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STERILIZATION METHOD

TECHNICAL FIELD

The present invention relates to a method, system and apparatus for inactivating
microorganisms in an aqueous solution. The method, system or apparatus may be used

to sterilize an aqueous solution.
BACKGROUND

The inactivation of microorganisms, such as viruses and bacteria, in aqueous solutions
can be desirable in many circumstances. For example, microorganisms present in water
used in food or pharmaceutical manufacture can cause contamination of the food or
pharmaceutical and the water may therefore need to be treated to inactivate the
microorganisms prior to its use. Similarly, waste water from agricultural or industrial
uses, or water obtained from environmental flows, may contain pathogenic
microorganisms which need to be inactivated prior to the water being used for industrial

or agricultural purposes or used for drinking water.

Waste water from human activities usually contains human enteric viruses like hepatitis
and rotavirus and bacteria like E. coli. If this water is to be reused, for example in

agriculture, it has to be disinfected.

Various methods are known for inactivating viruses, bacteria and other microorganisms
in water and aqueous solutions. Such methods include heat, treatment with chemicals
(e.g. ozone), irradiation (e.g. ultraviolet treatment), high-pressure treatment and
filtration (¢.g. membrane filtration). Many of these methods, especially, heat treatment,
are energy intensive. More energy efficient treatment technologies are desperately

needed.

The World Health Organisation (WHO) in their guidelines for drinking-water quality
compared thermal inactivation rates for different types of bacteria and viruses in hot
liquids. They concluded that temperatures above 60°C effectively inactivate both
viruses and bacteria. When the temperature range lies between 60°C and 65°C, bacterial
inactivation occurs faster than viral inactivation. These studies showed that at 60 °C

water temperature E. coli needs 300 seconds to reach a 1.5 log reduction compared with



WO 2019/104383 PCT/AU2018/051270

10

15

20

25

_ 2 -
1800 seconds for viruses like enterovirus, echovirus 6, coxsackievirus B4 and

coxsackievirus B3 to reach 4 log reduction.

It would be desirable to provide alterative methods for inactivating viruses, bacteria or
other microorganisms in aqueous solutions. It would be advantageous to provide such
methods which do not require the use of high pressures, can be carried out at relatively

low cost and/or are not energy intensive.
SUMMARY OF THE INVENTION

In a first aspect, the present invention provides a method for inactivating a
microorganism in an aqueous solution, the method comprising:

passing bubbles of a gas through the aqueous solution, wherein the gas
comprises at least 10% CO> by volume and has a temperature of at least 18 °C when the

gas first contacts the aqueous solution.

In one embodiment, the microorganism is algae, protozoa, fungi or a spore. In one
embodiment, the microorganism is a virus or bacteria. In one embodiment, the aqueous
solution comprises a combination of one or more viruses and one or more bacteria, and

the method is used to inactivate the viruses and the bacteria in the aqueous solution.

Typically the bubbles are passed through the aqueous solution while the aqueous
solution is exposed to atmospheric pressure or about atmospheric pressure. The aqueous

solution may, for example, be exposed to a pressure of about 0.9 to 1.5 bar.

In one embodiment, the bubbles have a diameter of 0.1 mm to 7 mm, e.g. | mm to

3 mm.

In one embodiment, the gas comprises from 50% to 100% CO2 by volume. In another

embodiment, the gas comprises from 10% to 50% CO2 by volume.

In one embodiment, the gas has a temperature in excess of 100 °C. In another

embodiment, the gas has a temperature from 18 °C to 100 °C.

In one embodiment, the bubbles are formed by passing the gas through a porous
material in contact with the aqueous solution, thereby forming bubbles on the surface of

the material in contact with the aqueous solution.
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In one embodiment, the gas bubbles occupy from 10% to 60% of the total volume of

the combination of the aqueous solution and the bubbles as the bubbles pass through the

aqueous solution.

In one embodiment, the bulk temperature of the aqueous solution is from 18 °C to

80 °C, e.g. from 18 °C to 55 °C or from 18 °C to 50 °C.

In one embodiment, the aqueous solution has a bulk temperature of from 18 °C to
55 °C, and the gas has a temperature higher than the bulk temperature of the aqueous

solution.

In one embodiment, the aqueous solution comprises a bubble coalescence inhibitor. The
bubble coalescence inhibitor may, for example, be selected from the group consisting of

NaCl, sucrose, emulsifiers and surfactants.

In a second aspect, the present invention provides a system for inactivating

microorganisms present in an aqueous solution, the system comprising:

- a gas supply configured to supply gas comprising at least 10% CO; by volume,

the gas having a temperature of above at least 18 °C;

- a gas-delivery apparatus, the gas-delivery apparatus configured to receive the

supply of gas and to deliver the gas into the aqueous solution in the form of bubbles.

In a third aspect, the present invention provides an apparatus for inactivating
microorganisms present in an aqueous solution, the apparatus comprising:

- a gas-permeable material, the material having a flow surface at one side
thereof that is configured to enable the flow of the aqueous solution across the flow
surface,

- a chamber arranged at an opposite side of the gas-permeable material to supply
a gas that inactivates the microorganisms present in the aqueous solution such that the
gas is able to pass through the gas-permeable material and into the aqueous solution

flowing across the flow surface as gas bubbles.
BRIEF DESCRIPTION OF THE FIGURES

The invention will be further described, by way of example only, with reference to the

accompanying drawings, in which:
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Figure 1 is a schematic diagram of the system/apparatus used in the Examples to assess
the effects of passing the gases Na, CO», Ar, air and O» at different temperatures
through an aqueous solution in a bubble column evaporator. The gas was pumped
through a heater (an electrical heater) that maintained the gas temperature just above the
sinter surface at a particular temperature, depending on the experiment. In the Examples
described herein, the base of the bubble column evaporator was fitted with a 40-100 um
pore size glass sinter (type 2) of 135 mm diameter. Thermocouples were used to
measure the temperature of the gas in the gas heater and the temperature of the aqueous

solution in the bubble column evaporator.

Figure 2 is a graph of E. coli size distribution for . coli ATCC 15597 for 1 x 10°
cell/ml in 0.17 M NaCl using DLS at 25 °C (peak (mean/area) at 1601 d.nm).

Figure 3 is a photograph of the apparatus used in the Examples in which combustion
gas was used as the gas. The photograph shows the exhaust pipe of a generator (Honda
EM2200) attached to a valve that provides an exhaust gas flow of 27 I/min through a

bubble column evaporator.

Figure 4 shows photographs of petri dishes from double layer plaque assays for MS2
virus from samples taken from a NaCl 0.17 M solution in a BCE after (a) 0, (b) 0.75, (c)
2.25 and (d) 3 minutes treatment with CO» having an inlet temperature of 200 °C as

described in the Examples.

Figure 5 is a graph of MS2 virus survival factor log(PFU\PFUO) versus exposure time
(min) of bubbling different gases (air, oxygen, nitrogen, carbon dioxide or argon at an
inlet temperature of 200 °C or combustion gas from a generator at 60 °C) ina 0.17 M

NaCl solution.

Figure 6 is a graph of E. coli survival factor log(PFU\PFUO) versus exposure time
(min) of bubbling different gases (air, oxygen, nitrogen, carbon dioxide or argon at an
inlet temperature of 150 °C, combustion gas from a generator at 58 °C, oxygen at 20 °C
or air at 20 °C) in a 0.17 M NaCl solution.

Figure 7 is a graph of MS2 virus survival factor log(PFU\PFUO) versus exposure time
(min) of bubbling carbon dioxide at different CO> inlet temperatures (205 °C, 150 °C,
100 °C, 11 °C and 20 °C) in a 0.17 M NaCl solution.
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Figure 8 is a graph of MS2 virus survival factor log(PFU\PFUO) versus exposure time

(min) of bubbling carbon dioxide having an inlet temperature of 22 °C at flow rates of

27 1/min or 20 I/min in a 0.17 M NaCl solution.

Figure 9 is a perspective view of a cross-section of a continuous flow reactor (an
embodiment of the third aspect) for performing the method of the present invention in a

continuous manner as an aqueous solution flows through the flow reactor.
DESCRIPTION OF THE INVENTION

In a first aspect, the present invention provides a method for inactivating a
microorganism in an aqueous solution, the method comprising:

passing bubbles of a gas through the aqueous solution, wherein the gas
comprises at least 10% CO> by volume and has a temperature of at least 18 °C when the

gas first contacts the aqueous solution.

This method (sometimes referred to herein as the “method of the present invention™) is
able to inactivate waterbome viruses and bacteria in an aqueous solution without the
need for boiling the aqueous solution or raising the bulk temperature of the aqueous

solution to a temperature in excess of about 60 °C.

As used herein, “inactivating a microorganism” refers to inhibiting or reducing the
viability of the microorganism or reducing the number of the microorganisms present in
the aqueous solution. Typically, the inactivation of the microorganism kills the

microorganism such that the microorganism is no longer viable.

The bubbles of the gas may be passed through the aqueous solution in a bubble column

evaporator.

Bubble column evaporators (BCE) are typically cylindrical containers where a gas
introduced via a porous ftit at the bottom of the column generates a continuous flow of
rising bubbles in a liquid phase [1]. They are used in many biochemical, chemical and
petrochemical industries [2]. In the waste water industry they are used as reactors for

chlorination, oxidation and fermentation [3].

BCEs have several advantages over other systems for contacting a gas and a liquid.
BCEs provide for high levels of contact for chemical reactions between gases and

liquids, and good heat and mass transfer between the gas and the liquid [1]. If bubble
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coalescence inhibition can be induced to control bubble size, these advantages improve
with enhanced effective interfacial area. The bubbles of many gases coalesce as the
bubbles pass through an aqueous solution. The use of a range of strong electrolytes in a
BCE inhibits this bubble coalescence and allows the production of high density bubbles
(1-3 mm diameter) [4]. Inhibition of bubble coalescence by specific salts at and above
physiological concentrations (0.17 M) is a phenomenon much studied since 1993 [4]. It
has so far defied explanation. Bubbles do not generally coalesce at concentrations
greater than 0.17 M of NaCl, while bubbles of virtually all gases coalesce below that
concentration (see reference [4] for detailed results). Added salt at 0.17 M NaCl inhibits
bubble coalescence and will increase the performance of the BCE by producing a
higher gas-water interfacial area [4]. In the experiments reported in the Examples all the
studies were carried out in 0.17 M NaCl solutions, which provided for a similar degree

of bubble coalescence for the various gases used.

