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Active chlorine compounds are powerful microbicidal agents traditionally used for surface
disinfection. Following the COVID-19 pandemic, the potential use of these compounds
for air treatment to mitigate the spread of infectious diseases has been actively studied.
A promising approach involves developing disinfection systems capable of maintaining a
sufficient concentration of the most effective gaseous antimicrobial component of active
chlorine —hypochlorous acid (HOCI) — in indoor air. This study investigates the influence
of various factors on the emission of HOCI into the air during its bubbling through
sodium hypochlorite (NaOCl) solutions. A colorimetric method for determining the
total chlorine content in the air has been refined. The effects of key parameters of NaOCl
working solutions on the HOCI concentration in the air have been examined. It has been
demonstrated that, at a constant pH of the working solution, the total chlorine content in
the air is strictly proportional to the HOCI concentration in the solution, which, in turn,
can be determined using established molar distribution diagrams of active chlorine species.
When electrochemically generated NaOCIl working solutions (containing approximately
1100 mg/L of active chlorine) are used without additional composition adjustments, the
HOCI concentration in the air can be maintained within the range of 6.0—11.6 mg/m?.
The findings of this study can be applied in the development of fumigation-based air
disinfection systems and in the assessment of air contamination risks associated with
chlorine-containing compounds.
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Introduction

More frequent outbreaks of infectious diseases,
especially those transmitted by aecrogenic mechanism,
pose an increasing threat to the modern world [1].
The COVID-19 pandemic has clearly demonstrated
that the most effective way to combat such phenomena
is through preventive measures, which include the
wearing of personal protective equipment and mass
sanitary and hygiene measures [2]. The latter mainly
consist in the use of effective disinfection and antiseptic
systems.

It is obvious that pathogen-contaminated air

makes a huge contribution to the spread of infections.
Pathogenic microorganisms can sediment from it onto
various surfaces, retaining virulence and causing further
transmission through the contact mechanism, and
most importantly, they can get directly from the disease
carrier to a healthy person through the respiratory
tract and mucous membranes [3]. Interruption of this
transmission mechanism is the most difficult in terms
of technology. Currently existing air purification
technologies (ventilation, filtration, irradiation of
various types, local «air washing» units, etc.) solve
this problem only partially. Most importantly, none
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of them can quickly kill the pathogens released by an
infected person and prevent the transmission of the
disease from person to person upon close contact.
Except for the constant use of personal protective
equipment, this seems possible only when the entire
volume of the premise is filled with some kind of
microbiocidal agent that would interact with the
pathogen immediately when it enters the air and would
quickly neutralize it.

In this context, much attention is paid to active
chlorine compounds as promising agents for air
disinfection. The main position here is occupied by
sodium hypochlorite NaOCI and hypochlorous acid
HOCI. These reagents have a wide spectrum of
microbiocidal activity, mainly due to their oxidizing
and chlorinating properties [4]. It was repeatedly
reported that filling the air with HOCI aerosols is
effective against viruses of different types [5] and certain
bacteria [6] both suspended in the air and deposited
on surfaces. At the same time, despite the high reactivity
of these compounds, their toxicity, including
inhalational [7,8], in effective antimicrobial
concentrations turns out to be acceptably low, which
suggests the safety of air treatment by them directly
in the presence of people. However, most part of such
studies relate to the aerosol treatment of premises by
ultrasonic or mechanical dispersion of active chlorine
solutions indoors. This method has several obvious
disadvantages. Firstly, the administration of a large
amount of dilute solution into the air leads to a sharp
increase in humidity, reducing human comfort.
Secondly, the presence of residual amounts of
hypochlorite precursors, for example, sodium chloride
or hydroxide, in such an aerosol is corrosive and
poses a serious danger to electrical devices. And thirdly,
the possibility of presence of impurities of sodium
chlorate and free alkali in the chlorine-active solution
significantly increases the toxic effect. Therefore,
despite the high effectiveness of disinfection by this
method, its permanent use in the presence of people
is doubtful.

In connection with the above, the gas-phase
(fumigation) treatment of air with active chlorine is
of interest. Hypochlorous acid is volatile, and can be
selectively blown outward by a carrier gas from NaOCl
solutions, the remaining components of which (mainly
sodium chloride and sodium hypochlorite) are
nonvolatile. This can be achieved, for example, by
using NaOCl solutions in forced-air vaporizing systems
of different types [9]. However, in contrast to aerosol
spraying, where a solution of a known concentration
is dispersed in air in a known amount, the quantitative
control of the process in this case is more difficult.
Studies of the HOCI emission from NaOCI solutions

into the air are few and controversial [9,10]. This
work is devoted to the study of the influence of various
factors on the process of HOCI emission from NaOCl
solutions into the air during bubbling for further use
the obtained data in the design of systems for complex
disinfection of premises with active chlorine vapors.

