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ABSTRACT: A diluted 3% w/w hydrogen peroxide solution
acidified to pH 2.5 by adding citric acid inactivated SARS-CoV-2
virus by more than 4 orders of magnitude in 5 min. After a contact
time of 15 min, no viral replication was detected. Aqueous
solutions of sodium percarbonate inactivated coronavirus by >3
log10 diminution in 15 min. Conversely, H2O2 solutions with no
additives displayed a scarce virucidal activity (1.1 log10 diminution
in 5 min), confirming that a pH-modifying ingredient is necessary
to have a H2O2-based disinfectant active against the novel
coronavirus.
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■ INTRODUCTION

The coronavirus disease 2019 (COVID-19), caused by the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) challenged the world for effective strategies for infection
prevention and control, mitigation and containment, against
virus dissemination.1

Preventive measures are currently the most effective strategy
to limit pathogen diffusion, reduce the overload on the
healthcare system, and isolate newly identified cases. Since
person-to-person transmission mostly takes place through the
emission of droplets from the upper respiratory tract during
breathing, talking, sneezing, or coughing, it is essential to
minimize the spread of such liquid particles, especially in
confined environments, and to avoid the contamination of
objects and surfaces likely to become a further source of
infection.2−4

Social distancing and mandatory face coverings prevent and
mitigate interhuman transmission, especially when coupled
with lock-down actions, quarantine, contact tracing, and
massive testing of suspects.5,6 At the same time, special
attention is paid to understanding coronavirus persistence on
inanimate surfaces.7 Several studies investigated the perform-
ance of simple chemical biocide agents for the safe inactivation
and/or degradation of coronaviruses on surfaces and water.8,9

Such indications were the basis for national and international
health agencies to define adequate procedures for cleaning,

sanitization, and disinfection of indoor spaces, objects,
furniture, and tools in healthcare facilities as well as in daily
household practice.1,10 According to these guidelines, poten-
tially contaminated surfaces are typically sprayed or wetted
with large excess amounts of virucidal solution, and a few
minutes of action at room temperature is necessary for a
satisfactory viral inactivation (mainly, spanning from 1 to 15
min or until the sprayed solution evaporates).10−12

To date, the most widely adopted methods to inactivate
coronaviruses, in particular SARS-CoV-2, on surfaces primarily
rely on highly concentrated aqueous alcohol solutions (>70%
w/w),13,14 aqueous solutions of active chlorine-generating
compounds,15−17 and formulations containing quaternary
ammonium cationic surfactants.18

WHO’s guidelines suggest ethanol and 2-propanol for hand
sanitization because of their rapid activity, broad-spectrum
microbicidal effectiveness, cheapness, and reasonable
safety.19−21 Alcohols act on enveloped viruses denaturing the
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envelope viral proteins and disrupting its phospholipidic
double layer.22 However, during the first months of the
COVID-19 emergency, some southern European countries
suffered from a shortage in the availability of ethanol and 2-
propanol, because of the sudden high demand on the local
market, to be used in liquid and/or gel sanitizing
formulations.23 Also, the high percentage of highly flammable
alcohols in disinfecting solutions (the flash point of a 70 vol %
ethanol solution in water is 21 °C24) increased the risk of fires
and explosions in facilities where large amounts of sanitizing
solutions were stocked, and several accidents occurred in
improvised warehouses within healthcare facilities.25

Sodium hypochlorite-based aqueous solutions at concen-
trations 0.1−0.5% inactivate coronaviruses with a >3.0 log10
reduction in viral titer within 1 min of contact time.13,26

Undissociated hypochlorous acid, HOCl, as well as highly
active oxidizing free radicals formed during the dissolution of
these agents in water play indeed a key role in the
antimicrobial activity. Hypochlorite-containing diluted aque-
ous solutions are nonflammable and safe, but they can generate
chlorine-containing products, which pose a threat in terms of
long-term toxicity to humans and the environment. Indeed,
several concerns exist (in terms of negative environmental
impact on biota in surface waters or disruption of wastewater
treatment unit operations) on the extensive use of chlorine-
based biocidal agents, especially for large-scale sanitiza-
tions.18,27,28 Then, various biocides containing quaternary
ammonium salts (also known as quats29) are included in the
EPA’s list N recommendation list: benzalkonium chloride,
benzethonium chloride, methylbenzethonium chloride, or
cetylpyridinium chloride.30 However, research led to con-
troversial results in coronavirus inactivation,26 and their
specificity on SARS-CoV-2 is still debatable.31 Some authors,
in fact, raised concerns on the environmental impact due to a
massive use of quaternary ammonium agents, too.32,33

None of these virucidal formulations are free from
drawbacks. Thus, a biocidal agent that is fast-acting,
chlorine-free, intrinsically safe (in terms of flammability and
toxicity to humans and environment), chemically stable, and
cheap would attract major attention as a reliable counter-
measure against the SARS-CoV-2 virus. Aqueous hydrogen
peroxide is a suitable candidate for such formulations, as it is
safe, especially at very low concentrations, does not give rise to
hazardous or polluting byproducts (H2O2 breaks down over
time into molecular oxygen and water), and is easily available
as pharmaceutical grade solutions at 3% w/w concentration
(also known as 10 volume hydrogen peroxide).34

In the present work, we evaluated the effectiveness of
aqueous hydrogen peroxide solutions in the inactivation of
SARS-CoV-2, controlling concentration, pH, and additives. A
concentrated liquid suspension of the virus was treated with
comparable volumes of diluted inactivating agent for a few
minutes, in order to mimic the typical mode of action of a
sanitizing solution on small amounts of infected body fluids.
Two different aqueous hydrogen peroxide concentrations were
tested, namely, ca. 3% w/w, as found in conventional
commercial household disinfectants, and ca. 0.5% w/w, as
described and studied in previous reports.35,36 The commer-
cially available adduct sodium carbonate−hydrogen peroxide,
as the so-called sodium percarbonate (Na2CO3·1.5H2O2), was
also tested for its high stability and robustness over time, when
in dry form, being suitable to efficiently replace unstable
aqueous H2O2 solutions.