The inactivation of fecal coliforms using a BCE has recently been described by Xue et
al [8]. In the process described in that document, the fecal coliforms were inactivated
using hot bubbles (at 150 °C) of air and nitrogen. The BCE process was used to
inactivate coliforms in solution while maintaining a relatively low column solution

temperature.

In at least preferred embodiments, the method of the present invention, using a gas
comprising at least 10% carbon dioxide by volume, provides unexpected advantages
over the process described in Xue ef al. For example, in some embodiments the bubbles
of a gas comprising at least 10% carbon dioxide by volume are effective in inactivating
microorganisms, including viruses and bacteria, in an aqueous solution, even when the
gas has a temperature well below 150 °C, and even at room temperature (about 22 °C).
The use of a gas comprising at least 10% carbon dioxide by volume therefore provides
an alternative mechanism for inactivating microorganisms which is separate to the
thermal inactivation described in Xue ef a/. As a result, less heating of the gas may be
required using such embodiments of the method of the present invention. Further, in
some embodiments the bubbles of a gas comprising at least 10% carbon dioxide by
volume exhibit less coalescence in aqueous solutions than bubbles of air and many
other gases, even in the absence of a bubble coalescence inhibitor. Accordingly, in

some embodiments it is not necessary to include a bubble coalescence inhibitor in the
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aqueous solution to inhibit coalescence of the bubbles. In contrast, when using bubbles
of other gases, such as air or nitrogen, in a bubble column evaporator, a bubble

coalescence inhibitor generally needs to be included in the aqueous solution to inhibit

coalescence of the gas bubbles.

When used as a supercritical fluid or at high pressures, carbon dioxide has previously
been successfully used for bacterial and viral inactivation. Other studies have compared
the inactivation rates of baker’s yeast (Saccharomyces cerevisiac) when using an
explosive decompression system with CO2, N2, N2O and Ar under different conditions
of high pressure and temperature. These studies found that CO; and N»O achieved
higher inactivation rates than the other gases. This was attributed to their solubility in
water and consequent absorption by the cells [17]. In contrast to the processes used in
these studies [14-17], the present invention is effective in inactivating microorganisms
without requiring the use of high pressure. Without wishing to be bound by theory, it is
believed that the effectiveness of the method of the present invention is due, at least in
part, to the large CO,-liquid contact surface produced by passing the bubbles through
the aqueous solution. This increases the amount of carbon dioxide dissolved in the
solution producing a similar result to that achieved by raising the pressure in dense
phase carbon dioxide processes even though, in an aqueous solution exposed to

atmospheric pressure, the pressure remains around 1 atm.
The aqueous solution

The term “aqueous solution” refers to a liquid in which water is the only solvent or is at
least 50 % by weight of the total solvents in the liquid. An aqueous solution may be part
of an emulsion or microemulsion, such as the aqueous component of an oil/water
emulsion or microemulsion. An aqueous solution may comprise water and a water-
miscible co-solvent, such as methanol or ethanol, provided that water comprises at least
50 % by weight of the solvents present. In some embodiments, water comprises at least
80 %, ¢.g. 80% to 100%, 90 % to 100%, 98% to 100%, 99% to 100%, 80% to 99% or
90 % to 99 %, by weight of the solvents in the aqueous solution.

The aqueous solution, may, for example, be water containing microorganisms which is
to be treated to provide drinking water. For example, the present invention can be used

to treat water from an environmental flow, such as a river or lake, containing potentially
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pathogenic microorganisms to reduce the number of the microorganisms to a

sufficiently low level that the water is suitable for use as drinking water for humans or

suitable for agricultural use.

In some embodiments, the aqueous solution is wastewater from agricultural use
containing viruses, bacteria and/or other microorganisms, and the water is treated to
inactivate the viruses, bacteria and/or other microorganisms prior to re-use of the water

for further agricultural use or prior to release of the water into the environment.

In other embodiments, the aqueous solution may be culture medium from a
fermentation or bioreactor containing bacteria used for the production of proteins. One
problem with conventional fermentation processes using bacteria to produce proteins is
how to both stop the growth of the bacteria and extract the desired proteins. The
extraction of the desired proteins can be difficult in some circumstances, for example,
for fully or partially hydrophobic proteins which tend to “clump” together inside the
cells held together by “hydrophobic forces™. In some previous methods, the proteins are
separated and extracted using single chained cationic surfactants that destroy cell
membranes by detergency. Thereafter the cationic surfactants coat the hydrophobic
proteins, and separate the clumps into the individual molecular units required, by
electrostatic repulsion between them, now charged by their cationic surfactant coating.
However, the surfactant then needs to be removed from the protein, e.g. by passing the
surfactant and protein through an ion exchange column, which can be expensive. The
method of the present invention provides an alternative way to kill the bacteria. Further,
in the case of hydrophobic proteins, degassing the system can be used to separate the

hydrophobic proteins.

Water has a high heat of evaporation. The heat of evaporation (also referred to as the
enthalpy of vaporization or the heat of vaporization) is the enthalpy change required to
transform a given quantity of a substance from a liquid into a gas at a given pressure.
For a liquid having a high heat of evaporation, more heat is required to vaporize a given
quantity of the liquid than a liquid having a lower heat of evaporation. Because of the
high heat of evaporation of water, the passing of the gas, especially when the gas used

has low humidity, through the aqueous solution will generally cause less heating of the
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bulk liquid (as a result of the vapour captured by the gas bubbles) compared to a liquid

having a lower heat of evaporation.

In some embodiments, the bulk temperature of the aqueous solution while the bubbles
of the gas are passed through the aqueous solution is from 18 °C to 80 °C, e.g. from

18 °C to 60 °C, from 18 °C to 55 °C, from 18 °C to 50 °C, from 20 °C to 80 °C, from
20 °C to 60 °C, from 20 °C to 55 °C or from 20 °C to 50 °C. The bulk temperature of a
liquid is the temperature of the liquid away from a surface, e.g. the surface of a
container containing the liquid or the surface of a bubble passing through the liquid. In
the method of the present invention, the bulk temperature of the aqueous solution can
be determined by measuring the temperature of the aqueous solution at a point away
from a surface. As the bubbles passing through the aqueous solution in the method of
the present invention cause rapid mixing of the aqueous solution, the bulk temperature
of the aqueous solution can generally be determined by a single measurement of the
temperature of the aqueous solution using a conventional thermometer or other
apparatus for measuring the temperature of a liquid. A person skilled in the art will be
able to select an appropriate method for determining the bulk temperature of the
aqueous solution taking into account such factors as, for example, the method used to
pass the bubbles through the aqueous solution and the vessel used to contain the

aqueous solution etc.

In some embodiments, the bulk temperature of the aqueous solution prior to passing the
bubbles of the gas through the aqueous solution is from 10 °C to 80 °C, ¢.g. from 10 °C
to 30 °C, from 10 °C to 50 °C, from 18 °C to 80 °C, from 18 °C to 60 °C, from 18 °C to
55 °C or from 18 °C to 50 °C. In some embodiments, the bulk temperature of the
aqueous solution may change (increase or decrease depending on the particular gas or
gas mixture, and the relative temperatures of the gas and the aqueous solution) as the

bubbles of the gas are passed through the aqueous solution.

A bubble coalescence inhibitor may be included in the aqueous solution. Accordingly,
in some embodiments the aqueous solution comprises a bubble coalescence inhibitor. In
some embodiments, the method comprises a step, prior to the step of passing the
bubbles of the gas through the aqueous solution, of adding a bubble coalescence

inhibitor to the aqueous solution. In other embodiments, the aqueous solution does not
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contain a bubble coalescence inhibitor, does not contain an added bubble coalescence
inhibitor, or does not contain a significant amount of a bubble coalescence inhibitor or

added bubble coalescence inhibitor.

As used herein, the term “bubble coalescence inhibitor” refers to any substance which,
when present in an aqueous solution above a certain concentration, inhibits gas bubbles
in the aqueous solution from coalescing. A person skilled in the art can readily
determine whether a substance is a bubble coalescence inhibitor. For example, a person
skilled in the art can determine whether a substance is a bubble coalescence inhibitor by
adding the substance at different concentrations to samples of an aqueous solution and
visually observing the effect of the substance on the coalescence of bubbles, ¢.g.
bubbles of air, passed through the aqueous solution. Examples of bubble coalescence
inhibitors include certain salts ¢.g. MgCl,, MgSQO4, NaCl, NaBr, NaNOs, Na>SOs,
CaCly, Ca(NOs)2, KC1, KBr, KNOs, NHsBr, NHsNO3, CsBr, LiCl, LiNOs, LiSOq4, and
various sugars, €.g. sucrose. Other bubble coalescence inhibitors include emulsifiers
and surfactants. In some embodiments, the aqueous solution is or comprises
wastewater, which may already contain one or more bubble coalescence inhibitors. In

some embodiments, the wastewater contains lipids, surfactants and/or biopolymers.

Bubbles of a gas comprising at least 10% carbon dioxide by volume exhibit less
coalescence in an aqueous solution than bubbles of air, nitrogen and many other gases.
Accordingly, in the method of the present invention it is not essential to include a
bubble coalescence inhibitor in the aqueous solution. However, in some embodiments, a
bubble coalescence inhibitor may be added to the aqueous solution to inhibit
coalescence of the gas bubbles. In such embodiments, the bubble coalescence inhibitor
is typically included in the aqueous solution in an amount effective to inhibit bubbles of

the gas from coalescing in the aqueous solution.

In some embodiments, the bubble coalescence inhibitor is a surfactant or an emulsifier.
The surfactant may, for example, be a non-ionic surfactant, a cationic surfactant, an
anionic surfactant (e.g. common soap), or a zwitterionic surfactant. Non-ionic
surfactants include monododecyl octacthylene glycol. Cationic surfactants include
cetylpyridinium chloride. Anionic surfactants include sodium dodecyl sulphate.