Materials and methods

Description of the sodium hypochlorite base stock
solution used

The NaOCI solution synthesized via special
electrochemical technology was used in the study [8].
The base stock solution had total chlorine concentration
1090—1190 mg/L at pH 9.50—9.60, and contained
approximately 8.3 g/ NaCl. Hereinafter total chlorine
is considered as the sum of free (represented by HOCI
and/or OCIl™) and combined (i.e. mono- and
dichloramines) chlorine. The total chlorine
concentration in the base and working NaOCl
solutions was checked immediately before each
experiment by the standard method of iodometric
titration [8].

Description of the general experimental procedure

The schematic diagram of the installation for
determining the HOCI emission from NaOClI solutions
into the carrier gas was organized as shown in Fig. 1.
The specified volume of working NaOClI solution with
a predetermined total chlorine concentration and pH
was poured into a Drexel bottle (WS) with a ceramic
bubbler immersed to the bottom and providing a high
dispersion of the bubbles of gas passed through it.
The bottle was placed in a thermostatically controlled
ultrasonic bath UZM-002-1 (T). To the inlet pipe of
the bottle the heat exchanger (HE) made of a thin-
walled titanium tube was attached, which was also
immersed in a bath to ensure the same temperature
of the working solution and the carrier gas passed
through it. A droplet eliminator flask (DE) was
connected to the outlet pipe to destroy possible aerosol
and prevent the transfer of NaOCI droplets further
along the cascade, and then Drexel bottles
(AB1 — ABn) with ceramic bubblers filled with a
certain volume of the absorbing solution of taurine
(Hangzhou Keying Chem Co., Ltd., P. R. China)
were followed. The outlet hose of the last absorption
bottle was connected to an ASA-2M electric aspirator
(Asp), which allows precise control of the volumetric
flow rate of the gas passed through the setup and the
duration of the experiment.

In the main experiment, the carrier gas was
passed through the system at a given volumetric flow
rate. As a carrier, the outdoor air, carbon dioxide
content of which was controlled by the AZ 7530 CO,
detector (AZ Instrument Corp., Taiwan), or nitrogen
(chemically pure, from the cylinder) was used. Thus,
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Fig. 1. Schematic diagram of the installation for studying the HOCI emission from sodium hypochlorite solutions into the carrier

gas: 1 — incoming carrier gas; HE — heat exchanger; WS — Drexel bottle with NaOCI working solution;

T — thermostatic ultrasonic bath; 2 — carrier gas enriched with HOCI; DE — drop eliminator bottle;

AB1-ABn — absorption Drexel bottles; Asp — electric aspirator

the carrier gas bubbled through the NaOCI working
solution was saturated with total chlorine and carried
away its volatile component, HOCI, into the absorption
bottles, in which N-chlorotaurine (NCT), a fairly
stable N-chloramine convenient for further analysis,
was instantly formed [11]. After bubbling a certain
volume of gas, the absorption bottles were disconnected
and the total chlorine concentration in the last one
was determined. If it was absent, the contents of the
remaining absorption bottles were combined, and the
volume, the pH of the resulting solution and the total
chlorine concentration in it were measured. If total
chlorine was present in the last absorption bottle,
then the experiment was repeated by adding Drexel
bottles with taurine solution until chlorine was not
detected in the last of them. This ensured the complete
absorption of all HOCI released into the gas. If it was
necessary to continue the experiment with the same
NaOCI solution, the absorption bottles were rinsed
with water, the same amount of taurine solution was
poured into them, and all actions were repeated. Each
experiment was performed in triplicate; the graphs
and tables below show the obtained average values.
The total chlorine concentration in the combined
absorption solution was determined colorimetrically
using an eXact Micro 20 photometer and corresponding
reagent strips eXact Strip Micro High Range Chlorine
or eXact Strip Micro Total Chlorine DPD-4 reagent
strips (Industrial Test Systems, Inc., USA) (standard
DPD-test [12]). The mass of total chlorine (represented
by HOCI) absorbed by the absorption solution was
calculated by the following equation:
C,.—C -V
m,. = ( AS blank) AS

1000

(D)

where m, is the weight of total chlorine captured
(mg); C,s is the colorimetrically determined total
chlorine concentration in the absorption solution
(mg/L); C, .. is the results of photometry of a «blank
sample» (initial absorption solution of taurine), that
is, the imaginary total chlorine concentration in it
(mg/L); and V,q is the absorption solution volume
(mL).

The average amount of total chlorine w,c,
released into gas from the NaOCI solution per unit
time was determined graphically as the value of the
slope of the kinetic curve plotted in the coordinates
m,c vs. t. The average concentration of total chlorine
in the bubbled carrier gas was calculated by the following
equation:

w
— AC
CAC - 4

Q

where C, is the average total chlorine concentration
emitted in the carrier gas (mg/m?®); w,c is the
graphically determined value of the average weight of
emitted total chlorine per unit time (mg/min); and
Q is the carrier gas flow rate (m3/min).

