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ABSTRACT

A novel method to inactivate fecal coliforms in aqueous solutions, using a stream of hot air
bubbles, without heating the solution above about 50

�
C was studied in this work. Initially,

it was found that at high salt concentrations (e.g. 0.15 M NaCl), where bubble coalescence is
inhibited, modest but consistent coliform inactivation rates were obtained for a range of
fecal coliform contamination levels. That is, the coliform densities drop at a rate of 4% per
min over the range 550–14,000 CFU/100 mL. More importantly, an analysis of the likely
mechanisms involved in the inactivation process led to the use of lower level salt concentra-
tions, targeted specifically at a reduction in the repulsive interaction forces between typical
coliforms and hot air bubbles, rather than at bubble coalescence inhibition. The results
obtained support the view that surface forces can strongly influence the coliform inactiva-
tion rate and that the addition of low concentrations of, for example, CaCl2, can increase
inactivation levels by more than 1,000 times, without affecting bubble coalescence and
bubble size.

Keywords: Thermal inactivation; Low temperature inactivation; Sewage treatment; Bubble
coalescence; Surface forces; Electrical double layer forces; Van der Waals forces

1. Introduction

The development of new technologies is of impor-
tance in solving many current water purification and
wastewater treatment challenges. In the water treat-
ment industry, this often means reducing energy
consumption, generating value from the wastewater,
developing more flexible processes that meet varying
feed water qualities, or a combination of all these
objectives. Water sterilization is an integral part of
these water treatment and recycling processes [1–4].

Current water inactivation methodologies used
industrially often have the following limitations. For
example, UV irradiation treatment can only be used in
low turbidity water and high levels of color present in
the water will also reduce its effectiveness [5]. Ozone
and chlorine chemical oxidation, even at low concen-
trations, can be potentially toxic and hazardous to
humans and the local environment. The work reported
here is based on a study of a new, potentially safer,
technology, using a bubble column process initially
developed for use in on-site household sewage water
treatment and recycling.
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The use of the bubble column for inactivation is
based on the observation that a continuous flow of
bubbles into a bubble column produces substantial
evaporative cooling effects and hence hot gas bubbles
rapidly transfer their heat to the solution [6]. For
instance, bubble columns cool the water or salt solu-
tion to about 8

�
C at steady state, even with a continu-

ous inlet air flow at 22
�
C. This temperature reduction

is independent of air flow rate and bubble size [6,7]. A
theory has been developed to explain these results,
which is simply based on the steady state thermal
balance created as new, warm bubbles enter the
column and evaporate precisely that amount of water
equivalent to the thermal energy supplied by the bub-
ble to the (cooler) column [6]. This situation is
described by the following equation:

DT � CpðTeÞ
� �þ DP ¼ qV Teð Þ

� DHvap Teð Þ in units of Jm�3
� �

(1)

When the bubble column has reached its steady
state temperature Teð Þ, the amount of heat (and work)
given by the difference (ΔT) between the inlet gas tem-
perature Tið Þ and the temperature of the gas as it exits
the system Toð Þ multiplied by the specific heat of the
gas, at constant pressure, in units of Jm�3 K�1 is
balanced by the standard enthalpy of vaporization of
water at that column temperature. In the ideal situa-
tion, To will be equal to the steady state temperature
of the column Teð Þ. The ΔP term accounts for the work
done per unit volume of the gas entering the column
due to the decrease in pressure of the gas as it passes
through the column. This work is given by the pres-
sure difference (ΔP) between the point just before the
gas enters the sinter and atmospheric pressure, into
which it is released as the gas leaves the column. It
should be noted that in this dynamic balance of
energies the work done by the reduction in volume of
the gas, on cooling, is taken into account in the Cp

term and the work done by the expansion of the
bubbles, on absorbing water vapor, is included in the
DHvap term.

In a bubble column, air bubbles in the size range
0.5–2.5 mm rise at a limited speed of about
10–35 cm/s, in quiescent water, because of their
shape oscillations which dampen rise rate [8]. Mean-
while, these oscillations also accelerate the rate of
transfer of water vapor into the bubbles and thus
enhance the rate of vapor collection. As a result, equi-
librium vapor pressure within the bubbles is therefore
attained quite quickly, within a few tenths of a sec-
ond [8], which means that the heat from the bubbles

produced at a sinter is transferred to the solution
within a rise distance of about 5–10 cm. This suggests
that using the bubbles inside a dense bubble column
is a quite efficient way for heat transfer from hot air
bubbles to the surrounding solution. Moreover, some
interesting results were obtained with added salt
(NaCl) at levels above 0.17 M, which inhibit bubble
coalescence [9], and hence produces finer bubbles and
cuts down the time to half for the column to reach
the steady state operating temperature [6]. These
observations led to the recent development of a new
bubble column method to thermally inactivate micro-
organisms, such as fecal coliforms in water, by using
a significantly lower amount of energy than the tradi-
tional method of boiling water [7].