Examples of emulsifiers include lipids, proteins and fats which act as an emulsifier.
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Some polymers also act as emulsifiers, such as, for example, sodium carboxymethyl

cellulose, methyl cellulose and polyoxyethylene stearate.
The gas bubbles

The method of the present invention comprises passing bubbles of gas through an
aqueous solution. The gas comprises at least 10% by volume carbon dioxide.

Accordingly, the gas comprises from 10% to 100% by volume carbon dioxide.

As a person skilled in the art will appreciate, the relative amounts of components of the
gas in the bubbles may change as the bubbles pass through the aqueous solution. For
example, when the gas comprises a mixture of gases, one or more of the gases may
more readily dissolve in the aqueous solution than the other gases. As a further
example, as the bubbles pass through the aqueous solution, water or other components
of the aqueous solution may be vaporised and incorporated into the gas in the gas
bubbles. Unless specified otherwise, a reference herein to the amount of a component
of the gas (e.g. the percentage by volume of CO: in the gas), is a reference to the
amount of the component in the gas when the gas is first contacted with aqueous
solution to form bubbles in the aqueous solution. The gas as first contacted with the

aqueous solution is sometimes referred to herein as the inlet gas.

As a person skilled in the art will also appreciate, the temperature of the gas in the
bubbles may change as the bubbles pass through the aqueous solution. Unless specified
otherwise, a reference herein to the temperature of the gas is a reference to the
temperature of the gas when the gas is first contacted with aqueous solution, that is, the

inlet gas temperature.

In some embodiments, the gas comprises from 50% to 100%, e.g. from 80% to 99%, by

volume carbon dioxide.

In some embodiments, the gas comprises from 10% to 98%, e.g. 10% to 90%, 10% to
80%, 10% to 50%, or 10% to 20%, by volume carbon dioxide. In some embodiments,
the gas comprises from 15% to 100%, or from 20% to 100%, by volume carbon

dioxide.

Carbon dioxide, being a greenhouse gas is considered to have some responsibility for

global warming. Many industries like landfills, bio-gas plants and coal power plants,
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emit large amounts of CO,. The present invention advantageously provides a method

for the use of CO»-containing gases produced by such industries.

The temperature of the gas when the gas first contacts the aqueous solution is at least
18 °C.

In some embodiments, the temperature of the gas when the gas first contacts the
aqueous solution is higher than the bulk temperature of the aqueous solution. In some
embodiments, the aqueous solution has a bulk temperature of from 18 °C to 55 °C, and

the gas has a temperature higher than the bulk temperature of the aqueous solution.

In some embodiments, the temperature of the gas is at least 50 °C, e.g. at least 55 °C, at
least 60 °C or at least 100 °C. In some embodiments, the temperature of the gas is from
50 °C to 1000 °C, 50 °C to 500 °C, 50 °C to 400 °C, 50 °C to 300 °C, 50 °C to 200 °C,
50 °C to 150 °C, 55 °C to 1000 °C, 55 °C to 500 °C, 55 °C to 400 °C, 55 °C to 300 °C,
55 °C to 200 °C, 55 °C to 150 °C, 60 °C to 1000 °C, 60 °C to 500 °C, 60 °C to 400 °C,
60 °C to 300 °C, 60 °C to 200 °C or 60 °C to 150 °C. In some embodiments, the
temperature of the gas is at least 100 °C, e.g. from 100 °C to 1000 °C, 100 °C to

500 °C, 100 °C to 400 °C, 100 °C to 300 °C, 100 °C to 200 °C, 150 °C to 1000 °C,

150 °C to 500 °C, 150 °C to 400 °C, 150 °C to 300 °C, 150 °C to 200 °C, or 100 °C to
150 °C.

When bubbles of a gas having a temperature that is higher than the bulk temperature of
the aqueous solution are introduced and passed through the aqueous solution, a transient
hot surface layer may be produced around each bubble. For example, when bubbles of a
gas having a temperature in excess of 100 °C are introduced and passed through an
aqueous solution having a bulk temperature of below 100 °C, a transient hot surface
layer is produced around each bubble. This transient hot surface layer has a higher
temperature than the bulk temperature of the aqueous solution. Without wishing to be
bound by theory, it is believed that, when the gas has a temperature of 100 °C or more,
the interaction of the microorganism with this transient hot surface layer and the heated
gas bubbles themselves results in inactivation of the microorganism, even when the
bulk temperature of the aqueous solution is below a temperature that will inactivate the

microorganism.
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As the gas bubbles pass through the aqueous solution, the transient hot surface layer
causes vaporisation of some of the aqueous solution which is picked up by the gas
bubble. This results in cooling of the gas bubble as it passes through the aqueous
solution and, as the gas bubble passes through the aqueous solution, the temperature
and extent of the transient hot surface layer diminishes. The extent to which the gas
bubbles can pick up the vaporised aqueous solution therefore affects the extent to which
the gas increases the bulk temperature of the aqueous solution as the bubbles pass
through the aqueous solution. When the gas has low humidity, greater vaporisation of
the aqueous solution can occur resulting in more thermal energy being used for
vaporization than will occur when the gas has a higher initial water content. As a result
of the vaporisation of some of the aqueous solution as the gas bubbles pass through the
aqueous solution, the gas bubbles can be passed through the aqueous solution without
substantially increasing the bulk temperature of the aqueous solution. The present
invention therefore provides a method which can be used to inactive microorganisms in
an aqueous solution that does not require heating the bulk solution to a temperature

effective to inactivate the microorganism.

In some embodiments, the gas when first contacted with the aqueous solution (i.e. the
inlet gas) has a relatively low humidity. In some embodiments, the relative humidity of
the gas is less than 50 %, ¢.g. less than 40 %, less than 25 %, less than 20 % or less than
10%. A gas having a relatively low humidity can more readily absorb water vapour
from the aqueous solution and will therefore result in less heating of the bulk liquid

than a gas having a relatively high humidity.

In some embodiments, the aqueous solution comprises a surfactant or emulsifier. As
mentioned above, surfactants may act as a bubble coalescence inhibitor. The presence
of a surfactant or emulsifier in the aqueous solution may also increase the rate of
inactivation of the microorganisms, especially when the inlet gas has a temperature in
excess of 100 °C. The surfactant or emulsifier forms a coating around the bubbles. Due
to the presence of the surfactant or emulsifier in the surface layer of the bubbles, the
boiling point of the surface layer of the bubbles is higher than the surface layer
surrounding bubbles formed in the absence of a surfactant or emulsifier. As a result, the
transient hot surface layer of the bubbles can reach higher temperatures than in bubbles

formed in the absence of a surfactant or emulsifier. Exposure of the microorganism to
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transient hot surface layers having a higher temperature may increase the rate of

inactivation of the microorganism.

Surprisingly, when the temperature of the gas is below 100 °C, e.g. from about 22 °C to
50 °C, the method of the present invention may still be effective in inactivating one or
more microorganisms in an aqueous solution. Without wishing to be bound by theory, it
is believed that this is due to the large CO:-liquid contact surface produced by passing
the bubbles through the aqueous solution. This increases the amount of carbon dioxide
dissolved in the solution presumably producing a similar effect to what can be achieved
by raising the pressure in dense phase carbon dioxide processes, even though, when the
method of the present invention is carried out in an aqueous solution exposed to
atmospheric pressure, the pressure remains around 1 atm. Accordingly, in some
embodiments, the temperature of the gas is below about 100 °C, ¢.g. from 18 °C to

100 °C or from 22 °C to 100 °C. In some embodiments, the temperature of the gas is
from 18 °C to 50 °C or from 22 °C to 50 °C.

In some embodiments, the inlet gas may be a combustion gas formed by the combustion
of a fuel comprising carbon, such as the combustion of methane, natural gas, petroleum,
coal, coke, charcoal, wood, bio-gas, biomass or ethanol, in air or another atmosphere
comprising oxygen. In some embodiments, the combustion gas is the exhaust of an
internal combustion engine. The combustion gas formed by the combustion in air of a
fuel containing carbon comprises a mixture of gases. The gases formed by the
combustion in air of a fuel containing carbon comprise carbon dioxide and other
combustion products as well as nitrogen and argon (from the air). The other combustion
products typically include water, as well as small amounts of other gases such as CO,

H,, SO, and nitrogen oxides.

The combustion gas may be used in the method of the present invention without further
processing. Advantageously, the combustion gas may be used immediately after the

combustion while the gas has an elevated temperature from the combustion process.

The use of a combustion gas in the method of the present invention provides several
advantages. Firstly, the method of the present invention provides a use for the
combustion gas which would otherwise have typically been treated as a waste product.

The combustion gas may have an elevated temperature which may contribute to the
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inactivation of the microorganisms as the bubbles pass through the aqueous solution.
Further, the trace gases, such as CO, Ha, SO and nitrogen oxides, present in the
combustion gas may themselves have biocidal actions contributing to the inactivation of
microorganisms in the aqueous solution. Further, the presence of water vapour in
combustion gases reduces the bubble column evaporative cooling effect, allowing the
combustion gas to heat the aqueous solution to a greater extent than another gas having

a lower amount of water vapour.

When the aqueous solution is exposed to atmospheric pressure, the gas bubbles may,
for example, be introduced into the aqueous solution using a gas inlet having a pressure

in the range of just above atmospheric pressure, ¢.g. in the range 1 to 1.5 atm.

In some embodiments, the bubbles are formed by passing the gas through a porous
material, ¢.g. a porous glass sinter, in contact with the aqueous solution, thereby
forming bubbles on the surface of the material in contact with the aqueous solution. As
more gas is passed through the porous material, bubbles are released from the surface of
the material and rise through the aqueous solution. Advantageously, the temperature of
the gas may be regulated before it contacts the porous material, thereby providing a
means to control the temperature of the gas as it contacts the aqueous solution. In some
embodiments, the porous material is a sintered material (e.g. glass sinter, glass frit or
metal sinter such as a stainless-steel sinter) or a porous ceramic (e.g. fireclay ceramic).
In some embodiments, the porous material has a pore size in the range of from 1 to

1000 pm (e.g. from 10 to 500 pm, from 20 to 200 um, from 40 to 100 um, from 50 to
80 um), especially from 40 to 100 um. As will be appreciated, a person skilled in the art
may manipulate the size of the bubbles by varying various parameters, such as the pore
size of the porous material, viscosity of aqueous solution, surface tension of aqueous

solution, gas flow rate and/or gas pressure.