The acidity of the solutions was measured using
an ADWA AD1030 pH meter. The UV spectra of the
solutions were recorded on the ULAB 108UV
spectrophotometer.

Description of the experiment to verify the
correctness of the method for determining the active
chlorine amount released into the air

To verify the method used, namely to study the
effect of the technological parameters of the installation
on the concentration of total chlorine released into
the air, the following experiments were previously
carried out:

(2)
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a) to verify the correctness of colorimetry data
when using taurine as an absorbent of HOCI, NCT
solutions with total chlorine concentration of
1—6 mg/L were prepared by adding the calculated
amount of a titrated solution of the initial NaOCI to
a0.5g/L, 1.0 g/L and 10.0 g/L solutions. All solutions
were analyzed colorimetrically as described above, and
the obtained concentrations were compared with the
calculated ones;

b) to test the stability of NCT formed during
the experiment, air or nitrogen was bubbled for 50
minutes at a rate of 10 L/min through NCT solution
of known concentration. Every 10 minutes the total
chlorine concentration in this solution was being
determined and compared with the initial one;

¢) to test the effect of the taurine concentration
in the absorption solution on the results of colorimetry,
100 L of nitrogen were bubbled with the same flow
rate through the base stock NaOCI solution into
absorption bottles filled with the 0.5 g/L, 1.0 g/L,
and 2.0 g/L taurine solution. The amount of total
chlorine in absorption solutions was determined and
compared;

d) to determine the effect of the shape and
volume of a Drexel bottle with NaOCI working solution
on the process of active chlorine emission, cylindrical
and round bottom flasks with a volume of 250 mL
were used; the diameter of the solution surface was
5.5 cm for a cylindrical flask and 8.5 cm for a round
flask; the immersion depth of the bubbler was 4.5 cm
and 2.3 cm, respectively. The volume of base stock
NaOCI solution in both cases was 100 mL. Nitrogen
was bubbled through the system for 10 min at a rate
of 10 L/min, the amount of total chlorine in it was
determined, and the results were compared;

e) to determine the effect of the working solution
column height, 70, 100 and 120 mL of base stock
NaOCl solution were poured into a 250 mL cylindrical
Drexel bottle. The height of the solution column
above the bubbler was 3.0 cm, 4.5 cm, and 5.5 cm,
respectively. Nitrogen was bubbled through the system
for 10 min at a rate of 10 L/min, the amount of total
chlorine in it was determined, and the results were
compared;

f) to determine the effect of the volumetric flow
rate of the carrier gas bubbling through the system:
100 liters of nitrogen were bubbled through 100 mL
of base stock NaOCI solution at a rate of 2 L/min,
5 L/min and 10 1/min. The amount of absorbed
active chlorine was determined in each case, and the
results were compared.

Results and discussion

The process of total chlorine emission from
NaOCI solutions into the air, of course, mainly

depends on the concentration of volatile components,
HOCI and ClL, in it, as well as on their solubility
under specific conditions. It is known that such
solutions are pH-dependent equilibrium systems in
which reversible interconversions can occur between
the three main components of active chlorine: C10™,
HOCI and Cl,. The ratios between these components
depending on the pH of the solution are known [13],
and the corresponding diagram of their equilibrium
in the studied solutions is shown in Fig. 2.

HCIO

Cl, clo

1.0
0.8 —-
0.6+
0.4+
0.2+

0.0+

0 2 4 8 8 10 12
pH

Fig. 2. Diagram of distribution of the molar fractions of
chlorine, hypochlorous acid, and hypochlorite ions in
the studied NaOCI solutions against the background
of 8.0 g/L NaCl

As seen, the dependence is very pronounced,
and HOCI prevails in the pH range of 2.5—7.5.
However, the stability of the solution at such pH is
much lower than in alkaline media. At the same
time, naturally, during fumigation disinfection, it is
unacceptable to bring the working solution to the pH
of the formation of the toxic and irritant Cl,. In
addition to varying the pH, the amount of HOCI in
saturated vapor can be increased by increasing the
overall concentration of the working solution. Another
factor affecting the emission of total chlorine, as for
any gases, is temperature: in the absence of chemical
interaction with the solvent, the solubility of the gas
decreases with increasing temperature. Finally,
according to Sechenov’s law, the solubility of gases in
liquids decreases with an increase in the concentration
of the dissolved electrolyte (the effect of «salting out»
the gas). In this regard, taking into account the variety
of produced NaOCI solutions, which differ greatly in
salt content, it was advisable to check the effect of the
concentration of the most characteristic electrolyte —
sodium chloride — on the HOCI emission into the
air.
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Confirmation of the correctness of the total
chlorine detection method