The rapid transfer of heat from hot bubbles to
produce water evaporation within a bubble column
can be used to sterilize without raising the water
temperature above 50

�
C. The initial report [7] was

focused on using the bubble column process for
highly contaminated water and did not examine the
effects at lower levels, which leaves open the ques-
tion of whether the process should be identified as a
secondary or tertiary water treatment process. In the
present study, the effects of the hot bubbles have
been quantified at both high and low levels of fecal
coliforms and this has been used as a basis for a
detailed analysis of the mechanisms involved. In the
earlier work, 0.15 M NaCl was added into the col-
umn to enhance treatment efficiency by reducing
bubble size and increasing bubble density. However,
in many practical situations, the use of high salt
levels presents problems due to the large amounts of
treated water and water recycling regulations and
standards. Therefore, the need for added salts to
inhibit bubble coalescence and produce finer bubbles
for the coliform inactivation process has been
re-examined in this study.

The present work is primarily focused on a study
of the electrostatic forces between bubbles and col-
iforms in solutions, which is considered to be the key
to an improved bubble treatment process. The surface
of air bubbles in neutral water is negatively charged,
apparently because the bubble surface selectively
adsorbs hydroxyl ions from the surrounding water
[10]. Since typical bacterial cells are also negatively
charged [11], there should be a natural electrostatic
repulsion between coliforms and air bubbles, which
will be salt dependent, and a repulsive, short range,
van der Waals force, which will be less dependent on
the salt level. The natural biopolymers present on the
surface of most cells [12] are also negatively charged
and will also be affected by the type and level of salt
in solution.
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The zeta potentials of air bubbles [13,14] and
coliforms [15] have been measured in various salt
solutions. The zeta potentials of Escherichia coli
(E. coli type: D21 g), a species of fecal coliform, have
been measured in different types of electrolyte, such
as KCl and CaCl2, and at different concentrations
[15]. Interestingly, at the same concentration, the
potentials in CaCl2 solutions displayed significantly
reduced values compared with those in KCl solu-
tions, which suggests that the repulsive forces
between these cells and with air bubbles will be sig-
nificantly reduced. It is found that only a relatively
small amount of CaCl2 is required to produce these
effects. Zeta potential measurements can also be used
to calculate the corresponding surface charge densi-
ties, which can be used to estimate the change in
electrostatic surface forces between coliforms and air
bubbles. In the present work, we have studied the
effects of this reduction in electrostatic repulsive
forces, between coliforms and bubbles, on the
inactivation rate caused by the collision of coliforms
with hot bubbles. The discovery that surface forces
influence bubble column inactivation of coliforms will
have wide ranging applications to the treatment
processes for many other micro-organisms. In addi-
tion, the use of low-level additives to influence these
forces offers great potential for improved water
treatment efficiency.

2. Materials and methods

2.1. Materials

2.1.1. Contaminated water source

In this study, a natural water source was used for
the fecal coliform feed water to more closely model
the type of water expected from secondary/tertiary-
treated sewage water. All samples were taken from a
natural lake in a region which used to be waterfowl
habitat ponds, which normally provided sufficiently
high densities of fecal coliform bacteria [16], between
September 2013 and January 2014 in Canberra. The
samples were immediately stored at 4˚C in the dark
and processed within 48 h after collection. Before all
experiments, the visible suspended solids in the
water samples were removed by coarse filtration.
Low density (550 colony-forming-units (CFU) per
100 mL) fecal coliforms were observed at mean
temperatures around 25˚C, during September 2013–
November 2013, while medium and high densities
(5,500–14,000 CFU/100 mL) were observed at greater
mean temperatures, around 30˚C, during November
2013–January 2014.

2.1.2. Biological water quality indicator

For monitoring and evaluating the inactivation
process, fecal bacteria were chosen as water indicators
because they are often used as indicators of possible
sewage contamination [17]. They also indicate the
possible presence or absence of pathogenic bacteria,
viruses, and protozoan that also live in human and
animal digestive systems [18].