■ MATERIALS AND METHODS

A brief description of materials and methods is reported here.
Further details can be found in the Supporting Information.
Two mother solutions of hydrogen peroxide at 6.64% ± 0.04

(w/w) and 1.02% ± 0.02 (w/w) were prepared diluting a
35.1% stabilized H2O2 solution with sterile ultrapure deionized
water and stored at +4 °C until use. H2O2 content was
determined by volumetric iodometric titration.
A sodium percarbonate (SP) aqueous solution was freshly

prepared by dissolving Na2CO3·1.5H2O2 in sterile ultrapure
deionized water. The obtained mother solution at 1.00 ±
0.02% (w/w) was immediately used after measuring its H2O2

content.
The peroxide-containing aqueous solutions were mixed in a

1:1 ratio with the virus suspension, so that the final
concentration of the biocidal agent was 50% of the pristine
concentration. Thus, in the solutions named HP-3, HP-0.5,
and SP, the peroxide contents were 3.32% w/w, 0.51% w/w,
and 0.51−0.53% w/w, respectively. Uncertainties for these
values were around ±0.02% w/w. A SARS-CoV-2 viral
suspension was mixed with sterile distilled water (1:1 ratio)
and used as the positive control of untreated virus.
Aqueous solutions of 0.187 M sodium carbonate decahy-

drate, 1.04 M citric acid, and 3.12 M acetic acid were prepared
with sterile ultrapure deionized water and used to adjust the
test media pH to the desired value.
HP-3 and HP-0.5 solutions at pH 7.3 and SP solution at pH

10.5 were used as such, without any addition of further pH-
adjusting agents.
HP-3-C at pH 2.5 and HP-3-A at pH 3.6 were obtained by

adding citric acid or acetic acid, respectively, to the HP-3
formulation. The potential presence of peroxoacids in HP-3-C
and HP-3-A solutions was checked by differential ceriometric/
iodometric titration, as described in ref 37 and by 13C NMR
analysis.
Contact times of 5, 10, and 15 min were chosen to simulate

surface sanitizing conditions in common household practice.
Each virucidal solution was tested in triplicate. At the end of
contact time, a stoichiometric excess of catalase suspended in
50 mM potassium phosphate buffer at pH 7.0 was added to
each test solution to decompose any residual H2O2 and stop
the test. Either sodium carbonate or citric acid was added to
adjust pH to a neutral level before the addition of catalase. The
efficacy of the catalase action was confirmed by iodometric
titration, and in all cases, no detectable amounts of residual
H2O2 were found.
SARS-CoV-2 virus stock was prepared propagating the virus

isolate (GenBank accession number: MW000351) in Vero E6
cells culture (see the Supporting Information).
The virus titer decay was evaluated using a plaque assay on

Vero E6 cells for each experimental setting, and the results
were compared with the positive control (see further details in
the Supporting Information).38 The same experimental
protocol was used to investigate the possible cytopathic effect
of catalase, citric acid, acetic acid, PC, and HP solutions, as
single ingredients and in a mixture.
A quantitative real-time polymerase chain reaction, qRT-

PCR, was performed to estimate viral RNA concentration of
the untreated viral suspension and in samples with a significant
after-treatment viral titer reduction. The final RNA concen-
tration was expressed as copies per milliliter.
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■ RESULTS AND DISCUSSION

The attention of this study was focused on the inactivation
performance against SARS-CoV-2 shown by aqueous hydrogen
peroxide solutions and the solid adduct hydrogen peroxide−
sodium carbonate. The efficacy of the solutions in SARS-CoV-
2 inactivation was evaluated by mixing each virucidal solution
to a viral suspension and then testing the residual viral content
by in vitro plaque assay on Vero E6 cells. Virus replication
induces cell lysis, resulting in the formation of plaques on the
cellular monolayer (Supporting Information, Figure S3). Such
plaques can be then counted to quantify virus titer,38 the
difference between before and after treatment titers being
proportional to the virucidal activity.
A virucidal solution is here considered effective against

SARS-CoV-2 when at least a >3 log10 (>99.9%) diminution in
the number of active viral units is recorded at the end of the
treatment.39,40