It is obvious that the correctness of the method
used to determine the total chlorine concentration in
the air essentially depends on the properties of the
absorbing solution. The use of water for this was
impossible due to the low stability of HOCI in neutral
and slightly acidic media, and also because of its
volatility; for the same reason, standard near-neutral
buffer solutions are not suitable for this role. The
frequently used method of absorbing total chlorine
with potassium iodide solution in the presence of
starch, followed by photometry, was also not suitable
due to the low predicted HOCI concentrations and
the volatility of the resulting iodine. The technique
developed and applied by us with the use of a taurine
solution as an absorbent has a number of advantages.
Such solutions, as any amino acid, have a certain
buffering capacity and, at the concentrations used,
have a pH that falls within the operating range of the
photometer. When interacting with HOCl in a solution
with an excess of taurine, NCT is instantly formed,
which is quite stable and non-volatile. However, this
approach has not yet been described and needs to be
thoroughly tested in practice.

Colorimetry of blank samples of taurine solutions
in the indicated concentrations showed a result of
0.03—0.04 mg/L and 2—3 mg/L of total chlorine for
eXact Strip Micro Total Chlorine DPD-4 reagent
strips and eXact Strip Micro High Range Chlorine
strips, respectively. Photometry of distilled water
showed similar results. Thus, this is probably due to a
change in the optical density of the solution when
the analytical reagent is washed off the strip, and is
not significant.

The results of the colorimetry of NCT solutions
with known total chlorine concentration and different
taurine content showed that the deviation of the
calculated value from the experimental value does not
exceed 3.2%, with a tendency to increase the
discrepancy between the results with an increase in
the taurine concentration. Almost instantaneous
formation of NCT during the reaction of taurine with
sodium hypochlorite was proved by UV spectra
recorded immediately after mixing the solutions. The
spectrum shows an intense peak at 251 nm, which is
characteristic of N-chlorotaurine [11].

The stability of NCT solution with a
concentration of taurine 1.0 g/L and total chlorine
0.85 mg/L at initial pH of 6.40 during bubbling air
and nitrogen through it turned out to be high: the
total chlorine concentration not only did not decrease
for 50 minutes, but even showed a tendency to a
slight increase, reaching 0.89 mg/L in the end of the

experiment, which is apparently due to water
entrainment. The NCT solutions with a higher total
chlorine concentration — up to 25 mg/L — were also
stable under the described conditions. However, NCT
is known to be prone to decomposition in acid media,
so we also studied the properties of its solutions at
various pH. It has been established that under the
experimental conditions, the rate of decomposition
becomes noticeable at pH below 4.00. Therefore, during
the main experiment, we constantly monitored the
pH level of the absorbing solution so as not to allow
it to fall below 4.50 in any of the absorbing bottles,
which necessitated regular replacement of the absorbing
solution.

Obviously, to ensure complete and rapid HOCl
absorbtion from the gas phase by the taurine solution,
it was necessary to create an excess of the latter in the
absorption bottles. When passing 100 L of nitrogen at
a rate of 10 L/min through 100 mL of a hypochlorite
solution (1190 mg/L of active chlorine at pH 9.50)
in 150 mL of an absorption solution with different
taurine concentrations (0.5 g/L, 1.0 g/L, and
2.0 g/L) the photometrically determined concentration
of total chlorine in the combined absorption solutions
was the same in all cases and amounted to about
0.49+0.05 mg/L, which corresponds to about
0.073 mg in absolute terms.

When changing the shape of the Drexel bottle
with the NaOCI working solution, no significant
changes in the amount of active chlorine released
into the gas were noted: the average amount of absorbed
active chlorine under the conditions specified in
the Materials and methods was the same for the
cylindrical and round Drexel flasks and averaged
0.073%£0.006 mg.

When conducting the main experiment, it was
necessary to take into account the inevitable decrease
in the volume of the working NaOClI solution due to
the entrainment of water. This affects, on the one
hand, the height of the column of the chlorine-active
solution and, accordingly, the completeness of
saturation of the carrier gas bubble with HOCI, which
rises from the bubbler to the surface. On the other
hand, it increases the concentration of the working
solution, which should also affect the emission process.
We found that at a carrier gas flow rate of 100 L/min,
the decrease in the volume of the working solution is,
on average, 0.1 mL/min. When nitrogen was bubbling
through the Drexel bottle with different volumes of
NaOCl solution, no noticeable difference was noted
in the amount of HOCI released, which, as in the
previous experiment, was about 0.075 mg, which
indicates that under all the conditions studied, the gas
bubble (and, accordingly, vapor over the solution) is
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equally saturated with HOCI in all cases. As for the
increase in the total chlorine concentration in the
working NaOClI solution due to the entrainment of
water, this process is compensated, firstly, by the
entrainment of HOCI, and secondly, by the partial
decomposition of total chlorine during gas bubbling.
Due to this, for example, the concentration of the
NaOCl stock solution (1150 mg/L of active chlorine,
pH 9.55) after 30 min of air bubbling at a rate of
10 L/min practically did not change and amounted
to 1144 mg/L (a decrease by 0.52%), which, as will
be shown below, does not have a critical effect on the
emission of active chlorine.

