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Abstract

Mist is generated by ultrasonic cavitation of water (Fisher Biograde, pH 5.5–6.5) at room
temperature (20–25 °C) in open air with nearly constant temperature (22–25 °C) but varying
relative humidity (RH; 24–52%) over the course of manymonths. Water droplets in the mist are
initially about 7 μm in diameter at about 50% RH. They are collected, and the concentration of
hydrogen peroxide (H2O2) is measured using commercial peroxide test strips and by bromothy-
mol blue oxidation. The quantification method is based on the Fenton chemistry of dye
degradation to determine the oxidation capacity of water samples that have been treated by
ultrasonication. It is found that the hydrogen peroxide concentration varies nearly linearly with
RH over the range studied, reaching a low of 2 parts per million (ppm) at 24% RH and a high of
6 ppm at 52% RH. Some possible public health implications concerning the transmission of
respiratory viral infections are suggested for this threefold change in H2O2 concentration
with RH.

Introduction

Interest in understanding the role of relative humidity (RH) in modulating the transmission and
seasonality of infectious diseases has resulted in an increase in recent published studies (Han
et al., 2020; Lin and Marr, 2020; Moriyama et al., 2020; Ma et al., 2021). It has been known for
decades that respiratory droplets in ambient air evaporate until they reach equilibrium. Because
respiratory droplets are saturated (Walker and Wells, 1961) while ambient air typically is not, a
vapour pressure gradient is produced between the droplet surface and the ambient air that is the
driving force for evaporation, which has been shown to be influenced by RH (Marr et al., 2019).
The equilibrium size of a droplet, which is attained within a few seconds (Nicas and Jones, 2009;
Shaman and Kohn, 2009; Halloran et al., 2012) is dependent on RH (Marr et al., 2019), and the
size of the droplet determines its gravitational settling speed (Xie et al., 2007; Božič and Kanduč,
2021). The changes in chemistry within these smaller droplet sizes have been proposed as a cause
of influenza virus degradation. The stability of viruses may depend on chemical events such as
osmotic bursting or changes in pH that may alter a protein’s geometry (Marr et al., 2019). Virus
inactivation at the air–water interface of an aerosolized droplet has also been proposed although
the mechanism is poorly understood (Božič and Kanduč, 2021).

Our own studies of water microdroplets offer insight into the chemistry that plays a role in the
inactivation of pathogenic species. The chemical microenvironment of a water microdroplet
involves the formation of reactive oxygen species (ROS), which includes the hydroxyl radical
(•OH) and hydrogen peroxide (H2O2) because of the high electric field present at the air–water
interface of a microdroplet (Lee et al., 2019). Aqueous microdroplets of nominal 10-μm size have
been shown to act as a bactericide in the inactivation of Escherichia coli and Salmonella
typhimurium where the presence of ROS in microdroplets and the surface charge of micro-
droplets play roles in the destruction of these bacterial cells (Dulay et al., 2020). In this study, the
results show that the concentration of H2O2 in a water microdroplet has a linear relationship
within a given range of RH that aligns with the seasonality of infectious diseases. It is suggested
that understanding the role of RH in the formation of ROS will aid in designing methods to
reduce or prevent the transmission of airborne infectious diseases.

Materials and methods

Chemicals and materials

Biograde water (Corning) was purchased from Fisher Scientific (Waltham, MA) and used
without further purification. MQuant peroxide test strips for the colorimetric detection of
H2O2 in the range of 0.5–25 ppm were purchased from Sigma-Aldrich (Milwaukee, WI) and
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stored at 4 °C. Bromothymol blue (BTB) and iron (II) sulphate
(ferrous sulphate, FeSO4) were purchased from Sigma-Aldrich
(Milwaukee, WI) and used as received.

A FITNATE ultrasonic mist maker was purchased from Ama-
zon (Seattle, WA). This mist maker contained a 16 mm � 1.2 mm
ceramic piezoelectric disc with a resonant frequency of 1.70 MHz
and a resonant impedance of less than 1 Ω. The maximum spray
volume was approximately 110 ml h�1. Becton–Dickinson 96-well
microplates, Becton–Dickinson plastic petri dishes, and 1.5-ml
Eppendorf tubes were purchased from Fisher Scientific
(Waltham, MA). RH and temperature were recorded using a
HOBO UX100–011 data logger (Onset Computer Corporation,
Bourne, MA).

Instruments
An Azure Biosystems (Dublin, CA) absorbance microplate reader
(450 nm) was used to monitor the Fenton reaction/BTB chemical
assay. A HELOS 2750 Particle Size Analyzer (Sympatec GmbH,
Clausthal-Zellerfeld, Germany) was used to measure the size of the
water droplets produced from the mist maker.