Typically, the bubbles of the gas are passed through the aqueous solution by passing the
gas through a porous material at the base of a vessel or structure containing the aqueous

solution to form bubbles of the gas which then rise through the aqueous solution.

Accordingly, in some embodiments, the present invention provides a method for
inactivating a microorganism in an aqueous solution, the method comprising:

passing a gas through a porous material in contact with the aqueous
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solution to form bubbles of the gas in the aqueous solution, and allowing the bubbles to
rise through the aqueous solution,

wherein the gas comprises at least 10% CO2 by volume and has a

temperature of at least 18 °C when the gas first contacts the aqueous solution.

In some embodiments, the method is performed in a bubble column evaporator
(sometimes referred to as a bubble column reactor). Bubble column reactors typically
consist of one or more vertically arranged cylindrical columns. Bubble columns are
configured such that gas, in the form of bubbles, is introduced to a lower portion of the
column and rises through the liquid phase. The gas escaping from the top surface of the
liquid phase may be recaptured. The recaptured gas may be recycled back to the bubble

column reactor, reheated and reintroduced back to the bottom of the column.

Preferably, the bubbles have a diameter of 0.1 mm to 7 mm, e.g. 0.1 mm to 7 mm,

0.1 mm to 6 mm, 0.1 mm to 5 mm, 0.1 mm to 4 mm, 0.1 mm to 3 mm, 0.1 mm to

2 mm, 0.1 mm to 1 mm, 0.5 mm to 7 mm, 0.5mm to 6 mm, 0.5 mm to 5 mm, 0.5 mm to
4 mm, 0.5 mm to 3 mm, 0.5 mm to 2 mm, 0.5 mm to 1 mm, 1 mm to 7 mm, 1 mm to

6 mm, I mm to 5 mm, 1 mm to 4 mm, 1 mm to 3 mm, 1 mm to 2 mm, 2 mm to 7 mm,
2 mm to 6 mm, 2 mm to 5 mm, 2 mm to 4 mm or 2 mm to 3 mm. The bubbles are
preferably passed through the aqueous solution in a high density. Typically, the aqueous
solution becomes opaque as a result of the passage of the high density of bubbles. In
some embodiments, the gas bubbles occupy from 10 to 60% (e.g. from 20 to 60%, from
30 to 60%, from 40 to 60%, from 50 to 60%, from 10 to 50%, from 20 to 50%, from
25% to 55%, from 30 to 50%, from 40 to 50%, from 10 to 40%, from 20 to 40%, from
30 to 40%, from 10 to 30%, from 20 to 30% or from 10 to 20%) of the total volume of
the combination of the aqueous solution and the gas bubbles as the bubbles pass

through the aqueous solution.

When using a BCE exposed to atmospheric pressure, the gas bubbles have a pressure in
the column of typically about 1 atm plus the hydrostatic pressure of the liquid in the
column. As they leave the column their pressure will fall to 1 atm. Dry gas bubbles
entering the base of the column will rapidly absorb the vapour density of water

corresponding to the temperature of the liquid in the column.
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The bubbles may, for example, be passed through the aqueous solution in either a
continuous or an intermittent manner. Preferably, the bubbles are passed through the
aqueous solution in a continuous stream. In such embodiments, the gas bubbles
typically occupy from 10 to 60% of the total volume of the combination of the aqueous

solution and the gas bubbles, as the bubbles pass through the aqueous solution.

In some embodiments, the bubbles are passed through the aqueous solution in a
continuous stream for a period of time in excess of about 30 seconds, ¢.g. for a period
of time in excess of about 1 minute. In some embodiments, the bubbles are passed
through the aqueous solution in a continuous stream for a period of from 30 seconds to
90 minutes, from 1 minute to 90 minutes, from 1 minute to 30 minutes, from 1 minute

to 10 minutes, from 2 minutes to 30 minutes or from 5 minutes to 30 minutes.

In some embodiments, the bubbles are passed through the aqueous solution at a rate of
greater than 0.1 litre of gas per litre of aqueous solution per minute, for example, from
0.11to 1000, 1 to 1000, 10 to 1000 or 10 to 100 litres of gas per litre of aqueous solution

per minute.

In a second aspect, the present invention provides a system for inactivating
microorganisms present in an aqueous solution, the system comprising:

- a gas supply configured to supply gas comprising at least 10% CO: by volume,
the gas having a temperature of above at least 18 °C;

- a gas-delivery apparatus, the gas-delivery apparatus configured to receive the

supply of gas and to deliver the gas into the aqueous solution in the form of bubbles.
Features described in relation to the first aspect may also apply to the second aspect.

In some particular embodiments, the gas-delivery apparatus is a bubble column
evaporator or bubble column reactor. In some particular embodiments, the gas-delivery
apparatus is an array of bubble column evaporators or bubble column reactors. In some

particular embodiments, the array comprises from 2 to 200 BCEs, ¢.g. 5 to 100 BCEs.

In some particular embodiments, the gas supply comprises a heater to heat a gas source

or an inlet gas to thereby form the gas having a temperature of above at least 18 °C.

In some particular embodiments the gas supply further comprises a gas source. The gas

source may be adapted to provide the gas that comprises at least 10% CO» by volume.
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In some particular embodiments, the gas source can be a commercially available
product, for example, CO; in a pressurised cylinder (e.g. as available from BOC Gas
Australia). In some particular embodiments, the CO» can be mixed with one or more
other gases (e.g. N2, Oz, Ar) to obtain the desired proportion (e.g. by volume or partial
pressure) of CO.. In some embodiments, the CO» can be generated on site, for example,
by chemical reaction, including combustion. In some particular embodiments, the gas
source is a combustion gas formed by the combustion of a fuel comprising carbon,

especially fuel combusted in an internal combustion engine.

Figure 1 is a schematic diagram depicting an embodiment of a system in accordance
with the second aspect of the present invention. The system 100 includes a gas supply
comprising a gas source 101 (which provides a gas comprising at least 10% CO» by
volume) in fluid connection with a first tap 102, an air flow meter 103, a gas heater 104,
and a second tap 105. The heater 104 may be used to ensure that the temperature of the
gas reaching the gas-delivery apparatus is greater than about 18 °C. In some
embodiments, the heater 104 is used to heat the gas to a desired temperature. The gas
supply is configured to supply gas to the gas-delivery apparatus. In this embodiment,
the gas-delivery apparatus comprises a bubble column evaporator 106 which itself
comprises a porous material in the form of a glass sinter 107 and a portion configured to
hold a liquid. In use, the bubble column evaporator 106 contains the aqueous solution
comprising a microorganism 108. The gas-delivery apparatus delivers the heated gas
into the aqueous solution 108 via the glass sinter 107. When gas is delivered into the
solution 108, it forms bubbles 109 of said gas, which rise through the solution 108,
thereby inactivating microorganisms present in said solution 108. This embodiment also

includes a thermocouple 110 used to measure the temperature of the bulk solution 108.

In a third aspect, the present invention provides an apparatus for inactivating
microorganisms present in an aqueous solution, the apparatus comprising;

- a gas-permeable material, the material having a flow surface at one side
thereof that is configured to enable the flow of the aqueous solution across the flow
surface,

- a chamber arranged at an opposite side of the gas-permeable material to supply

a gas that inactivates the microorganisms present in the aqueous solution such that the
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gas is able to pass through the gas-permeable material and into the aqueous solution

flowing across the flow surface as gas bubbles.
Features described in relation to the first aspect may also apply to the third aspect.

Typically, the gas that inactivates the microorganisms present in the aqueous solution is
a gas comprising at least 10% CO» by volume and having a temperature of at least 18
°C.

In some particular embodiments, the flow of the aqueous solution is effected by gravity.
In some particular embodiments, the flow of the aqueous solution is effected by a
pump.

In some particular embodiments, the apparatus comprises a heating element positioned
to heat the gas prior to contacting the gas-permeable material. In some particular
embodiments, the heating element is disposed in the chamber. In some particular
embodiments, the heating element is disposed in or near an inlet into the chamber to
heat the incoming gas as it enters the chamber. In some particular embodiments, the
chamber walls are heated. In some particular embodiments, a heat exchanger is used to

heat the incoming gas.

In some particular embodiments, the flow surface is in the form of a channel. In some
particular embodiments, the flow surface is a portion of a conduit or pipe. In some
particular embodiments, the flow across the flow surface involves the flow of the

aqueous solution from a first region of the surface to a second region of the surface.

In some particular embodiments, the flow surface is configured such that gas bubbles
pass through the aqueous solution in a direction transverse to the direction of flow of
the aqueous solution as it flows across the flow surface. In some particular
embodiments, the gas bubbles ascend in the aqueous solution whilst the aqueous
solution flows in a substantially horizontal direction (e.g. from about 0° to about 20°,

from about 0° to about 10°, or from about 0° to about 5°).

In some particular embodiments, the gas-permeable material is selected such that the
gas bubbles passing into the aqueous solution have a diameter of from about 0.1 mm to
about 7 mm when the aqueous solution is under about 0.9 to 1.5 bar of pressure. As a

person skilled in the art will appreciate, this may be achieved by the selection of a gas-



WO 2019/104383 PCT/AU2018/051270

10

15

20

25

30

- 20 -

permeable material having an appropriate porosity, operating at a particular pressure or

pressure range.

In some particular embodiments, the apparatus comprises a cover arranged so as to

capture the gas as it exits the aqueous solution.

The method of the present invention can be carried out in a continuous manner as the
aqueous solution flows between two positions (e.g. as the aqueous solution moves
through a channel), for example, using an apparatus of the third aspect. Figure 9 is a
perspective view of a cross-section of a continuous flow reactor, which may be used for
performing the method of the present invention as an aqueous solution moves through
the flow reactor. As shown generally in Figure 9, the gas (¢.g. CO, gas or combustion
gas) is introduced through the inlet to a chamber. Optionally, a heater in the chamber is
used to heat the gas. The gas then flows through a porous structure, ¢.g. formed of a
porous ceramic, such as fireclay ceramic, to a channel in the porous structure through
which the aqueous solution is flowing. Bubbles of the gas then rise through the
aqueous solution, inactivating microorganisms in the aqueous solution as the aqueous

solution moves along the channel.