The flow rate of the carrier gas affects the solution
zone gas filling, the size of the gas bubble and the
speed of its passage through the working solution.
When the same volume of nitrogen (100 L) was
bubbled through the stock solution of NaOCI
(1140 mg/L of active chlorine, pH 9.52) with different
flow rates, the amount of active chlorine captured by
the absorber did not change and amounted to about
0.073 mg.

Thus, the complex of the described data allows
asserting that the method developed by us for
measuring the amount of total chlorine released from
NaOCl solutions, based on the absorption of HOCI
from the air with a taurine solution, is accurate,
reproducible, and can be used in various options for
organizing the main experiment. Based on them, the
optimal parameters were selected: a working NaOCl
solution in an amount of 100 mL was poured into a
cylindrical 200 mL Drexel bottle; to absorb HOCI, a
1.0 g/L taurine solution was used, poured into
3-5 successively connected 100 mL Drexel bottles,
the total volume of the absorbing solution was 150—
250 mL. Carrier gas was bubbled through the system
at a flow rate of 10 L/min.

Influence of the pH of NaOCI solution on the
HOC! emission process

It follows from the diagram (Fig. 2) that the
key factor affecting the content of the target HOCI in
NaOCl solution is its acidity. Accordingly, by adjusting
this parameter, it is possible to vary the amount of
HOCI released into the air over a wide range. We
studied the processes of HOCI emission from NaOCl
solutions with pH 5.50, 7.50, 9.50, and 11.50, by
adjusting the initial pH of the base solution by adding
a minimal amount of HCl or NaOH. Obviously,
during the gas bubbling through NaOCI solutions,
the pH level of the latter can change: the emission of
HOCI should contribute to its increase, while the
CO, absorption will decrease it. However, it should
be taken into account that HOCI (a weak acid with
pK, 7.45—7.60) and NaOCI form a classical buffer

system. Accordingly, hypochlorite solutions with a
pH in the range of about 6.5—8.5, in which both
components are present in the equilibrium mixture
in significant concentrations, should have some
buffering capacity. In addition, when air is bubbling,
the bicarbonate buffer, the presence of which is due
to the CO, absorption, will also contribute to the
stability of the pH of the NaOClI solution. To separate
the influence of CO, on HOCI emission, as carrier
gases we used air with measured CO, content and
pure nitrogen in parallel.

The change in the pH level of 100 mL of the
working sodium hypochlorite solution (1162 mg/L
active chlorine) with different initial acidity during
bubbling of air (carbon dioxide content 550—600 ppm)
and nitrogen at a rate of 10 L/min at 15°C is shown
in Fig. 3.
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Fig. 3. Dynamics of changes in the pH of the NaOCI working
solution with different initial acidity during air and nitrogen
bubbling. Initial pH of the working solutions are 11.50 (curves
1 and 2), 9.50 (curves 3 and 4), 7.50 (curves 5 and 6), and
5.50 (curves 7 and 8)

As seen from Fig. 3, only the acidity of the
solution with an initial pH of 5.50 noticeably changes
when nitrogen is bubbling. It increases by one point
and reaches a value of approximately 6.50 already in
the first 20 minutes, and then the growth slows down.
This is due to the gradual HOCI emission, the content
of which at this pH value is 100% (Fig. 2). The
similar dependence is observed when air is bubbling
through this solution. When both nitrogen and air
are bubbled through a solution with an initial pH of
7.50, its acidity remains almost constant. In the case
of NaOCl solution with an initial pH of 11.50, when
nitrogen is bubbling, the acidity expectedly remains
constant, since there are no volatile components in
it; when air is bubbling, the pH decreases significantly
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over time due to the dissolution of carbon dioxide,
and reaches a value of 9.95 in 50 minutes. The most
significant data were obtained during bubbling gases
through the base stock NaOCl solution with pH 9.50,
because it is directly produced in the electrolyzers
developed earlier, which could theoretically be
integrated into the disinfection system. When nitrogen
is bubbling through it, the acidity remains almost
constant. However, when air is bubbling, it quickly
(during the first 10 min) falls to pH 8.40—8.42 and
then remains constant. This is explained, on the one
hand, by the formation of a buffer system in which
the HOCIL:NaOCI ratio is approximately 10:90
(Fig. 2), and on the other hand, the complete
neutralization of the free alkali present in the solution
and the impossibility of further CO, dissolution at
this pH [14]. The buffer capacity of this system with
respect to air was found to be high, despite the constant
decrease in the HOCI concentration. During
continuous bubbling of air, the pH remained at the
level about 8.40 after 130 minutes, and after 320
minutes it reached only 8.60, while there was a
significant — 22 mL — decrease in the solution volume.
Thus, at least in the pH range from 7.50 to 8.40,
hypochlorite solutions retain stable acidity for a long
time when air is passed through them.