Diluted aqueous solutions of hydrogen peroxide were first
tested under conditions as close as possible to the ones
reported in the previous literature,26,35 namely, at concen-
trations of 0.5% and 3.0% as well as short treatment times of 5
min (Table 1). At the end of the testing time, the excess H2O2
was quenched by the addition of catalase (see the Supporting
Information). A specific blank test was carried out to evaluate
whether the presence of organic compounds in the culture
media (DMEM medium with fetal bovine serum and
penicillin−streptomycin additive) is able to lead to a
diminution in the initial amount of H2O2 due to undesired
redox reactions. Under the conditions tested, a maximum 2.5%
decrease in hydrogen peroxide with respect to the expected
initial content was observed, and the actual H2O2 concen-
trations reported in Tables 1 and 2 already take into account
this intrinsic diminution.
Aqueous H2O2 failed to effectively inactivate the virus, the

best result being a ca. 0.70 log10 reduction in 5 min, with a
3.07% w/w solution, which is comparable to common H2O2

household formulations found on the market. A 0.5% w/w
hydrogen peroxide aqueous solution led to a negligible
diminution of the virus titer in 5 min (1.2 × 106 vs 1.4 ×
106). Such a result seems to be in contradiction with the
efficacy data reported in some previous works, where a >4 log10
abatement was claimed after a contact time of 1 min.26,35 In
that case, an acidic formulation (pH 3.0) of hydrogen peroxide
aqueous solution, specifically designed for the disinfection of
hard surfaces,41 showed an optimal virucidal activity against
human coronavirus at concentrations as low as 0.5% w/w.35

However, such a solution is a patented “accelerated” version of
H2O2 in which proprietary additives (stabilizers, complexing
agents, orthophosphoric acid derivatives, and pH buffers) are
mixed to the active peroxide ingredient.40,41 These additional
ingredients play a relevant synergistic role in the inactivation of
the coronavirus and positively affect the intrinsic virucidal
capability of H2O2 itself.40 Conversely, the results collected
here are in line with previous observations, in which hydrogen
peroxide solutions (pharmaceutical grade at 3.0% and 6.0% v/v
concentrations) showed minimal virucidal activity for very
short contact times (15 and 30 s), in particular when they are
used as oral rinsing liquids. In that previous literature work, the
authors observed a maximum 1.8 log10 virus titer reduction.

42

With regard to human coronaviruses, then, a very good
virucidal activity (>4 log10 reduction) on surfaces was observed
only for longer contact times (2−3 h) by application of H2O2
vapors, therefore, under far more drastic conditions43 or in the
presence of peroxyacetic acid as an additive.44 The modest
virucidal activity of diluted H2O2 was shown on other target
viruses too, and very long contact times or higher
concentrations are typically used to achieve satisfying virucidal
activities.45−48 Hydrogen peroxide displays in many cases a
good biocidal activity, which is attributed to the in situ
generation of hydroxyl radicals and other oxidizing oxygenated
species reacting with lipids, proteins, and nucleic acids via
several parallel mechanisms and hence disrupting the structure
and the function of the biological pathogen.49 Nevertheless,

Table 1. Inactivation Performance against SARS-CoV-2 of Hydrogen Peroxide-Containing Aqueous Solutions

solution name solution code active ingredient pH H2O2 concentration (% w/w) contact time (min) virus titerb (pfu mL−1)

initial viral suspensiona 7.3 1.4 × 106

hydrogen peroxide HP-0.5 H2O2 7.3 0.51 5 1.2 × 106

HP-3 H2O2 7.3 3.07 5 2.8 × 105

sodium percarbonate SP Na2CO3·1.5H2O2 10.5 0.53 5 4.0 × 105

aViral suspension used (SARS-CoV-2 dil. 1:1). bPlaque assay standard deviation ±0.2%.

Table 2. Inactivation Performance against SARS-CoV-2 of Hydrogen Peroxide-Containing Solutions under Various
Conditions

solution name
solution
code active ingredient pH

H2O2 concentration
(% w/w)

contact time
(min)

virus titerb

(pfu mL−1)
qRT-PCR

(copies mL−1)

initial viral suspensiona 7.3 3.1 × 106 1.5 × 1011

sodium percarbonate SP Na2CO3·1.5H2O2 10.5 0.51 5 2.2 × 105 2.0 × 1011

SP Na2CO3·1.5H2O2 10.5 0.51 10 8.9 × 103 1.2 × 1011

SP Na2CO3·1.5H2O2 10.5 0.51 15 2.3 × 103 2.7 × 1010

hydrogen peroxide HP-3 H2O2 7.3 3.32 5 2.4 × 105 1.5 × 1011

HP-3 H2O2 7.3 3.32 10 2.1 × 104 1.4 × 1011

HP-3 H2O2 7.3 3.32 15 4.0 × 103 1.2 × 1011

hydrogen peroxide + citric
acid

HP-3-C H2O2 2.5 3.31 5 6.8 × 101 8.0 × 1010

HP-3-C H2O2 2.5 3.31 10 no viral replication 8.0 × 1010

HP-3-C H2O2 2.5 3.31 15 no viral replication 5.8 × 1010

aViral suspension used (SARS-CoV-2 dil. 1:1). bPlaque assay standard deviation ±0.2%.
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the use of high amounts of H2O2 (either in aqueous solutions,
with high concentrations of it, or in vapor form, with very high
local concentrations of active species) is often necessary to
have a proper virucidal action, also in combination with high
temperatures, additives, and coformulants.
The first set of results shown in Table 1, in which H2O2

showed a scarce effectiveness against SARS-CoV-2, prompted
us to investigate if longer contact times and/or the presence of
simple additives, in particular easily accessible pH modifiers,
could have a positive effect on the solutions’ performance.
Citric acid was chosen as an additive to lower the pH of the

aqueous solution as it is a cheap, biologically compatible, and
environmentally friendly acidifying agent. In addition, aqueous
solutions of polycarboxylic acids, such as citric, malic, fumaric,
malonic, and succinic acids, exhibited a high virucidal activity
against enveloped viruses on their own, in the absence of other
biocidal agents,50 and have found practical applications as an
additional ingredient in disinfectant solutions.51,52