2.2. A pilot bubble column process

The bubble column process used in these studies is
described schematically in Fig. 1. From left to right,
the air was pumped by a HIBLOW air pump, then
through a dry tank containing silica-gel. In the air hea-
ter, the air was heated to maintain 150

�
C just above

the sinter surface, where a thermometer was applied
to monitor the temperature. Typically, a 40–100 μm
pore size glass sinter (type 2) of 135 mm diameter was
fitted to the base of the bubble column where the hot
air was bubbled through the sinter into 250 mL of con-
taminated water. The room temperature air flow rate
was typically 25 L/min, measured just prior to the
heater. However, the actual flow rate of 150

�
C air

pumped into the column was more than that due to
expansion. The heated air flow rate into the solution
could be calculated as: measured air flow rate
� Tsinter surface=Tbefore heater with T in Kelvin. So the real
flow rate into the sinter was almost 36 L/min, when
the flow meter indicated a value of 25 L/min. How-
ever, because of the rapid cooling of the bubbles due
to evaporation at the water–air interface, only the
room temperature air flow rate is reported here. The
actual air flow rate within the column would only be
marginally greater (by about 10%) than the room
temperature air inlet flow rate because of the modest
temperature increase, of up to 47

�
C, in the column.

2.3. Preparation of NaCl and CaCl2 solutions

In the initial studies, NaCl (� 99% purity, obtained
from Sigma–Aldrich) was added to the contaminated
water to prepare a 0.15 M solution, in order to inhibit
bubble coalescence and so produce a higher density of
smaller bubbles, with a higher air/water interfacial
area [4]. However, high salinity is also known to con-
tribute to the mortality of fecal coliforms in water,
caused by osmotic pressure, which can cause growth
suppression in fecal bacteria [19]. Table 1 summarizes
the effects of salt level on the survival rates of E. coli.
Hence, to avoid the effects by salinity and storage
time, the initial experiments used NaCl concentration
levels at up to 1% salinity (i.e. 0.17 M). In addition,
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the water samples were changed every two days, in
order to maintain the coliforms in a healthy condition.
It should also be noted that adding these levels of
NaCl has no clear detrimental influence on growing
coliform colonies in the incubation process [20]. The
0.01 M CaCl2 added to the experimental solutions was
obtained from CaCl2�2H2O (� 99% purity) from
Sigma–Aldrich.

However, using the bubble column process pro-
duces a slight increase in salt level due to the water
vapor generated into the bubbles during the process.
To overcome this effect in these studies, an initial
NaCl concentration of 0.15 M was used in the column.
Over a typical 40 min experiment with a column

temperature of about 47.5
�
C, the total water vapor

evaporated would increase the NaCl concentration to
about 0.18 M. However, a considerable portion of the
water vapor would typically recondense during the
experiments and hence the actual water loss would be
significantly less than that in the calculation. Conse-
quently, use of 0.15 M NaCl concentration in these
thermal inactivation studies should not introduce any
salt effects on coliform viability.

2.4. Water quality evaluation method

The membrane filtration (MF) technique [21,22]
was used to estimate fecal coliform bacteria popula-
tions in the water for all experiments. In each experi-
ment, a required amount of water sample was
collected from 10 to 15 mm above the central area of
the sinter, using a sterile syringe. Typically these sam-
ples were diluted with sterilized water to optimize the
fecal coliform count. These samples were filtered
through sterile 47 mm gridded membrane filters made
from mixed esters of cellulose with 0.45 μm pore size.
The filters were then placed in petri dishes containing
m-FC Agar broth with rosolic acid and incubated for a
period of 24 � 2 h at 44.5

�
C. The growth media was

obtained from Millipore Corporation. This growth
media is specifically designed to facilitate the growth
of fecal coliforms and suppresses other micro-organ-
isms [23]. Following incubation, the petri dishes were
removed from the incubator and each dish was
counted for fecal coliform colonies. It is important to
notice that only bluish spots should be counted as

Fig. 1. A schematic pilot-scale bubble column system.

Table 1
Percent survival of E. coli in seawater adjusted to selected
salinities [19]

Salinity (%) Exposure (d) Survival (%)

1 2 100.6
5 87.6
8 53.5

1.5 2 27.9
5 11.7
8 7.1

2.5 2 8.6
5 5.1
8 4.3

3 2 1.7
5 0.7
8 2
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fecal coliform colonies. Those colonies with other color
such as gray should not be included into the count.

The ideal sample volume of wastewater for col-
iform testing should yield 20–80 colony-forming units
or CFU per filter. For example, if the colony counts
per plate were either under 20 CFU or over 80 CFU in
one plate, this dish would be regarded as having an
unacceptable count [17], either because the numbers
are too low or too high, where individual colonies
would inevitably become combined.

For the low fecal coliform density experiments, the
same volume and same fecal coliform density were
studied, with 150

�
C of hot dry inlet air at 25 L/min

flow rate, and different operation times. Around
100 mL of treated water was collected in each experi-
ment and analyzed using the MF procedure. The
water samples used for these experiments were col-
lected from the lake at the same time and used within
two days, because the reproducibility within samples
was good, but sample to sample reproducibility was
variable. Then, all of the individual experimental
results were combined to produce averaged data. By
comparison, for medium and high coliform densities,
typically, only 2 mL samples were required with the
MF procedure, to make sure that there were reason-
able and sufficient coliform numbers in each dish.