Mist generation and collection

The mist maker was positioned at 45° from the bottom of a 500-ml
beaker filled with a total volume of 250–300 ml of Biograde water.
The angle was chosen so that the waterspout from the mist maker
hits the beaker wall at a height approximately 1.6 cm from the
surface of the water to minimise water loss from the beaker during
the mist generation and collection. The total volume of Biograde
water in the beaker containing the mist maker was brought to
250 ml. Operation of the mist maker was done under ambient
environmental conditions. Mist was collected within the first 5–
10min of operation as it condensed into a plastic petri dish that was
placed next to the beaker. No additional water was added to the
beaker during the mist collection as the volume of water loss was
minimal. The condensedmist was placed into Eppendorf tubes and
immediately analysed using a chemical assay. The temperature of
the water in the beaker did not exceed 27°C as measured with a
thermometer. The laboratory RH was measured using the RH
sensor described above which was located near the experimental
setup. Measurements were recorded over many months so that the
variation with RH of the room could be determined. The local RH
surrounding the droplets in the mist is expected to be higher from
the droplets’ evaporation and has not beenmeasured. Nevertheless,
it is expected to scale with the RH in the room.

H2O2 quantification

Test strip method
This semi-quantitative method involved the use of commercial
MQuant H2O2 test strips. A test strip was placed for approximately
10 s into at least 50 μl of mist sample. Any colour change to blue was
indicative of the presence of H2O2 and the shade of blue was
compared to a colour chart on the test strip bottle. This test strip
approach provided a rapid, but semi-quantitative measure of H2O2

concentration and was used primarily to confirm the presence of
H2O2.

BTB chemical assay
This quantitative chemical assay is based on the Fenton reaction,
with BTB as the OH radical scavenger. Stock solutions of 1.0 mM
BTB and 5.0 mM ferrous sulphate (FeSO4), were prepared in

Biograde water. For each sample analysis, 5 μl of BTB stock solution
and 10 μl FeSO4 stock solution were added to 200 μl of mist sample
to be analysed. An additional 35 μl of Biograde water was added to
the mixture to bring the total volume to 250 μl. A control solution
was prepared by mixing 5 μl BTB stock solution and 245 μl Bio-
grade water for a final total volume of 250 μl. The blank was 250 μl
of Biograde water. The changes in absorbance were converted to
concentration, using Beer’s law where the molar absorptivity (ε) of
BTB is 13,000M�1 cm�1 at 450 nm. The second-order reaction rate
was obtained by plotting 1/[BTB] as a function of time (s). The
resulting slope was converted to apparent hydrogen peroxide con-
centration, [H2O2]app, from a calibration curve prepared using
H2O2 concentrations ranging from 0 to 50 mg l�1. A calibration
curve was prepared at the beginning of the experiments done on
each day.

A volume of 250 μl of each calibration or test sample was added
to a well in a 96-well plate. Absorbance measurements of each
sample in each well were taken every 45 s at 450 nm for a total scan
time of 25 min. To verify that oxidised BTB from a change in
solution pH was not present during the reaction, the absorbance at
650 nm was monitored.

Mist droplet size measurement

To achieve a steady stream ofmist flow to the focal point of the laser
of the HELOS 2750 Particle Size Analyzer, the droplets in the mist
were pulled into a tube attached to house vacuum. The tube was
prepared by connecting 50-ml plastic Falcon tubes (30-mm i.d.)
with two 25 mm � 75 mm glass slides positioned at the top and
bottom of tubes arranged in series as shown in Scheme 1. The focal
point of the laser was approximately 255 mm from the opening of
the tube through which the mist entered. Two or four minutes after
turning on the mist maker, size measurements were recorded for
1 s. The reference was taken at ambient conditions with the room
light off in the absence of mist (mist maker off). The measurements
were done in triplicate.

Results and discussion

The history of this experimental study might help to put our results
and their limitations in better perspective. Once we understood that
tiny water droplets could be used as a biocide (Dulay et al., 2020) we
turned our attention to exploring what factors might lead to the
production of higher concentrations of H2O2. We examined vari-
ous grades of water, the water temperature, and the possible addi-
tion of different solutes, such as salt and carbon dioxide, that might
affect the H2O2 concentration. This study went on for many
months, during which time we noticed that the results obtained
were variable. This variability was traced to the percentage RH in
the surrounding air caused by seasonal changes in the laboratory air
environment. The present results are incomplete and should be
regarded as only a start of the question of how %RH affects the
H2O2 concentration in water droplets found in a mist. Certainly, a
better study in the future would be to control the%RH and to vary it
under our control. In this way we might cover a wider range of %
RH, which would be desirable. Nevertheless, the results were to us
so striking that we want to share them in their present form.