The kinetic curves of the accumulation of total
chlorine absorbed by taurine solution in the same
experiment are shown in Fig. 4.

As seen from Fig. 4, provided that the pH of
the NaOCI solution is stable, HOCI is emitted from
it gradually and evenly, which is most fully confirmed
by the linearization of the kinetic data obtained by
bubbling nitrogen through working solutions with pH
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7.50, 9.50, and 11.50. In the case of a solution with
pH 5.50, a significant deviation from the straight line
is observed, associated with the previously described
rapid increase in pH during the experiment; at
the same time, the segment corresponding to the
initial period (the first 5 minutes), when the change
in pH is still insignificant, is also linear. Most
importantly, there is a clear correlation between the
amount of total chlorine released into the air and its
content in solution. Thus, the HOCI concentration
in a solution with pH 5.50 calculated according
to Fig. 2 is twice as high as in a solution with pH
7.50, and the same ratio was found for the slope
coefficients w, of the corresponding kinetic curves:
(0.5651/0.2796)=2.02 (for air). From the practical
point of view, the data obtained by passing air through
the base stock NaOClI solution with an initial pH of
9.50 are of interest. After saturation with CO, and
reaching stable pH of 8.42, a constant HOCI emission
of 0.0595 mg/min is achieved. Here, too, almost
complete correspondence is observed to the content
of the volatile component in such solution: the HOCI
concentration in it is about 11%, which is 4.55 times
less than at pH 7.50, when solution contains 50% of
HOCI (Fig. 2); the ratio of the slopes of the
corresponding kinetic curves is (0.2796,/0.0595)=4.70.
It was also found that HOCI, although in minimal
amounts, was emitted even from solutions with
pH 11.50. This is probably due to surface phenomena
in the foam formed during bubbling. When air is
passed through, a rapid drop in the pH of the solution
constituting the shell of the gas bubble is possible
because of the diffusion of CO, into it, due to which
the formation of a certain amount of HOCI realizes.

Muc: MG
+
ZE
g

time, min

B

Fig. 4. Kinetic curves of accumulation of total chlorine in the absorption solution during nitrogen and air bubbling through
acidified (A) and alkaline (B) sodium hypochlorite solutions: pH 5.50 — curves 1 and 2 (w,=0.5651 mg/min for initial period);
pH 7.50 — curves 3 (W,=0.2796 mg/min) and 4 (w,=0.2592 mg/min); pH 9.50 — curves 5 (w,c=0.0595 mg/min) and
6 (Woc=0.0075 mg/min); pH 11.50 — curves 7 (W,c=0.0035 mg/min) and 8 (w,=0.0033 mg/min)
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This can also explain a certain excess of the amount
of active chlorine absorbed from the air compared to
nitrogen even at the same pH of the working NaOCl
solution.

The average concentrations of total chlorine in
the gas that passed through NaOCI solutions with
different pH values are calculated based on the obtained
graphic data; and they are shown in Table 1.

Table 1
Average concentrations of total chlorine in the carrier gas
bubbled through NaOCI solutions with different pH

Influence of NaOCI concentration on the HOCI
emission process

To study the effect of the active chlorine
concentration in the NaOCI solution on HOCI
emission into the air, the base stock solution was
saturated with minimum quantity of CO, to stable
pH 8.42. The concentration of the resulting solution
was 1098 mg/L active chlorine. From this solution,
100 mL of working solutions of various concentrations
were prepared by dilution with 0.8% NaCl solution,
and 100 L of air (CO, content of 520 ppm) was
bubbled through them at a rate of 10 L/min at 15°C.

The results of measuring the HOCI emission from
such solutions are given in Table 2 and Fig. 5.