On the other hand, in order to have a basic solution, the
sodium carbonate−hydrogen peroxide adduct was chosen as a
starting material, since it is a cheap and stable product that
contains, at the same time, the active peroxide ingredient and
the alkaline modifier. Its use as a biocidal or virucidal agent has
been scarcely studied,53−55 and only three products listed in
US EPA’s List N contain Na2CO3·1.5H2O2 as an active
ingredient.30 Sodium percarbonate can be considered a more
robust alternative to diluted hydrogen peroxide, as it can be
stored for longer times and transported more easily without
any significant loss in active ingredient. It finds applications in
dry powder formulations for the oxidative decontamination
and abatement of hazardous biological or toxic materials.56−58

In the second set of tests (Table 2), the presence of residual
amounts of potentially virucidal agents (H2O2, citric acid, or
sodium carbonate) was quenched by adding dosed amounts of
catalase, sodium carbonate, or citric acid, respectively. Control
tests were performed to confirm that in situ produced sodium
citrate (pH 6.8 in the final mixture, after neutralization) did
not show any virucidal activity on its own against SARS-CoV-2
or cytotoxic effects on Vero cells.
The initial 1:1 diluted untreated SARS-CoV-2 viral

suspension showed a virus titer of 3 × 106 pfu mL−1, with
an RNA concentration of 1.5 × 1011 copies mL−1; both virus
and RNA values were high enough to appreciate a potential
post-treatment decay (Table 2). The initial virus stock contains
a virus titer far higher than the one found in biological fluid
samples of an average infected patient.59 The 1:1 mixture of
the original virus suspension with the virucidal solution thus
represents more drastic conditions than the ones found in real
sanitization examples of surfaces contaminated by virus-
containing droplets. In these cases, a large excess of
disinfecting liquid is typically used over tiny amounts of
deposited body fluids. Contact times in the range 5−15 min
were then chosen, as they mimic the standard action time for
most peroxide-containing virucidal formulations on objects.

A clear contact time-dependent viral titer reduction was
observed for all aqueous solutions. With 3.32% aqueous H2O2,
HP-3, at buffered 7.3 pH value, a gradual 1 log pfu mL−1

diminution was observed every 5 min of exposure to the
disinfectant solution. This result is fully in line with the data
reported in Table 1 for HP-3. A relatively long contact time
(15 min) was thus necessary to obtain a ca. 2.9 log10 reduction
of the viral titer in the absence of additives or accelerating
coformulants.
On the contrary, the 3.32% H2O2 solution at pH 2.5, HP-3-

C, showed the highest virucidal activity with more than 4.6
log10 pfu mL−1 reduction after only 5 min and a total virus
elimination right after 10 min, so well beyond the threshold
limit suggested by WHO for the disinfection of surfaces.39 This
is, to the best of our knowledge, the best virucidal performance
recorded for diluted aqueous H2O2 solutions containing
simple, nonpatented additives on viruses. The addition of
citric acid to the disinfectant solution, not only modifies the
pH of the final medium but also enhances the effect of
hydrogen peroxide on the biological agent. Such a cooperative
effect was previously observed in biocidal solutions, where
short-chain carboxylic acids increase the biocidal action of the
peroxide on various bacterial strains.60 The in situ formation of
monoperoxocitric acid could be hypothesized, under these
conditions,61 and such peroxoacid could play a key role in the
inactivation of this coronavirus.62

It was thus necessary to ascertain the presence or absence of
peroxocitric species, in the final liquid medium. By means of
13C NMR spectroscopy, no differences were observed in the
spectra of aqueous solutions of citric acid in the absence and in
the presence of hydrogen peroxide, under conditions as close
as possible to those used in virus inactivation tests. In
particular, no changes were detected in the signals at 176.7 and
173.4 ppm, attributed to the two types of carboxyl groups of
citric acid before and after the treatment with H2O2
(Supporting Information, Figures S1 and S2). Moreover, the
absence of peroxocitric acid was confirmed by differential
ceriometric/iodometric titration. Actually, the hydrogen
peroxide content revealed by ceriometric method (that titrates
H2O2, but not peroxoacids) was practically the same as the
peroxide content measured by iodometric titration (method
that is able to detect the presence of both hydrogen peroxide
and peroxoacids).37

In order to establish whether carboxylic acids alone possess a
virucidal activity against SARS-CoV-2, the viral suspension was
mixed into pure solutions of citric acid (pH 2.5) and acetic
acid (pH 3.6) (Table 3). Only a minimal diminution in viral
titer was recorded (<0.8 log10) in the presence of the acids
alone. On the contrary, a remarkable decrease of 3.6 log10 pfu
mL−1 was observed in the presence of the solution HP-3-A,
prepared by mixing hydrogen peroxide and acetic acid (in
order to have pH 3.6). This virus inactivation value is
comparable to the one observed with HP-3-C, with citric acid
as an additive (Table 2).