In more detail, Figure 9 is schematic diagram depicting an embodiment of an apparatus
in accordance with the third aspect of the present invention. The apparatus 200
comprises an inlet 201 for receiving a gas comprising at least 10% CO, by volume. The
gas passes a heater 202 as it flows into a chamber 203. In alternative embodiments, the
chamber 203 itself could be heated. In use, the chamber 203 becomes filled with the
heated gas. The heated gas is urged, under positive pressure, through the gas-permeable
material, in the form of a fireclay ceramic 204 (a porous material; movement of gas
indicated by arrows 206) via the flow surface 205 and into the aqueous solution 207. In
this embodiment, the flow surface is in the form of a channel. The gas rises from the
flow surface 205 in the form of heated bubbles 208 which ascend through the aqueous
solution. The aqueous solution 207 flows across the flow surface in a substantially
horizontal direction under the action of gravity, whilst the bubbles 208 rise generally
vertically though the aqueous solution 207, emerging on the surface of the solution. In
some embodiments, the emerging gas is captured by a cover placed over the top of the

aqueous solution, optionally forming a seal against the non-porous support structure



WO 2019/104383 PCT/AU2018/051270

10

15

20

25

30

- 21 -

209 and 210 holding the porous material 204 (which may form part of the chamber). In

some embodiments the support structure 209 is detachable.
Microorganism

Typically the microorganism is a bacteria, e.g. E. coli, or a virus. However, the method
of the present invention can also be used to inactivate other microorganisms, such as

algae, protozoa, fungi or spores.

In some embodiments, the microorganism is a bacteria selected from £. coli.
Clostridium botulinum, Campylobacter jejuni, Vibrio cholera, Vibrio vulnificus, Vibrio
alginolyticus, Vibrio parahaemolyticus, Mycobacterium marinum, a species which
causes dysentery such as Shigella dysenteriae, a species of the genus Legionella such as

Legionella pneumophila, a species of the genus Leptospira, or Salmonella typhi.

In some embodiments, the microorganism is a virus selected from Coronavirus,

Hepatitis A virus, Poliovirus, or a Polyomavirus.

In some embodiments, the microorganism is a protozoan, such as Cryptosporidium

parvum or another pathogenic protozoan.

In some embodiments, the microorganism inactivation in the aqueous solution is at least
1 log reduction, for example, from 1 to 4 log reduction, from 1 to 3 log reduction, from
1 to 2 log reduction, from 1 to 1.5 log reduction, from 1.5 to 4 log reduction, from 1.5
to 3 log reduction, from 1.5 to 2 log reduction, from 2 to 4 log reduction, from 2 to 3
log reduction). Said reductions are relative to the initial microorganism content in the
initial solution (i.e. before contact with gas). In some particular embodiments, said
microorganism inactivation is achieved in under 90 minutes, for example, from

30 seconds to 90 minutes, from 30 seconds to 90 minutes, from 30 seconds to

30 minutes, from 30 seconds to 10 minutes, from 30 seconds to 5 minutes, from

1 minute to 90 minutes, from 1 minute to 30 minutes, from 1 minute to 10 minutes,
from 1 minute to 5 minutes, from 2 minutes to 30 minutes or from 5 minutes to

30 minutes.
EXAMPLES

Various embodiments of the present invention are described below with reference to the

following, non-limiting, Examples.
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MODEL WATER TREATMENT VIRUSES AND BACTERIAL SYSTEMS
MS2 virus

MS2 bacteriophage (ATCC 15597-B1) [12, 13] was chosen as the model virus to
evaluate the efficiency of methods of inactivation of viruses. MS2 is usually quantified
by counting infectious units via a standard plaque assay that is commonly used for

detection of MS2 in treated drinking water and waste-water [20].

MS?2 is used as a surrogate for enteric viruses since it is inactivated only at temperatures
above 60 °C, is resistant to high salinity and susceptible only to low pH. This means

that it is highly resistant to environmental stress [21].

According to [22] MS2 is a bacteriophage member of class called group 1. Its entire
genome has been sequenced. It is a positive-sense, single-stranded RNA molecule of
3,569 nucleotides and it has an icosahedral structure. The virus has a hydrodynamic

radius of about 13 nm [22].

Analysis of virus inactivation was carried out using the optimized Double Layer Plaque
Assay technique described in Cormier et al [23], that detects only infectious viruses by

using E. coli as their host.
Coliform bacteria

Escherichia coli is a gram negative bacteria with a straight cylindrical rod shape of 1.1-
1.5 pm diameter and 2.0-6.0 um length [24]. It is found in the gastrointestinal tract of
animals and humans. F. coli strains can be harmless or pathogenic to the host. As the
result of fecal contamination they can be found in water and soil. Therefore its presence

in water has often been used as an indicator to monitor water quality [25].

Many studies use Escherichia coli C-3000 (ATCC15597) as a representative model for
bacteria in water [26, 27]. Escherichia coli C-3000 (ATCC15597) is a biosafety level 1
organism [11] and can be used as MS2 virus host [28]. That is why it has been selected
for this work. Size distributions for E. coli strain (ATCC 15597) were measured in
0.17 M NaCl background solution, and obtained a peak size at 1600 nm (the results are
shown in Fig. 2). This value fits within the literature measurements of 1100-1500 nm

diameter and 2000-6000 nm length [24] for a cylindrical rod shape.
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Spinks er al. [29] demonstrated that pathogenic bacteria are inactivated in a temperature
range of 55° to 65 °C. Other studies found that £. coli presents the first thermal
inactivation signs at temperatures over 55 °C, achieving high inactivation rates at 60 °C
[30]. This is expected as the membrane phospholipids have a phase transition and lose

their ordered state at this temperature.
MATERIAL AND METHODS
Experimental solutions

An electrolyte solution was prepared and sterilized by autoclaving in an Aesculap 420

at 15 psi, and 121-124°C for 15 minutes [31].

Typically, the solution used comprised 0.17 M NaCl (= 99% purity, obtained from
Sigma-Aldrich) in 300 ml of Milli-Q water.

Tabor et al [32] found that bubble coalescence in water depends on gas type and pH. In
Tabor et al it was observed that CO» bubbles do not coalesce, whereas other gases like
Ar, N, and air do. For this reason, 0.17 M NaCl solution was used in the experiments
described below to ensure that bubble coalescence was similar for all the gases studied,
eliminating a possible confounding variable. In the experiments, NaCl (0.17 M) was
used to reduce bubble size and inhibit coalescence, but often wastewater contains lipids,
surfactants and biopolymers, which even at low levels can stabilise bubbles and reduce

bubble size.

The MS2 virus is resistant to high salinity and is stable in the presence of 1 to 2 M of
NaCl [33]. Previous studies [5, 8 and 9] have shown that 0.17 M NaCl solutions do not
inactivate F. coli. So the concentration of NaCl should not be a factor in the inactivation

of the virus or bacteria.
Media preparation for the virus experiments

A specific optimized Double Layer Plaque Assay technique as described in Cormier et
al [23] was used to assess the concentration of active MS2 viruses. This plaque assay
method is commonly used for detection of MS2 in treated drinking water, wastewater
and marine water. The water quality is assessed based on the ability of bacteriophages
to kill the host bacteria and allow phages to propagate in a confluent lawn of bacterial

host cells immobilized in a layer of agar [23, 28, 34, 35].
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The medium is not commercially available, so before each experiment 1.5 L was
prepared from two solutions (A and B). For the preparation of solution A 15 g. of
tryptone, 1.5 g. of yeast extract, 12 g. of NaCl and 1425 ml of Milli-Q water was used.
A pH value of 6.9 was measured with a Thermos Scientific Orion Star A214 pH meter.
This solution was aseptically dispensed into 3 vessels with different amounts of agar
(1% for the bottom agar, 0.5% for the top agar and no agar for the media), the agar used
in the experiments was molecular biology-grade from Sigma-Aldrich. These solutions
were heated to boiling to dissolve agar and sterilized by autoclaving in an Aesculap 420

at 15 psi, and 121-124°C, for 15 minutes.

Solution B improved the wvisibility of the viruses. This solution was prepared by adding
1.5 g. of glucose, 0.441 g. of CaCl: and 0.015 g. of thiamine to 75 ml of Milli-Q water
and filtered through a 0.22 pm filter for its sterilisation and then was aseptically added
to each of the 3 solutions A, once they cooled to 50 °C.

The bottom agar was poured into 100 mm x 15 mm petri dishes and dried around the
Bunsen burner, to maintain local environmental sterility, until the agar was not too dry

or too moist [34].
Media preparation for the E. coli experiments

The plaque assay method is commonly used for detection of E. coli in treated drinking
water, wastewater and marine water. The water quality is assessed based on the ability

of bacteria to propagate in a layer of agar [26, 34].

For each experiment 1 L was prepared from two solutions (A and B). For the
preparation of solution A 13 g. of tryptone, 1 g. of yeast extract, 6 g. of NaCl and

1000 ml of Milli-Q water was used. A pH value of 6.9 was measured with a Thermos
Scientific Orion Star A214 pH meter. This solution was aseptically dispensed into 2
vessels with different amounts of agar (1.41% agar and no agar for the media), the agar
used in the experiments was molecular biology-grade from Sigma-Aldrich. These
solutions were heated to boiling to dissolve agar and sterilized by autoclaving in an

Aecsculap 420 at 15 psi, and 121-124°C, for 15 minutes.

Solution B improved the growth of bacteria. This solution was prepared by adding 1 g.
of glucose and 0.010 g. of thiamine to 50 ml of Milli-Q water and filtered through a
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0.22um filter for its sterilisation and then was aseptically added to each of the 2

solutions A, once they cooled to 50 °C.

The 1.41% agar solution was poured into 100 mm x 15 mm petri dishes and dried
around a Bunsen burmer, to maintain local environmental sterility, until the agar was not

too dry or too moist [34].
Bacterial strain

Escherichia coli C-3000 (ATCC15597) was used as a representative model for
bacterias in water [26, 27] for the E. coli inactivation experiments and also for the virus
experiments as MS2 virus host [28]. The size and the zeta-potential of the E. coli was
measured in 0.17 M NaCl solution with different gas bubbles using a Malvern Zetasizer

nano series instrument.