2.5. Experimental instruments

Electrical conductivity and pH values of water
samples were measured using a EUTECH PC700
instrument. Turbidity values were obtained using a
HACH 2100AN Turbidimeter.

Solution particle counting was carried out using a
Spectrex laser particle counter Model PC-2300. In this
case, the number of particles in the lake water samples
exceeded the maximum countable number for this
instrument. In order to avoid coincident counts, ide-
ally, one measurement should aim at less than 1,000
particles per mL [24]. Therefore, the lake water sam-
ples were diluted with commercial bottled water
(drinking), which was used because this water had a
very low background particle count (of about 5 parti-
cles greater than 1 μm per mL).

The photographs of the bubbles in the column
were taken with a Pentax K-5 II camera with a shutter
speed of 1/8,000 s. The size range of the bubbles could
be measured from high speed photographs taken with
this camera, since a 1 mm diameter bubble would only
move around 3% of its diameter at a mean rise veloc-
ity of 25 cm/s [8].

A Millipore single chamber incubator was used to
process the petri dishes at 44.5˚C for about 24 � 2 h.

3. Results and discussion

3.1. Characterization of the water source

The basic physical parameters of the collected
water were measured and are summarized in Table 2.
Conductivity and pH were monitored before the
experiment, as showed as Table 2. The turbidity val-
ues for all collected samples were between 20 and 30
NTU. The natural water particle number varied,
depending on weather conditions and collection loca-
tion. The particles ranged from 1 to 100 μm in diame-
ter. Similar results for natural lake water were also
reported [25].

3.2. Bubble column coliform inactivation in NaCl solutions

3.2.1. Experimental study of bubble column coliform
inactivation in NaCl solutions

Initially, a study was carried out on the effect of
bubble column coliform inactivation with added NaCl
to produce maximum bubble coalescence inhibition
(which occurs at 0.17 M) in the low coliform density
experiments using a continuous flow of hot air, at
150

�
C, at a flow rate of 25 L/min, with different treat-

ment times. A combination of all sub-experiments’
results is shown as Fig. 2. The results of lake water
with added 0.17 M NaCl showed that each separate
experiment followed a reproducible order with time,
even with such low CFU/100 mL values. In other
words, the system gave stable and reproducible
results, even for low coliform densities.

To exclude any possible effects of increasing
salinity in the columns, during water vapor loss, as
mentioned in Section 2, the added salt concentration
was slightly reduced. A series of experiments with
low contamination level water, with and without
added NaCl (at 0.15 M), were carried out. The results
obtained are also summarized in Fig. 2, which shows
the effect on coliform inactivation rate, with and with-
out added 0.15 M salt, at 25 L/min flow rate of 150

�
C

inlet air. The results obtained indicate that the fecal
coliform survival rate in the solution with 0.15 M
NaCl was quite similar to that in 0.17 M NaCl, but
was much less than without added salt, especially
within the first 20 min, when the solution temperature
within the column was around 45

�
C.

It has been established that an inhibitory influence
on metabolism and growth in non-fecal coliforms
occurs at 44.5

�
C, but fecal coliforms are essentially

unaffected [26]. Therefore, these results demonstrate
that the lethal effect on the fecal coliforms was not the
warm environment in the column, but the transient
heat transferred from the hot bubbles during collisions.
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In addition, any effects due to flotation and
dispersed coliforms adhering to the column walls
were tested in a “blank” experiment using unheated,
room temperature, air flow, over the same time, and
at the same flow rate. The results obtained showed
that the number of coliforms remained the same
following the cool air flow process, which indicated
that the bubbling process itself did not contribute to
the coliform inactivation.

It should be noted that unlike raw lake water
experiment, the presence of added salt leads to bubble
coalescence prevention and increased bubble density
in the bubble column (Fig. 3(a) and (b)). This enhances
the effective and rapid transfer of heat from the smal-
ler and more numerous air bubbles (Fig. 3(a)) to the
surrounding water, and so improves the disinfect rate,
as illustrated in Fig. 2.