The size of water droplets in the ultrasonically generated mist
was characterised by light scattering, as described above. The size
distribution data were fitted to a normal log function whose peak is
defined as the droplet diameter. Fig. 1 shows that the droplet
diameter in the mist is 6.71 μm (n = 3, RSD = 0) with an average
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distribution density of 1.83 (n = 3, RSD = 0.70%). Droplet diam-
eters ranged in size from 1 to 19.4 μm with a droplet distribution
density of 0.081 and 0.044, respectively. Based on previous studies
on the production of hydrogen peroxide in droplets formed by
spraying water (Lee et al., 2019) and condensing water vapour (Lee
et al., 2020), these droplet sizes are expected to produce readily
detectable concentrations of H2O2.

The concentration of H2O2 present in the mist generated was
determined using Fenton chemistry with BTB as the dye indicator.
Fenton chemistry is rather complex and has been summarised
elsewhere (Babuponnusami and Muthukumar, 2014). A pseudo-
second-order dependence on the disappearance of the BTB concen-
tration is observed at long time (Fig. 2a). Its pseudo-second-order
rate constant is observed to have a linear dependence on the initial

H2O2 concentration (Fig. 2b). While Fig. 2 only shows 0.1–8 ppm,
this linear dependence was verified for the range of 0.1–150 ppm
(R2 = 0.997). A calibration curve for determining the H2O2 initial
concentration was constructed from the pseudo-second-order rate
constant in BTB. Hydrogen peroxide test strips were used to confirm
the presence of H2O2 in the mist samples.

From the assay, the concentration of H2O2 present in mist was
measured at different values of the RH percentage (%RH) in the
laboratory. Fig. 3 shows the relationship between [H2O2] and%RH.
As the%RH increases between the range of 24 and 52%, at 25°C, the
concentration of H2O2 increases linearly. These results might be
compared to what has been reported for the H2O2 concentration in
droplets formed from condensed water vapour on a cold substrate
(Lee et al., 2020). It was found that at 0.5 min, the average

Scheme 1. Setup for droplet size measurements. The photo shows the laser light scattering off the droplets in the mist as they travelled through the tube while being suctioned
under vacuum.

Fig. 1. Plot of droplet distribution density as a function of droplet diameter in mist generated by a mist maker immersed in approximately 300 ml Biograde water. Each plot
represents 1 s of data acquisition: trial 1 (blue circles) withmist maker on for 2min prior tomeasurement; trial 2 (orange circles) withmist maker on for 4min prior tomeasurement;
and trial 3 (grey circles) with mist maker on for 2 min prior to measurement. Trials 1 and 3 were acquired under identical conditions to test reproducibility.
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microdroplet diameter was 4.0� 2.7 μm, and the H2O2 production
yield was less than 1.0 ppm. Under continuous cooling, the micro-
droplet diameter increased to an average value of 7.7� 5.7 μm after
2 min. The H2O2 production yield reached a maximum value of
�3.9 ppm at 2 min. After 5 min, microdroplets continued to grow
with an average diameter of 12.5 μm. At this time point, droplets
with diameters of�100 μm or larger were formed and the concen-
tration of H2O2 dropped below the level of detection, being so
diluted by the added amount of condensed water. Unfortunately,
the %RH was not recorded in this earlier study, so it is difficult to
make the comparison quantitative. It is possible that the higher
hydrogen peroxide concentration reported in this study arises in
part from ultrasonic cavitation used in our mist maker, which is
known to produce radicals (Riesz et al., 1985) although as will be

explained in what follows, this cannot explain the variation of H2O2

concentration with %RH.
The mechanism for H2O2 generation in aqueous microdroplets

surrounded by a hydrophobic medium is presently not completely
understood. We know that H2O2 formation occurs rapidly in less
than a millisecond as demonstrated by chemical trapping of H2O2

reaction products in a spray in air entering a mass spectrometer
(Gao et al., 2019).Microdroplets are known to have a strong electric
field at the interface and an internal electric double layer (EDL)
(Chamberlayne and Zare, 2020; Xiong et al., 2020). A leading
theory for H2O2 production is that it arises from the recombination
of hydroxyl radicals at the air–water interface, which is promoted
by this special environment (Lee et al., 2019). The hydroxyl radicals
are thought to originate fromhydroxide anions that lose an electron

Fig. 2. (a) Plot of time versus 1/[BTB] for 0–8 ppm H2O2. (b) Calibration curve created by plotting the rate constant k. as a function of [H2O2].
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promoted by the strong electric field from the EDL (Lee et al., 2019).
There appears to be a steady-state amount of H2O2 formed which
depends on the radius of the droplet. Again, the mechanism behind
this has not been established. The nearly linear variation of the
H2O2 concentration with %RH, evident in Fig. 3, might offer a clue
to advancing our understanding of this phenomenon.