For a successful plaque assay, the Escherichia coli C-3000 (ATCC 15597) must be in
the exponential phase of growth. This was achieved by growing two separate bacterial
cultures: an overnight culture and the log phase culture [28, 31, 35]. The overnight
culture was grown in 10 ml of the media without agar at 37 °C for 18 — 20 hours ina
Labtech digital incubator, model LIB-030M, while shaking at 110 rpm with a PSU-101
orbital shaker. The overnight culture resulted in high numbers of bacteria in the culture

and this was used as reference standard.

To start the log phase E. coli culture, 1 ml of the overnight culture was transferred in to
25- 30 ml of broth without agar and incubated for 3 h at 37 °C, with gentle shaking at
110 rpm. To prevent loss of F-pill by the cells they were then quickly cooled in a
refrigerator, at 5 °C. A UV-VIS spectrometer, UVmini-1240, was then used to measure
the optical density (OD) of the log phase E. coli culture. OD readings at 520nm of
between 0.8 and 1.1 indicated that the culture can be used in the plaque assay for the

virus experiments and as a standard for the E. coli experiments.
Viral strain

A freeze-dried vial of MS2 bacteriophage was acquired from the American Type
Culture Collection. Bacteriophage MS2 (ATCC 15597-B1) was replicated using
Escherichia coli C-3000 (ATCC 15597) according to the International Standard ISO
10705-1 [31] and the Ultraviolet disinfection guidance manual of the United States
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Environmental Protection Agency [36]. The zeta-potential of the MS2 viruses in 0.17 M

NaCl solution with different gas bubbles was measured using a Malvern Zetasizer nano

series instrument.
Viral and bacterial dilutions

The concentration of the MS2 bacteriophage and £. coli was calculated by adding

1.0 ml of medium without agar to the vial and serially 10-fold diluted 12 times by
passing 0.50 ml of the bacteriophage and the £. coli (in a separate experiment) into
tubes containing 4.50 ml of medium without agar [35]. 0.1 ml of dilutions from 10 to

1012 were spotted on the surface of 14 petri dishes and spread with a hockey stick.

After overnight incubation, 18 - 24 hours at 37 °C, individual plaques were countable
and the concentration of the MS2 Bacteriophage and E. coli was calculated using the

equation:
Undiluted spiking suspension in PFU /mL = (PFU1 + PFU2... PFUn)/(V1 + V2.... Vn)

Here PFU is the number of plaque forming units from plates, Vn is the volume (in mL)
of each undiluted sample added to the plates containing countable plaques and n is the

number of useable counts.
Bubble column evaporator process

Figure 1 shows a schematic diagram of the system/apparatus used to assess the effects
of passing the gases Nz, COz, Ar, air and O at different temperatures through an
aqueous solution in a bubble column evaporator. The gases were pumped through the
clectrical heater that maintained the gas temperature just above the sinter surface at the
base of the bubble column evaporator at a particular temperature, depending on the
experiment. The base of the bubble column evaporator was fitted with a 40-100 um

pore size glass sinter (type 2) of 135 mm diameter.

Once the aqueous solution was poured into the column, the temperature of the solution
was measured with a thermocouple in the centre of the column solution. The gas was
then passed through the sinter into the 300 ml solution to inactivate MS2 viruses or

E. coli (in separate experiments).
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When using combustion gas, a similar bubble column evaporator to that used in the
other experiments was used with the exhaust pipe of a generator (Honda EM2200)
attached to a valve that provides an exhaust gas flow of 27 1/min through the bubble

column (shown in Fig. 3).
Disinfection experiments

Experiments were performed using a 0.17 M NaCl solution (initial temperature of

22.5 °C), with inlet gases of CO,, argon, nitrogen, air, oxygen and combustion gas
mixtures, at temperatures of 150 °C for CO., argon, nitrogen, air and oxygen, 58 °C for
combustion gas and 20 °C for oxygen and air for the £.coli experiments, and 200 °C for
CO», argon, nitrogen, air and oxygen and 60 °C for combustion gas for MS2 virus
experiments, in the BCE, and, for comparison, in a water bath at 22.5 °C and pH 4.2.
Further experiments were also performed using MS2 virus in a 0.17 M NaCl solution
(initial temperature of about 22 °C) in the BCE, with CO, gas at different inlet
temperatures (205 °C, 150 °C, 100 °C, 11 °C and 20 °C) and with CO; gas having an
inlet temperature of 22 °C at different flow rates (27 I/min and 20 1/min).

The enumeration of bacteriophage and E. coli viability was performed by the plaque
assay method [23, 34, 35].

Once the solutions with known concentration of coliphage and E. coli were prepared,
experiments were conducted to study the inactivation of the coliphage with different
gases and inlet gas temperatures. 1.3 ml samples were collected from 10 to 15 mm
above the central area of the sinter every 6 minutes during 36 minutes for the virus
experiments and every 2 min for the E. coli experiments. 0.07 ml of each sample was

spotted in triplicate following the double layer plaque assay technique [36].

To evaluate the effect of solution pH on the inactivation of MS2 bacteriophage and
E. coli experiments, comparison tests using 0.17 M NaCl solution at pH 4.1, were
carried out in a separate beaker, in a water bath. During these experiments, samples

were regularly taken out from the beaker and analysed as before.
Data analysis

Plaque counts were performed for all 18 - 21 plates of each of the experiments. The

mean and the standard deviation of each triplicated sample using a virus or bacteria



WO 2019/104383 PCT/AU2018/051270

10

15

20

25

— 2 8 -
survival factor: Log1o(PFU/ PFUy), where PFUj is the initial number of PFU per sample

and PFU is the PFU per sample after an exposure time in minutes. When plotted, a

second order polynomial distribution was applied to fit the survival curves [21].
RESULTS AND DISCUSSION

Some typical results are shown in Figure 4 which shows photographs of the petri dishes
used in the double layer plaque assay technique for MS2 virus inactivation in a NaCl
0.17 M aqueous solution at 200 °C CO; inlet temperature after (a) 0, (b) 0.75, (¢) 2.25
and (d) 3 min of treatment in the BCE. Total inactivation of 295 PFU/plate per sample
was achieved in only 3.5 minutes using a total heat input of only 0.02 kJ/ml (the

temperature of the solution at the conclusion of the experiment was 46.5 °C).

1. pH effect on virus and bacteria inactivation when bubbling CO: in the

aqueous solution

When using CO: gas in the bubble column the pH of the water dropped from 5.9 to 4.2

in less than 45 seconds.

When COz dissolves in water 99% stays as the dissolved molecular gas and less than
1% as carbonic acid (H2COs3). This reduces the pH of the water to around 4 (equation
2). Carbonic acid dissociates into bicarbonate ion (HC03) and carbonate ion (C02~ ) (see

equations 3 and 4) [37].
C0,(g) = CO,(aq) (1)
€0,(aq) + H,0(l) s H,C05(aq) (2)
H,C0,(aq) s H™ + HCO3 (aq) (3)
HCO3 (aq) S HT + C03 (aq) (4)

To determine if the reduction in pH, due to dissolved CO: (equations 1, 2, 3 and 4), was
related to its disinfectant effects, two experiments with carbonic acid (H2COs) at pH 4.2
were conducted in a continuous stirred beaker, one for viruses and another one for

bacteria.

Carbonic acid (H2COs) was produced by bubbling 27 I/ min. of pure CO: through the
0.17 M NaCl solution during 10 minutes at 22 °C. After bubbling the solution was
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continuously stirred in the beaker and a sample was taken every 3 minutes, the pH was
4.2 and a log virus reduction of only 0.002 was observed. For E. coli, only a 0.08-log
removal was observed, which suggests that low pH has a slight inactivation effect on

L. coli and no effect on viruses. Some authors describe a small, low pH inactivation
effect on microbial cells, since membranes stop protons from penetration but low pH
makes membrane more permeable to other substances like CO: due to the chemical
modification on the phospholipid bilayer of membranes [38, 39]. Cheng et al [14]
observed almost no inactivation change under different pH conditions (pH 4, 4.5, 5 and
5.5) for 3 different viruses (MS2, Qf and $X174). They belicved that H* ions could not

enter the capsid as easily as CO» molecules.

Therefore, reduced pH was considered not responsible for the high virus and bacterial

inactivation effects that were observed when bubbling CO» into the BCE.
2. Effect of different gases on virus and bacterial inactivation

In these experiments, MS2 virus (ATCC 15597-B1) and E. coli (ATCC 15597)
inactivation rates were determined when bubbling inlet air at 200 °C (for virus) and

150 °C (for E. coli) in the bubble column evaporator through 0.17 M NaCl solutions.
The same experiments were carried out with different gases present in air (nitrogen,
oxygen, COz and argon). 99% of air is a mixture of nitrogen and oxygen gases, the other

1% contains argon and CO» (among others).

Lastly, combustion gases from a generator at about 60 °C were used to inactivate first
MS?2 viruses and later £. coli (the temperature of the combustion gases in the MS2 virus

experiments was 60 °C and in the E. coli experiments was 58 °C).
The results of these experiments are shown in Figures 5 and 6.

Inactivation rates for MS2 virus with gases at 200 °C were found to be quite similar,
except for CO2 and combustion gases. When inactivating E. coli with gases at 150 °C

oxygen produced the highest inactivation rates, followed by CO2 and combustion gas.

When bubbling CO», Ar, N2 and air through water in previous studies [32] [17] it was
demonstrated that CO; behaved differently to the rest due to its solubility in water,
changes in pH and the zeta potential of its bubbles.
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Enomoto et al. [17] found that when using an explosive decomposition system, highly
soluble gases in water, like CO» and N»O, achieved greater inactivation rates of
Saccharomyces cerevisiae than when using other gases, like Ar or N, that are less
soluble in water. Tabor er al [32] demonstrated that CO, prevents bubble coalescence
much better than the other gases. Bubble coalescence inhibition is a very important
variable in the performance of the BCE since it increases the gas/water interfacial area,
this is the reason why all the experiments have been conducted in a 0.17 M NaCl
solution [4], to ensure that all the gases presented a similar degree of inhibition of

bubble coalescence in the column solution.

Carbon dioxide has high water solubility, produces a lower magnitude of coliform and
virus Zeta potentials and lower pH values (see Table 1) compared with the rest of the

gases used in these experiments.