3.2.2. Proposed theory of bubble column coliform
inactivation in NaCl solutions

Shahid et al. [7], reported a similar decrease in
fecal coliform densities using much more heavily

contaminated water (� 1.0 × 105 CFU/100 mL). Treat-
ment at these contamination levels more closely
approximates to secondary sewage treatment [1].
Generally, each type of treatment has different disin-
fecting rates and working capacities. Therefore, several
different treatment types are generally combined, so

Table 2
Basic properties of the lake water feed

Electric conductivity (μs/cm) pH value Turbidity (NTU) Particle numbers (per mL)

178 (±20) 7.32 (±1) 20–30 0.2–0.8 million
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that the harmful micro-organisms can be disinfected
almost completely and hence the final product can
meet the necessary regulations and standards.
However, this inactivation process, even for low-level
contaminated water with added salt, is still as effec-
tive, which is unusual. It is reasonable to say that the
bubble column process may be a useful new method
to combine secondary and tertiary treatment, due to
its wide working range.

Two hypothetical theories of bubble column
coliform inactivation efficiency, with added 0.15 M
NaCl, were developed based on the low fecal coliform
densities study and the previously published [7] data.
In the following equations, the density of the fecal
coliforms, after t min bubble column treatment, is
given by Nt.

(1) A fixed rate theory: based on a fixed rate of
inactivation per min, is shown as:

Nt ¼ Nt�1 � 0:96 (2)

(2) A probability of inactivation theory: where the
rate of inactivation will depend on the
coliform density:

Nt ¼ 1� Nt�1 � 10�6
� �� ��Nt�1 (3)

Comparison of these models with the observed
inactivation rates in medium and high densities leads
to the conclusion that the fixed inactivation rate model
is more consistent with the observed behavior, such as
that shown in Figs. 4 and 5. These figures show that
in the range of initial densities 5,500–14,000 CFU/
100 mL in saline water, the empirical results were in
close agreement with the fixed inactivation rate model
at a rate of 4% per min.

In addition, the rate of coliform inactivation with
time followed an exponential decay, as shown in
Fig. 6, and suggests that the fecal coliform inactivation
rate is consistent over a range of densities.

3.3. Analysis of heat transfer process

In this bubble column process, the initially hot air
bubbles must produce a thin layer of heated water

around the surface of the bubbles. The transient
collisions between these heated water layers and the
coliforms appear to be the fundamental mechanism of
the coliform inactivation. This is likely to be related to
the heating of membrane lipids. At temperatures over
70

�
C, phospholipids, the main component of cell

membranes become more fluid, disrupting the integ-
rity of the cellular membrane, and making the cell
leaky. In addition to this, the membranes also play a

0

1000

2000

3000

4000

5000

6000

7000

0 10 20 30 40 50 60 70

C
ol

on
y 

Fo
rm

in
g 

U
ni

t p
er

 1
00

m
L 

( C
FU

/1
00

 m
L)

  

Time (mins)

experiment result 1  

fixed killing rate theory

Fig. 4. Comparison of the fixed rate theory with experi-
mental results on medium level contaminated salty water
(at 0.15 M NaCl). The error bar at each data point reflects
the standard deviation of three measurements.

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

0 10 20 30 40 50 60 70

C
ol

on
y 

Fo
rm

in
g 

U
ni

t p
er

 1
00

 m
L 

( C
FU

/1
00

 m
L 

)

Time ( mins )

experiment result 2  

fixed killing rate theory

Fig. 5. Comparison of the fixed rate theory with experi-
mental results on high level contaminated salty water (at
0.15 M NaCl). The error bar at each data point reflects the
standard deviation of three measurements.

9450 X. Xue and R.M. Pashley / Desalination and Water Treatment 57 (2016) 9444–9454



crucial role in cellular transport systems for moving
materials into and out of the cells. Experimental
results based on thermal lysis of bacterial membranes
have been reported by Ray and Brock [27]. They
pointed out that the destruction of the cell’s mem-
brane ultimately leads to cell inactivation.

In the column, for a 1 mm bubble, we can estimate
the layer of water heated to, say, 80

�
C by bubbles with

an initial temperature of about 150
�
C. Compared with

the air bubbles, the size of coliforms is quite tiny, at
about 0.5–2 μm [15]. The volume of a layer of (small)
thickness z around a bubble is given by 4pr2 � z.
Hence, the cooling of the bubble by ΔT must deter-
mine the thickness z, in the Eq. 4:

CpDTV ¼ CwaterDt4pr
2qw � z (4)

where Cp, Cwater are air and water heat capacities,
respectively, and qw is the liquid water mass density.
Δt is the transient temperature increase in the water
layer.

For bubbles cooling 100
�
C, the maximum heated

water layer thickness, heated from 20 to 80
�
C, is about

67 nm. This estimate is consistent with the assumption
that the fecal coliforms appear to be killed by heat
exchange with hot air bubbles during collisions. How-
ever, both surfaces of air bubbles and coliforms are
negatively charged, as mentioned before, which will
create a repulsive interaction force and hence will
oppose contact. This repulsive force will tend to
prevent bubbles and coliforms approaching, but the

extent of this effect will be determined by the range
and strength of this repulsive force. Thus, the col-
iforms may be prevented from contacting the surface
of the bubbles but they may still approach close
enough, in which the distances is less than 67 nm, to
be thermally inactivated. This analysis suggests that
these repulsive forces will play an important role in
this bubble column process. It would also be expected
that the high salt levels (e.g. 0.15 M NaCl) used to pre-
vent bubble coalescence will also reduce the repulsive
electrostatic forces between bubbles and coliforms.