Table 3. Inactivation Performance against SARS-CoV-2 in the Presence of Carboxylic Acids as Additives

solution name solution code active ingredient pH H2O2 concentration (% w/w) contact time (min) virus titerb (pfu mL−1)

initial viral suspensiona 7.3 6.3 × 108

citric acid C no H2O2 2.5 5 1.0 × 108

acetic acid A no H2O2 3.6 5 1.5 × 108

hydrogen peroxide + acetic acid HP-3-A H2O2 3.6 3.07 5 1.6 × 105

aViral suspension used (SARS-CoV-2 dil. 1:1). bPlaque assay standard deviation ±0.2%.

ACS Chemical Health & Safety pubs.acs.org/acschas Research Article

https://dx.doi.org/10.1021/acs.chas.0c00095
ACS Chem. Health Saf. 2021, 28, 260−267

263

http://pubs.acs.org/doi/suppl/10.1021/acs.chas.0c00095/suppl_file/hs0c00095_si_001.pdf
pubs.acs.org/acschas?ref=pdf
https://dx.doi.org/10.1021/acs.chas.0c00095?ref=pdf


Carboxylic acids are not able to satisfactorily inactivate the
virus on their own. Rather, they are able to enhance the
virucidal activity of H2O2 by lowering the pH value in the
medium. In addition, the in situ formation of active
peroxocarboxylic acids can be excluded, under the tested
conditions.
In the presence of Na2CO3·1.5H2O2, SP, a gradual

diminution of ca. 1 log10 pfu mL−1 was observed every 5
min of contact time (Table 2). Nevertheless, the results
obtained with SP are remarkable if one considers that the
content of peroxide in SP solutions is only 1/6 of the amount
present in HP-3-C solutions. In fact, the amount of Na2CO3·
1.5H2O2 was computed to have 0.51% w/w of H2O2
equivalents in the final liquid mixture vs ca. 3.0% w/w in the
HP-3 and HP-3-C aqueous solutions prepared by diluting
concentrated H2O2. This means that the actual inactivation
capability of SP is very high, and the goal of >3 log10 of virus
inactivation (in line with the WHO guidelines39) was
successfully achieved after 15 min, also in the presence of a
relatively less concentrated formulation. Actually, aqueous
solutions of SP with ca. 3.0% of H2O2 equivalents cannot be
prepared, as they are be beyond the solubility threshold of the
solid in water. The good performance of aqueous SP solutions
can be attributed not only to the oxidizing properties of H2O2
released by SP when dissolved in water but also to the highly
alkaline environment (pH 10.5), caused by the presence of
relatively high concentrations of Na2CO3 (0.683 M), which
contribute in inactivating the virus by alkali-promoted
degradation of its phospholipidic envelope.63−65

However, the excellent virus inactivation recorded for HP-3-
C and SP was not observed in terms of residual RNA
concentration: none of them showed a significant viral RNA
diminution compared to the initial untreated viral suspension.
Such an outcome was not unforeseen, since in several previous
examples, H2O2 proved to be effective in virus inactivation, but
with a modest or negligible degradation effect on viral RNA.
The delicate interaction between the viral particle surface with
its cellular receptor may easily be perturbed by a strong oxidant
like H2O2. On the other hand, H2O2 itself has a less marked
effect on “bare” nucleic acids, and typically the addition of
catalytic amounts of metal centers (such as Fe(II) species, via
Fenton-like reactions) is necessary to promote the extensive
degradation of these substrates.66−68 Moreover, the oxidative
capability of the tested chemical compounds could have been
partially depleted and weakened during the virus inactivation,
making it less effective on nucleic acids. It is therefore likely
that H2O2-containing solutions have a detrimental effect on the
coronavirus envelope, thus inhibiting the virus’ replication
capability, without having a strong degradation effect on its
genetic material. Therefore, high qRT-PCR values for RNA
levels obtained from the liquid media after treatment with HP
or SP do not necessarily reflect a scarce inactivation of SARS-
CoV-2 virus and a reduction in its ability to infect target cells.
Rather, they indicate that a large number of incompletely
damaged short RNA sequences are still present in the culture
medium after the inactivation process.
Finally, in order to avoid any misinterpretation of cell death

due to undesired toxic effects by any of the ingredients of the
disinfecting solutions, a control test was performed on a
solution where H2O2 was completely disproportionated by
catalase, and pH was brought back to a physiological value by
the addition of a neutralizing agent. The absence of residual
H2O2 and the final pH were confirmed by colorimetric cerium

tests and pH spot measurements on the treated liquid solution.
Interestingly, no cytotoxic effect was observed in any Vero cell
culture treated with the peroxide-free and neutralized
solutions. Therefore, in the present study, the cell monolayer
disruption is solidly attributable to virus lytic ability rather than
to a direct action of products or byproducts contained in the
treated solutions.