The solubility at 52 °C (for viruses) and 43°C (for E. coli) of the different gases used
were obtained from literature values (http://www.engineeringtoolbox.com). The pH
values were measured during the experiments and the Zeta potential values were
measured during the experiments at a virus concentration of 10% per ml and E. coli

concentration of 107 per ml.

. Water  Heated water Average
Gas Solubility* Zeta potential pH Tempera Layer Thickness Temperature of the
values (Ki/(kg K))
ture C z{nm) Layer. C
Eschrichia coli C-3000 (ATCC15597) with gases at 150°C
Oxygen 0.030 -11.8 6.1 0.92 45.2 38.6 726
Nitrogen 0.014 -12.2 5.7 1.04 43.4 37 71.7
Carbon dioxide 0.950 -9.4 4.0 0.84 433 30 71.7
Argon 0.040 -12.4 6.0 0.52 38.6 24.3 69.3
Air 0.017 -125 5.7 101 44.7 38.1 72.4
Combustion Gas -9.1 4.1 39.5
5 MS2 bacteriophage (ATCC 15597-B1) with gases at 200°C
Oxygen 0.027 -12.6 6 0.92 49.5 83.8 74.8
Nitrogen 0.013 -10.8 5.6 1.04 53.7 90.5 76.9
Carbon dioxide 0.800 -6.2 4.0 0.84 46.5 99.9 73.2
Argon 0.035 -12.2 6.0 0.52 46 55.3 73
Air 0.016 -143 5.8 101 52 87.2 76
Combustion Gas -5.1 4.1 30

*Solubilities of gases in Waterat 43 °Cfor e.coli and 52° Cforvirus. Grams of gas dissolved in 1 Kg of waterat 1atm.

Table 1: Solubility, microorganism Zeta potential, pH, heat capacity, water
temperature at the conclusion of the experiment, thickness of the heated layer around
the gas bubble and average temperature of this layer for the gases in the study with
viruses and bacteria.
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The “water temperature” referred to in Table 1 is the temperature of the aqueous
solution at the conclusion of the experiment (for the E. coli experiments, this was after
10 minutes for all gases, and for the virus experiments this was after 37.5 minutes for
all gases except carbon dioxide gas and combustion gas and after 4 minutes for carbon
dioxide gas and combustion gas). For all the experiments, except the virus experiments
using carbon dioxide gas or combustion gas, the temperature at the conclusion of the
experiment was the equilibrium solution temperature (that is, the temperature remained
constant at this temperature as further gas bubbles were passed through the solution). In
these experiments, the aqueous solution typically reached the equilibrium solution
temperature after about 5 minutes. The average temperature of the heated layer around
the gas bubble reported in Table 1 was calculated as discussed below based on the

water temperature reported in Table 1.

In Table 1 (virus section) CO2 presents a lower temperature at the conclusion of the
experiment, only 46.5 °C, than expected from steady state conditions, according to its
heat capacity. This is due to the fact that only the average temperature of the water after
4 min. was used, since this was the time needed to achieve total virus inactivation, when
using CO.. For the gases oxygen, nitrogen, argon and air the average temperature after
37.5 min was used, as this was the time needed to achieve 1.5 log virus inactivation. For
bacteria, the average temperature was obtained after 10 min., which was the time

needed to achieve an average of 1.5 log of E. coli inactivation.

The temperature and the thickness of the hot water layer around the surface of a 1 mm
diameter gas bubble can be roughly estimated for inlet gas temperatures in excess of
100 °C using the formulae (5), (6) and (7) described below.

The temperature of the hot water layer around the surface of a 1 mm diameter gas
bubble can be roughly estimated by the formula:

100+ 7T,

T, = >

&)

where Ti (in °C) is the average (transient) temperature of the hot water layer
surrounding the gas bubble and T (°C) is the temperature of the solution in the BCE,
assuming that the hot gas bubble cooled from the inlet temperature to 100 °C.
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The thickness of the transient, heated layer can be estimated by balancing the heat
supplied by the cooling bubble with the heat required to raise the film to this average

temperature.
Thus, the volume of the film V is given by:
V =41’z ©6)
where V is the volume of the layer of thickness z around the bubble when r>>z.
The thermal energy balance is therefore given by:
Cp AT V = Cyarer At 41r?py, z (7)

where C,, Cyqer are the gas and water heat capacities, respectively, p,, is the liquid water
mass density, AT is the cooling of the air bubble and A¢ is the transient temperature

increase in the water layer.

In practice, we might expect that roughly half of the heat supplied by the cooling bubble
will be used in evaporating water into the CO» bubble and hence the calculated, roughly

estimated, film thicknesses will be halved.
Typical results from this calculation are given in Table 1.
3. MS2 virus inactivation with different gases at 200 °C

Thermal inactivation mechanism

When the gas inlet temperature is 200 °C, collisions between the transient hot layers
around the rising hot gas bubbles and MS2 viruses can inactivate the viruses. The MS2
virus is rapidly inactivated at temperatures above 60 °C [21, 40], so hot gas bubbles will
effectively inactivate viruses if the temperature of the hot layer around the bubbles is
greater than 60 °C. It was previously shown (Garrido et al [7]) that the MS2 virus can
be inactivated by heat exchange with hot air bubbles at 150 °C during collisions in the
BCE. This mechanism appears to be related to how closely the viruses and the bubbles
approach on collision. In the earlier experiments MS2 virus survival factors were tested
and correlated with the interaction surface forces between virus and bubbles. The
results reported indicate that at 150 °C added electrolytes can control the surface forces

between the virus and the hot surface of the bubbles and so influence deactivation rates.
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MS?2 virus survival factors for several different gases at 200 °C and combustion gas at
60 °C were compared using the BCE process and the results are shown in Figure 5. Air,
oxygen, nitrogen and argon with an inlet gas temperature of 200 °C were found to have
very similar virus inactivation rates, of between 1.33 and 1.67 — log reduction after

37.5 min of treatment. When the hot gas bubbles form on the surface of the sinter, a thin
layer of heated water is transiently formed around the surface of the bubbles and this
thin layer has a similar average temperature, with values from 73 °C to 76.9 °C, and
thickness, with values of approximately from 55 to 91 nm, for these 4 gases (see Table
1). Without wishing to be bound by theory, it is believed collisions between the
transient hot layers around the rising hot gas bubbles and MS2 viruses is the

fundamental mechanism of virus inactivation for these 4 gases.

CQO; inactivation mechanism

By comparison, when CO» (100% of CO») and combustion gas (with a 12.5 to 14 % of
COs according to text book ‘Combustion Fundamentals® Chapter 2 [41]) at 200 °C and
60 °C, respectively, were used in the experiment, the collision between viruses and the
hot water layers around the hot CO- bubbles appears to be not the only mechanism that
causes the fast virus inactivation rates, of 2.2 log for combustion gas and 2.7 log for

pure CO,, in just 3.5 minutes (see Figs. 4 and 5), observed in these studies.

When using combustion gas other combustion products than CO», H,O and N» could be
present due to minor components and impurities in the fuel and different fuel/air ratio.
These gases typically include: carbon monoxide (CO), hydrogen (Hz), sulphur oxide
(5807) and mono-nitrogen oxides (NOx) like NO and NO> [41]. The presence of these
gases in very small amounts may explain the similar results obtained when using pure
CO: at 200 °C and the combustion gas was only used at an inlet temperature of 60 °C.
For example, Richard F. et al [42] investigated the viral inactivation properties of SO2
and its high solubility in water.

Francis et al. [43] studied the latent heat of vaporization in a BCE with different
aqueous salt solutions and estimated for a dry nitrogen inlet gas temperature of 60 °C,
an equilibrium temperature of 22 °C. However, combustion gases are saturated with
water and therefore heat is not used to evaporate water vapour into the bubbles; this

explains why when the combustion gas inlet temperature was only 60 °C the
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equilibrium temperature of the water stayed high at 39.5 °C, rather than 22 °C, expected
if the gas was dried. Therefore if much of the heat in the hot gas bubbles is not used to

evaporate water, the 60 °C inlet gas temperature could also have an inactivation effect

on viruses by raising the bulk temperature of the aqueous solution.

When CO» gas is bubbled through the sinter area a large CO»-liquid contact surface is
continually produced. This increases the amount of CO» dissolved in the solution
producing a similar effect to what can be achieved by raising the pressure in dense
phase carbon dioxide (DPCD) processes even though in the bubble column the pressure
remained around 1 atm. Many authors have proved the inactivation of microorganisms
when using pressurized CO» [14-16]. The mechanism used to explain this inactivation

effect is related to its high solubility in water.

Cheng et al [14] propose an inactivation mechanism for bacteriophages MS2 and Qf
based on the penetration of CO; inside the capsid under high pressure and later
expansion when depressurized, so damaging the capsid. CO:-protein binding could also

damage the capsid inactivating the virus.
4. E. coli (ATCC 15597) inactivation results with gases at 150 °C

Thermal inactivation mechanism

When inactivating F. coli (ATCC 15597) with air and nitrogen at an inlet temperature
of 150 °C in the BCE, similar F. coli inactivation results (Fig. 6) were obtained to those
reported by Shahid et a/ [9], when using natural lake water samples. The collisions
between the transient hot layers surrounding rising bubbles and the hot bubbles
themselves with the coliforms was assumed to be the fundamental mechanism for
coliform inactivation in their work [8]. This was also assumed for the fundamental
coliform inactivation mechanism in the present work when using the hot gases N», Ar,
and air. However, as shown by the results reported herein, when using CO:z or

combustion gas, this is not the only coliform inactivation mechanism.

