ni, Y.; van Heiningen, A.R.P. Kinetics of the peracetic acid decomposition: Part II: pH effect and alkaline hydrolysis.

Can. J. Chem. Eng. 1997, 75, 42–47. [CrossRef]
49. Marchand, P.A.; Straus, D.L.; Wienke, A.; Pedersen, L.F.; Meinelt, T. Effect of water hardness on peracetic acid toxicity to zebrafish,

Danio rerio, embryos. Aquac. Int. 2013, 21, 679–686. [CrossRef]

https://www.ams.usda.gov/sites/default/files/media/Peracetic%20Acid%20TR%203_3_2016%20Crops%20Final.pdf
https://www.ams.usda.gov/sites/default/files/media/Peracetic%20Acid%20TR%203_3_2016%20Crops%20Final.pdf
https://doi.org/10.1016/S0960-8524(03)00044-0
https://www.ncbi.nlm.nih.gov/pubmed/12699934
https://doi.org/10.1111/j.1747-6593.1999.tb01045.x
https://doi.org/10.1111/j.1525-1594.1993.tb00423.x
https://www.ncbi.nlm.nih.gov/pubmed/8215939
https://doi.org/10.1002/viw2.16
https://www.ncbi.nlm.nih.gov/pubmed/34766164
https://doi.org/10.1128/CMR.12.1.147
https://www.ncbi.nlm.nih.gov/pubmed/9880479
https://doi.org/10.3389/fmicb.2019.01196
https://doi.org/10.2166/wst.2003.0190
https://doi.org/10.1016/j.ifset.2018.05.002
https://doi.org/10.1002/maco.200503953
https://doi.org/10.1016/j.foodcont.2013.01.044
https://doi.org/10.1016/j.fm.2022.104084
https://doi.org/10.1128/AEM.00558-15
https://www.ncbi.nlm.nih.gov/pubmed/26002891
https://doi.org/10.1128/AEM.01532-14
https://www.ncbi.nlm.nih.gov/pubmed/25015883
https://doi.org/10.1111/jam.13331
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1073/pnas.2200109119
https://www.ncbi.nlm.nih.gov/pubmed/35763573
https://doi.org/10.1007/s00705-021-05293-7
https://doi.org/10.1016/j.jhin.2020.07.009
https://doi.org/10.3390/v14081721
https://doi.org/10.1128/aem.62.2.545-551.1996
https://doi.org/10.1016/j.foodcont.2019.106891
https://doi.org/10.1002/cjce.5450750109
https://doi.org/10.1007/s10499-012-9602-9


Foods 2023, 12, 2981 12 of 12

50. Vaddu, S.; Kataria, J.; Rama, E.N.; Moller, A.E.; Gouru, A.; Singh, M.; Thippareddi, H. Impact of pH on efficacy of peroxy acetic
acid against Salmonella, Campylobacter, and Escherichia coli on chicken wings. Poult. Sci. 2021, 100, 256–262. [CrossRef] [PubMed]

51. Sagripanti, J.L.; Bonifacino, A. Effects of salt and serum on the sporicidal activity of liquid disinfectants. J. AOAC Int. 1997, 80,
1198–1207. [CrossRef] [PubMed]

52. Hilgren, J.; Swanson, K.M.; Diez-Gonzalez, F.; Cords, B. Inactivation of Bacillus anthracis spores by liquid biocides in the presence
of food residue. Appl. Environ. Microbiol. 2007, 73, 6370–6377. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.psj.2020.09.063
https://www.ncbi.nlm.nih.gov/pubmed/33357688
https://doi.org/10.1093/jaoac/80.6.1198
https://www.ncbi.nlm.nih.gov/pubmed/9419859
https://doi.org/10.1128/AEM.00974-07
https://www.ncbi.nlm.nih.gov/pubmed/17720823

	Introduction 
	Materials and Methods 
	Virus Propagation and Cell Culture 
	Preparation of Disinfectant Solutions 
	Quantitative Disk Carrier Test Method ASTM E2197 
	Quantification of Virus Infectivity Using TCID50 Assay 
	Statistical Analyses 

	Results 
	Effect of Hard Water and pH of 200 ppm NaOCl against SARS-CoV-2 on Stainless Steel at One Minute Contact Time 
	Effect of Hard Water and pH of 200 ppm PAA against SARS-CoV-2 on Stainless Steel at One Minute Contact Time 
	Comparing NaOCl to PAA Effect on SARS-CoV-2 on Contaminated Stainless Steel 

	Discussion 
	Conclusions 
	References