3.4. The effect of added CaCl2 on inactivation rate

3.4.1. Analysis of the interaction theory with added
CaCl2

Assuming surface electrostatic interaction forces
are important to bubble inactivation, the addition of
CaCl2 salt might be expected to have a significant
effect even at low concentrations, where it will not
affect bubble coalescence. This is due to the fact that
the presence of divalent cations can significantly affect
the surface potential and counterion distribution at
negatively charged surfaces. For example, relatively
small amounts of divalent ions substantially lower the
magnitude of the surface potential more effectively
than increasing the concentration of monovalent salt,
such as NaCl, at constant surface charge density [28].
In general, calcium cations may not neutralize the sur-
face completely but its effects on reducing surface
potentials and lowering surface charge densities is
substantial. For example, Kim and Walker observed a
significant decrease in magnitude of the zeta potential
on the surface of E. coli in 0.01 M CaCl2 solution [15].

Increased salt concentrations produce shorter
Debye lengths. Eq. 5 is reasonably accurate for low w0

values, of less than 25 mV. The Debye length jð Þ−1 is
the distance from the surface where the surface poten-
tial wð Þ has fallen to 1/e of its surface value w0ð Þ [11].

wðxÞ ¼ w0 exp �jxð Þ (5)

The lake water samples used in this study had an
average electrical conductivity of 178 μs/cm, from
Table 2, which corresponds to less than 10−3 M 1:1
electrolyte, such as NaCl. This also corresponds to a
Debye length greater than 10 nm. By comparison, the
Debye length of 0.01 M CaCl2 solution is about
1.8 nm, hence the addition of this salt will both reduce
the surface potentials (or shear plane potential) and
the Debye length and hence significantly reduce the
electrical double layer repulsive forces.
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In these experiments, the bubble sizes (average size
of around 1.5 mm) were almost 1,000 times larger than
coliforms. To simplify the analysis, it was assumed
that the air bubbles could be considered as flat sur-
faces, compared with the coliforms. Hence, the double
layer interaction forces could be modeled as sphere-
flat interactions.

Using the Derjaguin approximation [11,28] and a
precise numerical solution [29] to the Poisson–Boltz-
mann equation [11,28] for electrical double layer
interactions, the surface interaction forces between
bubbles and coliforms in different solutions were esti-
mated from known values of the Debye lengths and
surface potentials in the contaminated lake water and
in 0.01 M CaCl2 solution (Fig. 7). In addition to repul-
sive electrical double layer forces, this calculation also
included van der Waals forces for this system, which
are also repulsive and of short range. These results,
which were calculated for the 45

�
C temperature in the

bubble column, clearly demonstrate that the barrier to
coliforms approaching bubbles is much reduced by
adding 0.01 M CaCl2. It was also found that the
increased temperature has only a small effect on the
Debye length for a given salt concentration and only a
slight effect on the magnitude of the double layer

interaction, through the decrease in static dielectric
constant and reduced osmotic pressure.

3.4.2. Bubble column inactivation with added CaCl2

The coliform inactivation results summarized in
Fig. 8 show that adding 0.01 M CaCl2 has a significant
effect on the rate and is more effective than without
added salt, increasing the inactivation rate from
approximately 29.0 to 99.9% during 40 min treatment.
The results also demonstrated that the coliform
inactivation in 0.01 M CaCl2 solution was far more
efficient than that observed in a higher level of NaCl
solution, which will, in addition, also significantly
reduce bubble coalescence. It should be noted that this
level of added CaCl2 does not affect bubble coales-
cence [9]. This is further supported by visual observa-
tions of the bubble columns. The photographs (Fig. 3)
were taken during these experiments and clearly
demonstrate that the bubbles in both raw lake water
with and without CaCl2 (Fig. 3(b) and (c)) are larger
and of lower density than in 0.15 M NaCl solution
(Fig. 3(a)), within the bubble column. In short, these
results suggest that adding CaCl2 produces more
effective and efficient fecal coliform inactivation, due
to its effect on reducing the repulsive surface forces
between the bubbles and coliforms. By comparison, no
change in fecal coliform density was observed when
0.01 M CaCl2 was added to lake water samples and
heated to 45

�
C for 2 h.
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3.5. Effect of bubble size