■ CONCLUSIONS

Diluted aqueous solutions of hydrogen peroxide are often
considered a poorly effective means of disinfection and
biological decontamination. However, under acidic conditions
and thanks to the addition of simple coformulants, H2O2 can
be considered an active ingredient for the inactivation of
SARS-CoV-2 virus. The copresence of citric acid to obtain an
acid pH in the solution (ca. 2.5) and a minimum contact time
of 5 min was a good combination to achieve a very good virus
depletion with >4 log10 diminution. Such a result is the best
performance recorded so far in the field of virus inactivation
with diluted aqueous hydrogen peroxide liquid solutions.
Hydrogen peroxide with acetic acid, as an additive, proved

to be an effective virucidal solution too, with a 3.6 log10 viral
titer reduction in 5 min. In none of these cases, however, can
the virus inactivation capability be attributed to the in situ
formation of peroxocarboxylic acids.
The solid sodium carbonate−hydrogen peroxide adduct

showed a less rapid inactivation capability, but in 15 min, a
satisfactory reduction of more than 3 orders of magnitude in
virus titer was attained.
H2O2-containing aqueous solutions displayed a limited

direct degradation of the nucleic acid of the pathogen, since
qRT-PCR target RNA sequences were found after the virucidal
treatment. However, thanks to the addition of coformulants
acting on the pH of the disinfecting solutions, liquid
suspensions of SARS-CoV-2, with a virus concentration that
is approximately 3−5 orders of magnitude higher than the one
found in real biological fluid samples, were satisfactorily
inactivated.
The promising results using acidified aqueous H2O2 diluted

solution or with solid sodium percarbonate open the way to
easily accessible, cheap, safe, robust, environmentally friendly,
and efficient disinfecting agents to be applied in everyday-life
sanitization practices and to be used by nonspecialized
personnel too. Indeed, the use of diluted hydrogen peroxide
modified, for instance, by the addition of common lemon juice,
vinegar, or the use of sodium percarbonate for household
cleaning purposes, may represent a viable and sustainable
approach to obtain reliable virucidal solutions for a very broad
range of the world population, also in countries with weaker
economies. Further investigations are needed to show the
effectiveness of these pH-modified aqueous H2O2 disinfectant
formulations against other pathogens.
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(5) Schröder, I. COVID-19: A Risk Assessment Perspective. J. Chem.
Health Saf. 2020, 27 (3), 160−169.
(6) Zhang, R.; Li, Y.; Zhang, A. L.; Wang, Y.; Molina, M. J.
Identifying airborne transmission as the dominant route for the spread
of COVID-19. Proc. Natl. Acad. Sci. U. S. A. 2020, 117 (26), 14857−
14863.
(7) van Doremalen, N.; Bushmaker, T.; Morri, D. H.; et al. Aerosol
and surface stability of SARS-CoV-2 as compared with SARS-CoV-1.
N. Engl. J. Med. 2020, 382, 1564−1567.

(8) Silverman, A. I.; Boehm, A. B. Systematic Review and Meta-
Analysis of the Persistence and Disinfection of Human Coronaviruses
and Their Viral Surrogates in Water and Wastewater. Environ. Sci.
Technol. Lett. 2020, 7 (8), 544−553.
(9) Al-Sayah, M. H. Chemical disinfectants of COVID-19: an
overview. J. Water Health 2020, 18, 843.
(10) European Centre for Disease Prevention and Control.
Disinfection of environments in healthcare and non-healthcare settings
potentially contaminated with SARS-CoV-2, 26 March 2020; ECDC:
Stockholm, 2020; https://www.ecdc.europa.eu/sites/default/files/
documents/Environmental-persistence-of-SARS_CoV_2-virus-
Options-for-cleaning2020-03-26_0.pdf (accessed on January 29,
2021).
(11) 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.
(12) Centers for Disease Control and Prevention. Cleaning and
Disinfecting Your Facility. https://www.cdc.gov/coronavirus/2019-
ncov/community/disinfecting-building-facility.html (accessed on Jan-
uary 29, 2021).
(13) Hulkower, R. L.; Casanova, L. M.; Rutala, W. A.; Weber, D. J.;
Sobsey, M. D. Inactivation of surrogate coronaviruses on hard surfaces
by health care germicides. Am. J. Infect. Control 2011, 39 (5), 401−
407.
(14) Kratzel, A.; Todt, D.; V’kovski, P.; Steiner, S.; Gultom, M.;
Thao, T. T. N.; Ebert, N.; Holwerda, M.; Steinmann, J.; Niemeyer,
D.; Dijkman, R.; Kampf, G.; Drosten, C.; Steinmann, E.; Thiel, V.;
Pfaender, S. Inactivation of severe acute respiratory syndrome
coronavirus 2 by WHO-recommended hand rub formulations and
alcohols. Emerging Infect. Dis. 2020, 26 (7), 1592−1595.
(15) Chin, A. W.; Chu, J. T.; Perera, M. R.; Hui, K. P.; Yen, H. L.;
Chan, M. C.; Peiris, M.; Poon, L. L. M. Stability of SARS-CoV-2 in
different environmental conditions. Lancet Microbe 2020, 1 (1), e10.
(16) Wang, X. W.; Li, J. S.; Jin, M.; Zhen, B.; Kong, Q. X.; Song, N.;
Xiao, W. J.; Yin, J.; Wei, W.; Wang, G. J.; Si, B. Y.; Guo, B. Z.; Liu, C.;
Ou, G. R.; Wang, M. N.; Fang, T. Y.; Chao, F. H.; Li, J. W. Study on
the resistance of severe acute respiratory syndrome-associated
coronavirus. J. Virol. Methods 2005, 126 (1−2), 171−7.
(17) Block, M. S.; Rowan, B. G. Hypochlorous Acid: A Review. J.
Oral Maxillofac. Surg. 2020, 78 (9), 1461−1466.
(18) Dev Kumar, G.; Mishra, A.; Dunn, L.; Townsend, A.;
Oguadinma, I. C.; Bright, K. R.; Gerba, C. P. Biocides and Novel
Antimicrobial Agents for the Mitigation of Coronaviruses. Front.
Microbiol. 2020, 11, 1351.
(19) World Health Organization. WHO guidelines on hand hygiene in
health care: first global patient safety challenge clean care is safer care.
Geneva: the Organization, 2009. https://apps.who.int/iris/bitstream/
handle/10665/44102/9789241597906_eng.pdf (accessed on January
29, 2021).
(20) Suchomel, M.; Kundi, M.; Allegranzi, B.; Pittet, D.; Rotter, M.
L. Testing of the World Health Organization-recommended
formulations for surgical hand preparation and proposals for increased
efficacy. J. Hosp. Infect. 2011, 79 (2), 115−8.
(21) Hulkower, R. L.; Casanova, L. M.; Rutala, W. A.; Weber, D. J.;
Sobsey, M. D. Inactivation of surrogate coronaviruses on hard surfaces
by health care germicides. Am. J. Infect. Control 2011, 39 (5), 401−
407.
(22) Kampf, G. Efficacy of ethanol against viruses in hand
disinfection. J. Hosp. Infect. 2018, 98 (4), 331−338.
(23) Berardi, A.; Perinelli, D. R.; Merchant, H. A.; Bisharat, L.;
Basheti, I. A.; Bonacucina, G.; Cespi, M.; Palmieri, G. F. Hand
sanitisers amid CoViD-19: A critical review of alcohol-based products
on the market and formulation approaches to respond to increasing
demand. Int. J. Pharm. 2020, 584, 119431.
(24) National Fire Protection Association. Fire Protection Guide to
Hazardous Materials, 14th ed.; National Fire Protection Association:
Quincy, MA, 2010; p 325.