All droplets formed from the mist maker are believed to start
with the sameH2O2 concentration but then undergo evaporation at
different rates depending on the RH. The rate of evaporation
depends on many factors and has been reviewed elsewhere (Božič
andKanduč, 2021). H2O2 becomes increasingly concentrated in the
remaining water droplet (Hultman et al., 2007). If evaporation were
the onlymechanism, then it would be expected that theH2O2would
accumulate in the evaporating droplets, such that the H2O2 con-
centration would increase as the RH is lowered for which evapo-
ration proceeds more rapidly. But this would lead to exactly the
opposite trend to what is observed in Fig. 3. This indicates that
whatevermechanism is responsible for theH2O2 formation also has
a loss mechanism that establishes a radius-dependent steady-state
condition for the H2O2 amount. This loss mechanism might be a
combination of decomposition of H2O2 and evaporation of the
entire droplet. Further support for this loss mechanism comes from
our observation that when the temperature of the Biograde water
was raised, the production of H2O2 in the collected droplets
decreased.

In understanding our observations, it is important to realise that
these experiments are not done with an isolated droplet but rather
in a mist of droplets. If one creates mist, many of the nanosized
droplets constituting mist will aggregate into micron-sized water
droplets (and then condense for our measurements). On the other
hand, if one injects microdroplets into vacuum many droplets will
evaporate to nanodroplets. Evaporation rates and evaporation rate
constants (related to surface tension) depend on the droplet sizes.
But so do the aggregation rates which also depend on the amounts
of droplets. Mist and droplets exist in a dynamic equilibrium, where
somemist is turning into droplets and some droplets disintegrating
into mist. The %RH in the mist is expected to be much higher than
the %RH in the surrounding air. However, the formation and

steady-state behaviour of the mist depend on the rate of evapora-
tion, and therefore the %RH of the surrounding air affects the
resulting H2O2 concentration.

We know that at the extremes of small water clusters and very
large water droplets, there is no detectable presence of H2O2. This
reasoning suggests that we are observing a ‘Goldilocks effect’ in
which droplets that are too large or too small have diminishedH2O2

concentration compared to intermediate sizes. Let us consider how
the optimal balance between these two extremes might occur. The
falloff in H2O2 concentration as the size of the water droplet
increases is relatively easy to explain. The reduction in surface area
compared to volume washes out any surface area dependent effects.
The falloff in H2O2 concentration as the size of the water droplet
decreases is less intuitive. We suggest it is coming from interplay
with the EDL inside the microdroplet. As the droplet size shrinks
beyond some limit, the hydrogen peroxide generating mechanism
is turned off and the loss mechanism becomes dominant. There
exists a transition from nanoscale droplets, wherein the EDL of the
nanodroplet from opposite sides of the droplet fully overlap, to
larger droplets wherein the EDL is at the surface with a separate
interior bulk solution to the microdroplet. This may help explain
the Goldilocks effect observed. While we do not fully understand
the mechanism, it possibly involves the interfacial solvation energy
of the surface. The use of such energy in a mechanism could easily
necessitate the existence of a bulk region in contact with a surface
region and thus be prevented from existing in nanoscale droplets.

Fig. 3 also shows a remarkable increase by about a factor of three
in the H2O2 concentration as %RH increases from 24 to 52%.
Previous work (Dulay et al., 2020) have clearly demonstrated that
the ROS in sprayed water droplets (whichwe call aquaROS) are able
to punch holes in the membranes of some bacteria causing them to
be no longer viable. Preliminary results we have obtained on
tobacco mosaic virus also show the killing power of aquaROS.
Thus, we hypothesise that the water droplets at the high end of
the percentage RH that we studied would also be a more potent
bactericide and virucide. This conjecture is consistent with the
observations presented elsewhere that viruses are effectively killed
in small water droplets when the RH is in the range of 40–60% but

Fig. 3. A plot of H2O2 concentration as a function of %RH in the laboratory during the generation of mist using Biograde water. Each point represents a single measurement.
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survive much better when the RH is less than 40% or greater than
60% (Birks and Rowlen, 2020; Lin and Marr, 2020; Božič and
Kanduč, 2021). Although not without some controversy
(Greenhalgh et al., 2021; Heneghan et al., 2021; Niazi et al.,
2021), it does seem well established that viral respiratory diseases
are primarily transmitted by airborne droplets. A number of public
health consequences have been suggested (Davidse and Vukovic,
2020; Courtney and Bax, 2021). The results of the present study
might provide a chemical basis for why maintaining %RH between
40 and 60% promotes human health.
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