Bubbling over a 10 min period, the E. coli survival factors for air, oxygen, nitrogen,
CO> and argon having an inlet temperature of 150 °C, combustion gas having an inlet
temperature of 58 °C and oxygen and air having an inlet temperature of 20 °C, were

compared and the results are shown in Figure 6. At 150 °C, air and nitrogen presented
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very similar E. coli inactivation rates after 10 min of treatment with 1.43 and 1.74 - log
reduction, respectively. No inactivation was detected with air at 20 °C with only 0.03
log reduction. Argon presented lower inactivation rates with just 0.40 log reduction
after 10 minutes, probably due to its low heat capacity, only 0.52 kJ/kgK, which is half
of the heat capacity of nitrogen and air (Table 1). For these 3 gases, when the hot gas
bubbles form on the surface of the sinter a thin layer of heated water is formed around
the surface of the bubbles and this thin layer will have a similar average temperature,
with values from 69.3°C to 72.4°C (Table 1). E. coli is rapidly inactivated at
temperatures above 60 °C [29], so hot gas bubbles will effectively inactivate E. coli if
the temperature of the hot layer around the bubbles is greater than 60 °C, hence when
bubbling air at 20 °C no E. coli inactivation was observed (0.03 log reduction), which

supports the thermal collision hypothesis and establishes a base line.

CO; inactivation mechanism

With CO» (100% of CO») and combustion gas (with a 12.5 to 14 % of CO according to
the text book ‘Combustion Fundamentals® Chapter 2 [41]) at 150 °C and 58 °C,
respectively, the collision between E. coli and the hot CO2 bubbles appears to be not the
only mechanism that explains the higher inactivation rates, of 2.63 log for combustion

gas and 2.84 log for pure CO», after 10 minutes (see Fig. 6).

Different mechanisms have been suggested to explain the antibacterial effect of
dissolved COz. In Chapter 4 of the book ‘Dense Phase Carbon Dioxide’ [38] Osman
describes, in great detail, different steps of the bacterial inactivation mechanism for
pressurized CO2. When presurized CO» first dissolves into the solution its pH decreases.
This acidification of the solution increases the penetration of CO; through the cell
membranes. The CO: inside of the cell will then produce an intracellular pH decrease
that will exceed the cell’s buffering capacity, resulting in cell inactivation [38, 39].
However, it is also possible that bicarbonate ions bind to lipid headgroups, changing

their hydration and head group curvature, pore structure and therefore viability.

When using combustion gases other combustion products than CO», H,O and N; could

be present due to minor components and impurities in the fuel and different fuel/air

ratio. These gases are typically: carbon monoxide (CO), hydrogen (H»), sulphur oxide



WO 2019/104383 PCT/AU2018/051270

10

15

20

25

30

- 36 -

(S0;) and mono-nitrogen oxides (NOx) like NO and NO> [41]. The presence of these

gases in very small amounts could also contribute to the inactivation of the bacteria.

Oxidation/combustion mechanism

Hot oxygen bubbles at 150 °C in the BCE with 0.17 M NaCl solution containing F. coli
produced the best inactivation results, with 2.90 log reduction after just 3.5 minutes
(Fig. 6). Pure hot oxygen could oxidize and combust the E. coli by direct contact or
through reactive oxygen species produced at 150 °C. It is known that the oxidative
properties of H»O» can inactivate E. coli, and this inactivation effect increases with the
concentration of HO:z [43]. Proteins, lipids and nucleic acids can also be oxidised by
active oxygen species from incomplete reduction of O, during respiration [44]. E. coli
presents straight cylindrical rod shape of 1.1-1.5 um diameter and 2.0-6.0 pm length
[24]. Compared with the size of the bubbles 1-3 mm, and so these cells could easily
penetrate through the thin heated water layer around the oxygen bubbles (Table 1) and
directly contact the hot oxygen.

By comparison, the results obtained for . coli using hot oxygen (at 150 °C) as inlet gas
were found to be much more effective than for the MS2 virus (with an inlet temperature
of 200 °C), which has a much smaller hydrodynamic radius of about 13 nm [22]. Thus,
the low solubility of oxygen in water (Table 1), the inactivation times of viruses

(37 min) compared with E. coli (10 min) and the 0.65 log E. coli reduction when using
oxygen at 150 °C inlet gas temperature (Fig. 6), supports the hypothesis of the
oxidation/combustion of E. coli through direct contact with the gas phase, which is

unlikely to occur with the much smaller viruses.
5. Comparison of the thermal inactivation mechanisms for E. coli and viruses

The World Health Organisation (WHO) in their guidelines for drinking-water quality
[40] compared thermal inactivation rates for different types of bacteria and viruses in
hot liquids. They concluded that temperatures above 60 °C effectively inactivate both
viruses and bacteria. When the temperature range lies between 60 °C and 65 °C,
bacterial inactivation occurs faster than viral inactivation. These studies showed that at
60 °C water temperature, E. coli needs 300 seconds to reach a 1.5 log reduction
compared with 1800 seconds for viruses like enterovirus, echovirus 6, coxsackievirus

B4, coxsackievirus B3 to reach 4 log reduction [40].
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In our experiments £. coli reached 1.5 log inactivation within 10 minutes (Fig. 6) when
bubbling nitrogen or air at 150 °C (where the solution temperature at 10 mins was

43 °C for nitrogen and 45 °C for air) and MS2 virus reached 1 to 1.5 log inactivation
after approximately 15 to 37 min with air, oxygen or nitrogen at 200 °C (solution
temperature at 37.5 mins was 52 °C for air, 50 °C for oxygen and 54 °C for nitrogen)
(Fig. 5). However, E. coli reached 2.6 log inactivation within 10 minutes (Fig. 6) when
bubbling CO; at 150 °C or combustion gas at 58 °C (where the solution temperature at
10 mins was 43 °C for CO: and 40 °C for combustion gas) and MS2 virus reached 2.0
log inactivation within 5 min with CQOz at 200 °C or combustion gas at 60 °C (solution
temperature at 4 mins was 47 °C for CO» and 30 °C for combustion gas) (Fig. 5). It is
proposed that in this process using gases having an inlet temperature in excess of about
100 °C, viruses and bacteria are inactivated when they collide with the heated gas
bubbles, either with the hot water layer around the hot bubbles or the hot gas within the
bubbles. These results agree with the WHO data conceming a faster bacterial
inactivation than for viruses, at similar water temperature. However, this phenomena
was considerably and surprisingly enhanced when using a BCE with a gas comprising

at least 10% COa by volume.
6. Effect of CO2 bubble temperatures on virus inactivation

Further experiments were conducted using the apparatus depicted in Figure 1, using
CO; gas having an inlet temperature of 205 °C, 150 °C, 100 °C, 11 °C or 20 °C. The
results are shown in Figure 7. The aqueous solution had a temperature of about room
temperature (about 22 °C) at the commencement of the process, and the solution
temperature reported in Figure 7 is the temperature at the conclusion of the experiment
using the relevant gas (e.g. after 6 minutes for the CO having an inlet temperature of

100 °C the bulk temperature of the aqueous solution was 34 °C).

For a gas having an inlet temperature of 100 °C or more, when the hot bubbles form on
the surface of the sinter, a thin layer of heated water is formed around the surface of the
bubbles. The thickness and the temperature of this thin, transient layer are likely to be
important parameters in virus inactivation. Without wishing to be bound by theory, the
it is believed the collisions between these hot bubbles and coliforms is able to inactivate

coliforms. It is further believed that a similar mechanism is effective to inactive viruses,
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when the viruses get close enough, within the hot water layer, to the surface of the
bubbles.

When CO; bubbles at room temperature are produced, 1 log virus reduction is achieved
in just 10 min (Fig. 7 and 8). At higher inlet gas temperatures, virus inactivation also
increases with 2.3 log-reduction after 7 min. at 150 °C inlet CO, temperature and 3 log-
reduction at 200 °C after 3 min (Fig. 7).

Isenschmid er al., 1995 [45] believe that at solution temperatures over 18 °C the
concentration of dissolved, compressed COz is the key parameter behind cell death.
This could explain why no CO: inactivation effect was appreciable, with only 0.1 log-
reduction, after 6.5 minutes at 9 °C CO» column temperature, with 11 °C inlet
temperature (Fig. 7). If the solution temperature rises over 18 °C, either in a layer
around the bubbles or in the bulk temperature of the solution, the penetration of the CO2
through the capsid increases with the consequent CO: effect on MS2 virus inactivation.
At CO; gas inlet temperatures over about 100 °C, virus inactivation is apparently
caused by the combination of this COz inactivation effect and the thermal effects of

virus collisions with the hot bubbles.
7. Effect of gas flow-rate in virus inactivation when using CO2

Figure 8 compares the effect on virus inactivation when using 2 different CO2 flow-
rates at 22 °C during 10 min runs. It is clear from these results that although at first
27 I/min of CO» gas inactivated viruses more effectively than when using 20 1/min,
almost doubling the rate after 2 minutes with 0.35 log-reduction and 0.62 log-reduction,
as the time approached 10 mins, both inactivation rates became almost identical, at

about | log reduction.
CONCLUSIONS

Bubbling gases comprising at least 10% CO- by volume through an aqueous liquid, at
atmospheric pressure, can be used to effectively inactivate typical waterborne
pathogens (including viruses and bacteria), seemingly through two different

mechanisms that depend on the temperature of the inlet gas.
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A thermal inactivation mechanism is based on heat transfer between hot gas bubbles
and pathogens during collisions. This mechanism is believed to be effective when the

gas has a temperature in excess of about 100 °C.

With gases comprising at least 10% CO» by volume, a second inactivation mechanism
appears take effect, said mechanism appearing to be based on the penetration of CO,
molecules through bacterial membranes and virus capsids. Bubbling a gas comprising at
least 10% CO2 by volume produces a high density of CO2 gas at atmospheric pressure
that can be effectively used to inactivate viruses and bacteria in water, where other
gases like air, nitrogen and argon produce only a limited inactivation effect. Reduction
in pH due to CO» bubbling was found not to be responsible for the high virus and
bacterial inactivation effects obtained using CO bubbling. It appears likely that passing
bubbles of a gas comprising at least 10% CO; by volume through the aqueous solution
produces high liquid-gas interfacial area and with the high CO» solubility in water, this
plays an important role in virus and bacteria inactivation. This mechanism is effective

when the gas has a temperature of 18 °C or higher.

It is to be understood that, if any prior art publication is referred to herein, such
reference does not constitute an admission that the publication forms a part of the

common general knowledge in the art, in Australia or any other country.

In the claims which follow and in the preceding description of the invention, except
where the context requires otherwise due to express language or necessary implication,
the word “comprise” or variations such as “comprises” or “comprising” is used in an
inclusive sense, i.e. to specify the presence of the stated features but not to preclude the

presence or addition of further features in various embodiments of the invention.
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