ACS Chemical Health & Safety pubs.acs.org/acschas Research Article

https://dx.doi.org/10.1021/acs.chas.0c00095
ACS Chem. Health Saf. 2021, 28, 260−267

265

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matteo+Guidotti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-9759-2561
http://orcid.org/0000-0002-9759-2561
mailto:matteo.guidotti@scitec.cnr.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Davide+Mileto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessandro+Mancon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Federica+Staurenghi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alberto+Rizzo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefano+Econdi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Rita+Gismondo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chas.0c00095?ref=pdf
https://dx.doi.org/10.1038/s41591-020-0843-2
https://dx.doi.org/10.1038/s41591-020-0843-2
https://dx.doi.org/10.1073/pnas.2006874117
https://dx.doi.org/10.1073/pnas.2006874117
https://dx.doi.org/10.1073/pnas.2006874117
https://dx.doi.org/10.1021/acsnano.0c02618
https://dx.doi.org/10.1021/acsnano.0c02618
https://dx.doi.org/10.1021/acs.chas.0c00035
https://dx.doi.org/10.1073/pnas.2009637117
https://dx.doi.org/10.1073/pnas.2009637117
https://dx.doi.org/10.1056/NEJMc2004973
https://dx.doi.org/10.1056/NEJMc2004973
https://dx.doi.org/10.1021/acs.estlett.0c00313
https://dx.doi.org/10.1021/acs.estlett.0c00313
https://dx.doi.org/10.1021/acs.estlett.0c00313
https://dx.doi.org/10.2166/wh.2020.108
https://dx.doi.org/10.2166/wh.2020.108
https://www.ecdc.europa.eu/sites/default/files/documents/Environmental-persistence-of-SARS_CoV_2-virus-Options-for-cleaning2020-03-26_0.pdf
https://www.ecdc.europa.eu/sites/default/files/documents/Environmental-persistence-of-SARS_CoV_2-virus-Options-for-cleaning2020-03-26_0.pdf
https://www.ecdc.europa.eu/sites/default/files/documents/Environmental-persistence-of-SARS_CoV_2-virus-Options-for-cleaning2020-03-26_0.pdf
https://dx.doi.org/10.1002/viw2.16
https://www.cdc.gov/coronavirus/2019-ncov/community/disinfecting-building-facility.html
https://www.cdc.gov/coronavirus/2019-ncov/community/disinfecting-building-facility.html
https://dx.doi.org/10.1016/j.ajic.2010.08.011
https://dx.doi.org/10.1016/j.ajic.2010.08.011
https://dx.doi.org/10.3201/eid2607.200915
https://dx.doi.org/10.3201/eid2607.200915
https://dx.doi.org/10.3201/eid2607.200915
https://dx.doi.org/10.1016/S2666-5247(20)30003-3
https://dx.doi.org/10.1016/S2666-5247(20)30003-3
https://dx.doi.org/10.1016/j.jviromet.2005.02.005
https://dx.doi.org/10.1016/j.jviromet.2005.02.005
https://dx.doi.org/10.1016/j.jviromet.2005.02.005
https://dx.doi.org/10.1016/j.joms.2020.06.029
https://dx.doi.org/10.3389/fmicb.2020.01351
https://dx.doi.org/10.3389/fmicb.2020.01351
https://apps.who.int/iris/bitstream/handle/10665/44102/9789241597906_eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/44102/9789241597906_eng.pdf
https://dx.doi.org/10.1016/j.jhin.2011.05.005
https://dx.doi.org/10.1016/j.jhin.2011.05.005
https://dx.doi.org/10.1016/j.jhin.2011.05.005
https://dx.doi.org/10.1016/j.ajic.2010.08.011
https://dx.doi.org/10.1016/j.ajic.2010.08.011
https://dx.doi.org/10.1016/j.jhin.2017.08.025
https://dx.doi.org/10.1016/j.jhin.2017.08.025
https://dx.doi.org/10.1016/j.ijpharm.2020.119431
https://dx.doi.org/10.1016/j.ijpharm.2020.119431
https://dx.doi.org/10.1016/j.ijpharm.2020.119431
https://dx.doi.org/10.1016/j.ijpharm.2020.119431
pubs.acs.org/acschas?ref=pdf
https://dx.doi.org/10.1021/acs.chas.0c00095?ref=pdf