It is interesting also to consider the effects of larger
bubble size on treatment efficiency. The pressure (ΔP)
within a bubble can be easily calculated from the
Young Laplace equation:

DP ¼ 2c=r (6)

where c is the water surface tension (at 45
�
C) and r is

the bubble radius. For 0.01 M CaCl2 solution, the mean
value of the bubble radius was around 0.75 mm, which
is almost twice than that observed in 0.15 M NaCl
solution. Thus, the pressure inside the bubbles will be
significantly lower in 0.01 M CaCl2 solution and so the
bubble surfaces would be less rigid and surface waves
more easily produced. Such enhanced interface
fluctuations might also explain, in part, some of the
additional improvement observed in 0.01 M CaCl2
solutions in terms of the coliform inactivation rate.

These results also imply that further improvements
in the coliform inactivation rate might be achieved by
other solutes, even more effective at reducing the
interaction forces between bubbles and coliforms, such
as FeCl3 and alum and low molecular weight multiva-
lent polymers, such as polydadmac. It may even be
possible to produce suitable conditions to create an
attractive electrical double layer force between bubbles
and coliforms.

4. Conclusions

The novel bubble column inactivation process was
found to have a wide range of operating capacities and
a consistent disinfection rate, with added 0.15 M NaCl
to inhibit bubble coalescence, which was used to
develop an understanding of the mechanisms
involved. A model of coliform inactivation was devel-
oped and this led to a study of the expected interaction
forces between the bubbles and coliforms, which was
then used to develop a more efficient process at lower
salt levels. Low concentrations of added CaCl2 sub-
stantially reduce the expected electrostatic repulsive
force between coliforms and bubbles. This facilitates
the approach between hot gas bubbles and the col-
iforms, thereby thermally inactivating the coliforms.
Additionally, this level of added CaCl2 did not affect
the degree of bubble coalescence within the columns
but significantly increased the inactivation by a factor
of at least 1,000. These results indicate that other
solutes may be even more effective at increasing the
efficiency of the bubble column inactivation process, at
even lower salt levels, extending the range of applica-
tions for this novel coliform disinfection process.
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Barahona, Effect of turbidity on the ultraviolet
disinfection performance in recirculating aquaculture
systems with low water exchange, Aquacult. Res. 43
(2012) 595–606.

DT — the difference between the inlet gas
temperature and the steady state temperature

Cp — the heat capacity of the air
Te — the steady state temperature of the column
Dp — the pressure difference between the point just

before the gas enters the sinter and
atmospheric pressure

qv — the saturated water vapor density in air at that
temperature

DHvap — the enthalpy of vaporization of solution
Nt — the coliform density at t min
Nt�1 — the coliform density at (t − 1) min
V — the bubble volume
Cwater — the heat capacity of water
Dt — the transient temperature increase in the film

around the initial hot bubbles
r — the radius of the bubble
qw — the liquid water mass density
z — the thickness of bubble layer
w — the electrical potential
w0 — the surface potential
j — the reciprocal of the Debye length
Dp — the pressure difference between the inside

bubble and solution
c — the water surface tension

X. Xue and R.M. Pashley / Desalination and Water Treatment 57 (2016) 9444–9454 9453



[6] M.J. Francis, R.M. Pashley, Application of a bubble
column for evaporative cooling and a simple proce-
dure for determining the latent heat of vaporization of
aqueous salt solutions, J. Phys. Chem. B 113 (2009)
9311–9315.

[7] M. Shahid, R.M. Pashley, R.A.F.M. Mohklesur, Use of
a high density, low temperature, bubble column for
thermally efficient water sterilization, Desalin. Water
Treat. 12 (2013) 1–9.

[8] I. Leifer, R.K. Patro, P. Bowyer, A study on the
temperature variation of rise velocity for large clean
bubbles, J. Atmos. Ocean Technol. 17 (2000) 1392–1402.

[9] V.S.J. Craig, B.W. Ninham, R.M. Pashley, The effect of
electrolytes on bubble coalescence in water, J. Phys.
Chem. 97 (1993) 10192–10197.

[10] M. Chaplin, Theory vs. experiment: What is the
surface charge of water? Water 1 (2009) 1–28.

[11] R. Pashley, M. Karaman, Applied Colloid and Surface
Chemistry, Wiley, Hoboken, NJ, 2005.

[12] N. Sperelakis, Origin of resting membrane potentials,
in: N. Sperelakis (Ed.), Cell Physiology Source Book,
fourth ed., Academic Press, San Diego, CA, 2012,
pp. 121–145 (Chapter 9).

[13] C. Yang, T. Dabros, D. Li, J. Czarnecki, J.H. Masliyah,
Measurement of the zeta potential of gas bubbles in
aqueous solutions by microelectrophoresis method, J.
Colloid Interface Sci. 243 (2001) 128–135.