As seen, when the initial NaOCI solution is
diluted, the pH changes insignificantly; however, after

bubbling air, it decreases, especially for the least
concentrated solutions, due to a decrease in the buffer

capacity. Nevertheless, there is an almost direct

relationship between the concentration of total chlorine

in solution and in air, and deviations from it are

explained by a decrease in pH when air is bubbling

through dilute solutions, which leads to an increase

in the HOCI content in accordance with Fig. 2.
Influence of the temperature on HOCI emission

process

The results of studying the HOCI emission from

pH of the Average
working Carrier gas concentrations of total
NaOCl & chlorine in the carrier
solution, units gas (Cac), mg/m3
nitrogen 0.33
11.50
air 0.35
9,50 nitrogen 0.75
air not measurable
nitrogen not measured
8.42 -
air 5.95
7 50 nitrogen 25.92
’ air 27.96
5.50 nitrogen 56.51
’ air 56.51

100 mL of a NaOCI solution (1152 mg/L active

It should be noted that, according to literary
data, the content of HOCI in the air is already at the
level of 0.03 mg/m?3 ensures a reduction in the air
microbial count at a rate of 13%/min, and at a
concentration of 0.3 mg/m?® and higher, the
suppression rate is 65%/min and more, depending
on the type of microorganism [15].

chlorine, initial pH 9.50) at different temperatures
during air (CO, content of 450 ppm) bubbling through
it at a rate of 10 L/min for 50 min are shown in
Table 3.

As expected, HOCI emission increases with
increasing temperature, but this dependence is non-
linear. The deviations are primarily due to different
pH values of the solutions saturated with CO, during

Table 2
Emission of active chlorine into the air from solutions with different NaOCl concentrations
Acti The amount of corllizziifgon
Dilution, chlcor;/;e The initial pH of | pH of the working | active chlorine of active
stock NaOCl . the working NaOCl solution absorbed by the .
. concentratio : ; . . chlorine in the
solution:water NaOCl solution after air bubbling absorption .
n, mg/L . air(Cac),
solution, mg 3
mg/m
10:90 110 8.33 8.02 0.087 0.87
20:80 220 8.37 8.08 0.176 1.76
30:70 329 8.39 8.14 0.236 2.36
40:60 439 8.40 8.15 0.272 2.72
50:50 549 8.39 8.27 0.321 3.21
60:40 659 8.39 8.28 0.372 3.72
70:30 769 8.39 8.28 0.422 422
80:20 878 8.41 8.36 0.459 4.59
100:0 1098 8.42 8.42 0.584 5.84

Influence of various factors on the emission of hypochlorous acid from sodium hypochlorite solutions into the
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Fig. 5. Emission of total chlorine from NaOCI solutions of
different concentrations

Table 3
Emission of HOCI into the air from NaOCI solution at
different temperatures

pH of NaOCl Average
Temperature, | solution after | concentration of total
oc saturation with chlorine in the air
CO, (Cac), mg/m’
15 8.41 5.89
20 8.48 6.82
25 8.58 8.75
30 8.83 11.64

the experiment, which is explained by a decrease in
the solubility of CO, and HOCI with increasing
temperature.

Influence of salinity on the HOCI emission process

The most common impurities in NaOCI
solutions similar to those used in this study are sodium
chloride, which is a raw material for its electrochemical
synthesis. Thus, to study the effect of salinity on the
HOCI emission, we used solutions prepared by adding
different NaCl amounts to the base stock NaOCI
solution. The results obtained during 50 min of
bubbling 10 L/min of air (CO, content of 500 ppm)
at 15°C through NaOCl solutions of 1160 mg/L active
chlorine and 8 g/L, 16 g/L and 32 g/L NaCl showed
that the average air total chlorine concentrations were
5.91, 6.32 and 6.55 mg/m?, respectively. The pH of
the solution practically did not change with increasing
NaCl concentration and remained within the range
of 8.40—8.45 after saturation with CO,. Thus, the
increase in salinity has practically no effect on HOCI
emission in comparison with the effect of pH and
concentration of NaOCI working solution.

Conclusions

The developed method with the use of taurine
as an absorbing solution allows reliably determining
the low total chlorine concentrations in the gas phase.
The data obtained indicate that, under the condition
of a constant acidity of NaOCI solutions in the pH
range of 5.50—11.50, the HOCI emission into the gas
bubbled through the solution occurs gradually and
evenly. Its amount in the air is strictly proportional
to its content in the working NaOCI solution, which,
in turn, can be calculated knowing the total chlorine
concentration and using the known distribution
diagrams of the mole fractions of active chlorine
components at given pH. At least in the pH range of
7.50—8.45, NaOCl solutions are capable of maintaining
a relatively constant level of HOCI emission into the
air. Under the conditions organized by us, using an
electrochemically synthesized 1100—1200 mg/L
NaOCI solution, it is possible to reach the total
chlorine concentration in the passing air flow up to
28 mg/m3, which guarantees rapid neutralization of
any pathogens in it. The data obtained can be used
by us to develop new types of systems for complex
disinfection of premises.
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BIL/IMB PI3HUX ®AKTOPIB HA BUJUIEHHSA
TTIIOXJIOPUTHOI KHUCJIOTHU 3 PO3YUHIB
TTIIOXJIOPUTY HATPIIO B ITIOBITPA