(25) Kramer, A.; Kampf, G. Hand Rub-Associated Fire Incidents
During 25,038 Hospital-Years in Germany. Infect. Control Hosp.
Epidemiol. 2007, 28 (6), 745−746.
(26) Kampf, G.; Todt, D.; Pfander, S.; Steinmann, E. Persistence of
coronaviruses on inanimate surfaces and their inactivation with
biocidal agents. J. Hosp. Infect. 2020, 104 (3), 246−251.
(27) Kumar Rai, N.; Ashok, A.; Raju Akondi, B. Consequences of
chemical impact of disinfectants: safe preventive measures against
COVID-19. Crit. Rev. Toxicol. 2020, 50 (6), 513−520.
(28) Naddeo, V.; Liu, H. Editorial Perspectives: 2019 novel
coronavirus (SARS-CoV-2): what is its fate in urban water cycle
and how can the water research community respond? Environ. Sci.:
Water Res. Technol. 2020, 6, 1213−1216.
(29) Bettenhausen, C. A. A chemist’s guide to disinfectants. Chem.
Eng. News, May 1, 2020; https://cen.acs.org/safety/consumer-safety/
chemists-guide-disinfectants/98/web/2020/05 (accessed on January
29, 2021).
(30) US Environmental Protection Agency. List N: disinfectants for
use against SARS-CoV-2; US EPA: Washington, DC, 2020; https://
www.epa.gov/pesticide-registration/list-n-disinfectants-use-against-
sars-cov-2-covid-19 (accessed on January 29, 2021).
(31) Glasbey, T.; Whiteley, G. Observations on disinfectant
performance. J. Hosp. Infect. 2020, 105 (2), 379−380.
(32) Hora, P. I.; Pati, S. G.; McNamara, P. J.; Arnold, W. A.
Increased Use of Quaternary Ammonium Compounds during the
SARS-CoV-2 Pandemic and Beyond: Consideration of Environmental
Implications. Environ. Sci. Technol. Lett. 2020, 7 (9), 622−63.
(33) Zheng, G.; Filippelli, G. M.; Salamova, A. Increased Indoor
Exposure to Commonly Used Disinfectants during the COVID-19
Pandemic. Environ. Sci. Technol. Lett. 2020, 7, 760.
(34) Caruso, A. A.; Del Prete, A.; Lazzarino, A. I.; Capaldi, R.;
Grumetto, L. Might hydrogen peroxide reduce the hospitalization rate
and complications of SARS-CoV-2 infection? Infect. Control Hosp.
Epidemiol. 2020, 41, 1360−1361.
(35) Omidbakhsh, N.; Sattar, S. A. Broad-spectrum microbicidal
activity, toxicologic assessment, and materials compatibility of a new
generation of accelerated hydrogen peroxide-based environmental
surface disinfectant. Am. J. Infect. Control 2006, 34 (5), 251−7.
(36) Kampf, G. Potential role of inanimate surfaces for the spread of
coronaviruses and their inactivation with disinfectant agents. Infect.
Prevent. Pract. 2020, 2 (2), 100044.
(37) Greenspan, F. P.; MacKeller, D. G. Analysis of aliphatic
peracids. Anal. Chem. 1948, 20 (11), 1061−1063.
(38) Baer, A.; Kehn-Hall, K. Viral Concentration Determination
Through Plaque Assays: Using Traditional and Novel Overlay
Systems. J. Visualized Exp. 2014, Nov4 (93), e52065.
(39) World Health Organization. Interim Guidance. Cleaning and
disinfection of environmental surfaces in the context of COVID-19. Ref.
no. WHO/2019-nCoV/Disinfection/2020.1.
(40) Kampf, G.; Todt, D.; Pfander, S.; Steinmann, E. Corrigendum
to “Persistence of coronaviruses on inanimate surfaces and their
inactivation with biocidal agents. J. Hosp. Infect. 2020, 105, 587.
(41) Ramirez, J. A.; Rochon, M. J. Hydrogen peroxide disinfectant
with increased activity. US Patent 6,803,057 B2, 2004.
(42) Bidra, A. S.; Pelletier, J. S.; Westover, J. B.; Frank, S.; Brown, S.
M.; Tessema, B. Comparison of In Vitro Inactivation of SARS CoV-2
with Hydrogen Peroxide and Povidone-Iodine Oral Antiseptic Rinses.
J. Prosthodontics 2020, 29 (7), 599−603.
(43) Goyal, S. M.; Chander, Y.; Yezli, S.; Otter, J. Evaluating the
virucidal efficacy of hydrogen peroxide vapour. J. Hosp. Infect. 2014,
86 (4), 255−259.
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