[14] A. Graciaa, G. Morel, P. Saulner, J. Lachaise, R.S.
Schechter, The ζ-potential of gas bubbles, J. Colloid
Interface Sci. 172 (1995) 131–136.

[15] H.N. Kim, S.L. Walker, Escherichia coli transport in
porous media: Influence of cell strain, solution
chemistry, and temperature, Colloids Surf., B 71
(2009) 160–167.

[16] J.A. Brierley, D.K. Brandvold, C.J. Popp, Waterfowl
refuge effect on water quality: I. Bacterial populations,
J. Water Pollut. Control Fed. 47 (1975) 1892–1900.

[17] USEPA, Coliform-total, Fecal and E. coli, in: Membrane
Filtration Method, United States Environmental Protec-
tion Agency, 2012. Available from: <http://www.hach.
com/asset-get.download.jsa?id=7639984036>, accessed
on 3 March 2014.

[18] EPA, Fecal bacteria, in: Water: Monitoring &
Assessment, United States Environmental Protection
Agency, 2012. Available from: <http://water.epa.gov/
type/rsl/monitoring/vms511.cfm>, accessed on 3
March 2014.

[19] I.C. Anderson, M. Rhodes, H. Kator, Sublethal stress
in Escherichia coli: A function of salinity, Appl.
Environ. Microbiol. 38 (1979) 1147–1152.

[20] S.M. Abdulkarim, A.B. Fatimah, J.G. Anderson, Effect
of salt concentrations on the growth of heat-stressed
and unstressed Escherichia coli, J. Food Agric. Environ.
7 (2009) 51–54.

[21] R.W. Baker, Microfiltration, in: Membrane Technology
and Applications, John Wiley & Sons Publishing,
Newark, CA, 2012, pp. 303–324.

[22] M.C. Porter, Handbook of Industrial Membrane
Technology, William Andrew Publishing, Noyes,
Pleasanton, CA, 1990, pp. 10–11.

[23] Merck, m-FC Broth with Rosolic Acid, Millipore
Corporation, Billerica, MA, 2014.

[24] Spectrex, Operating Manual: Spectrex Laser Paticle
Counter Model PC-2300, in: S. Corporation (Ed.),
Redwood City, CA, 2009, pp. 18–19.

[25] A.C. Heyvaert, D.M. Nover, T.G. Caldwell, W.B.
Trowbridge, S.G. Schladow, J.E. Reuter, Assessment of
particle size analysis in the lake Tahoe basin, Desert
Research Institute, Division of Hydrologic Sciences
and University of California, Tahoe Environmental
Research Center, Davis, 2011.

[26] W.S. Dockins, G.A. McFeters, Fecal coliform elevated-
temperature test: A physiological basis, Appl. Environ.
Microbiol. 36 (1978) 341–348.

[27] P.H. Ray, T.D. Brock, Thermal lysis of bacterial
membranes and its prevention by polyamines, J. Gen.
Microbiol. 66 (1971) 133–135.

[28] J.N. Israelachvili, Intermolecular and Surface Forces,
second ed., Academic Press Inc, San Diego, CA, 1992.

[29] D.Y.C. Chan, R.M. Pashley, L.R. White, A simple
algorithm for the calculation of the electrostatic repul-
sion between identical charged surfaces in electrolyte,
J. Colloid Interface Sci. 77 (1980) 283–285.

9454 X. Xue and R.M. Pashley / Desalination and Water Treatment 57 (2016) 9444–9454

http://www.hach.com/asset-get.download.jsa?id=7639984036
http://www.hach.com/asset-get.download.jsa?id=7639984036
http://water.epa.gov/type/rsl/monitoring/vms511.cfm
http://water.epa.gov/type/rsl/monitoring/vms511.cfm

	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.1.1. Contaminated water source
	2.1.2. Biological water quality indicator

	2.2. A pilot bubble column process
	2.3. Preparation of NaCl and CaCl2 solutions
	2.4. Water quality evaluation method
	2.5. Experimental instruments

	3. Results and discussion
	3.1. Characterization of the water source
	3.2. Bubble column coliform inactivation in NaCl solutions
	3.2.1. Experimental study of bubble column coliform inactivation in NaCl solutions
	3.2.2. Proposed theory of bubble column coliform inactivation in NaCl solutions

	3.3. Analysis of heat transfer process
	3.4. The effect of added CaCl2 on inactivation rate
	3.4.1. Analysis of the interaction theory with added CaCl2
	3.4.2. Bubble column inactivation with added CaCl2

	3.5. Effect of bubble size

	4. Conclusions
	Acknowledgements
	References