b. Mypaweeuu, J[. Tupenxo, O. Jlebios, I. Macaax,
O. Hemponina

CroJlyKu akKTUBHOIO XJOPY € MOTYXHUMM MiKpO-
OIOLIMIHUMM areHTaMM, sIKi TpaaUliiiHO BUKOPUCTOBYIOThHCS
st mediHgekinii moBepxonb. [licast manmemii COVID-19 ak-
TUBHO BMBYAETHCS MOKJIMBICTb BUKOPUCTAHHS IIMX CITOJYK
IJIST 0OpOOKM TIOBITPS 3 METOIO0 OOPOTHOM 3 IOIIMPEHHSIM iH-
dexuitHux 3axBoploBaHb. [lepCEKTUBHUM € CTBOPEHHS
cucTeM ae3iHdeKIii, AKi 0 JO3BOJISIN MMATPUMYBATH B MOBITPi
TMPUMIIIIEHb JOCTATHIO KOHIIEHTPAIlil0 HANOUIBII e(heKTUBHOTO
ra3omnoMiOHOTO aHTUMIKPOOHOTO KOMITOHEHTa aKTUBHOTO XJIO-
py — rinmoxsmoputhHoi kuciaotu (HOCI). ¥V nmaniit po6orTi
IOCIIIKEHO BIUIMB Pi3HUX (PAKTOpIiB HA IPOLEC BUIIICHHS
HOCI B moBiTps mig yac ioro 6apO0TyBaHHSI 4epe3 PO3UYMHU
rinoxymopury Hatpito (NaOCI). YnockoHaieHO KOJIOPUMETpU-
YHUI METON BU3HAUEHHsI BMICTy 3arajibHOTO XJIOPY B TMOBITpi.
JloCTiIKeHO BIUIMB OCHOBHMX ITapaMeTpiB poOOYOTro PO3UMHY
NaOCIl na Bmict HOCI y mositpi. I[lokazaHo, 1mo mpu
noctiitHoMy pH po60o4oro po3unHy KiJIbKiCTb 3araJIbHOTO XJI0pYy
B MOBITpi cTporo mpormopuiiiHa KoHueHTpanii HOCI y po3s-
YWHi, SIKy, Y CBOIO 4epry, MOXHa po3paxyBaTW 3a BiIOMUMU
niarpaMaMy MOJISIDHOTO PO3MOJily KOMITOHEHTIB aKTHBHOTO
xjaopy. Ilpu BUKOPUCTAHHI €JIEKTPOXiMiYHO TeHEPOBAHUX
po6ouux po3unmHiB NaOCl (3 KoHIeHTpalli€lo MpUOIN3HO
1100 mr/m 3a aKTUBHMM XJIOPOM) 0€3 0aTKOBUX KOpPEryBaHb
CcKJIamy MoxHa miarpumyBaté KoHneHTpauiro HOCI B mosiTpi
B Mexax 6,0—11,6 mr/m®. OTpumani gaHi MOXYTb OyTU BUKO-
pUCTaHi NMpU CTBOPEHHI yCTAaHOBOK IJas (ymiramiiiHoi
nIe3iH(eKIil moBITpsI MPUMIIIEHb Ta OLIHII PU3UKIB 3a0pym-
HEHHS TOBITPSl XJIOPAKTUBHUMU CITOJYKAMU.

KimouoBi ci10Ba: akTUBHMIT XJI0p, TIMOXJIOPUTHA KUCIIOTA,
TIITOXJIOPUT HATPil0, Ta30BUMUICHHS, Ae3iH(EKIIis.
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Active chlorine compounds are powerful microbicidal agents
traditionally used for surface disinfection. Following the COVID-
19 pandemic, the potential use of these compounds for air
treatment to mitigate the spread of infectious diseases has been
actively studied. A promising approach involves developing
disinfection systems capable of maintaining a sufficient
concentration of the most effective gaseous antimicrobial
component of active chlorine —hypochlorous acid (HOCI) — in
indoor air. This study investigates the influence of various factors
on the emission of HOCI into the air during its bubbling through
sodium hypochlorite (NaOCI) solutions. A colorimetric method
for determining the total chlorine content in the air has been
refined. The effects of key parameters of NaOCI working solutions
on the HOCI concentration in the air have been examined. It has
been demonstrated that, at a constant pH of the working solution,
the total chlorine content in the air is strictly proportional to the
HOCI concentration in the solution, which, in turn, can be
determined using established molar distribution diagrams of active
chlorine species. When electrochemically generated NaOCI
working solutions (containing approximately 1100 mg/L of active
chlorine) are used without additional composition adjustments,
the HOCI concentration in the air can be maintained within the
range of 6.0—11.6 mg/m’. The findings of this study can be
applied in the development of fumigation-based air disinfection
systems and in the assessment of air contamination risks associated
with chlorine-containing compounds.

Keywords: active chlorine; hypochlorous acid; sodium
hypochlorite; gas emission; disinfection.
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