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Abstract. Froth flotation is a well-known solid-liquid separation technique. Hydrophobicity is the main driving force
for such processes. Hydrophobic solids attach to air bubbles and rise up while hydrophilic or less hydrophobic species
settle down. Froth can be produced with chemical frothers such as alcohols and polyglycols. However, the use of
chemicals limits the use of this separation method in applications such as drinking water, food, and pharmaceutical
industries. Therefore, developing a technique that produces froth without adding any chemicals would be useful to
such industries.
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This work demonstrates that with suitable operating parameters a 27 cm froth height can be obtained in a 20 cm
diameter column by using an air flow rate of 130 l/min.
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1 Introduction

16
17
18
19
20
21

Froth flotation is a physical separation method using the selective ability of particles to adhere to air bubbles rising in
water (Alam and Shang, 2012). The process usually involves addition of chemical reagents to facilitate froth formation
as well as attachment to the air bubble. The more hydrophobic materials are collected on the surface where a stable
froth forms. The froth is skimmed to produce a “concentrate”, leaving the less hydrophobic part to stay as a “tailing”
in the bottom of the flotation cell. Chemicals are used for enhancing froth formation and quality, and to control the
relative hydrophobicity of the particles (Alam and Shang, 2012;Zech et al., 2012).
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This separation technique is widely used in industry. Historically, early use was in mining for upgrading mineral ores
as a preparation to further purification techniques (Smith et al., 1993;Nagaoka et al., 1999). In the paper industry froth
flotation is used to remove hydrophobic impurities such as printing inks and stickers from recycled paper (Finch and
Hardie, 1999). Waste water can also be treated by this method. Fats, oils, grease and suspended solids are separated
in the Dissolved Air Flotation (DAF) process (Edzwald, 2010). PVC can be separated up to 99.3% from mixtures with
PET using bubble flotation (Marques and Tenório, 2000).
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In biological science, bacterial strains have been separated in the laboratory using froth flotation principles for some
sixty years (Boyles and Lincoln, 1958;Rubin et al., 1966;Bahr and Schugerl, 1992;Rios and Franca, 1997). Sea water
in Japanese fishing ports has been purified from bacteria using the same principles (Suzuki et al., 2008).
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Theoretically, both bubble and froth flotation can be used in purifying water from microorganisms as the majority of
these species are hydrophobic (van Loosdrecht et al., 1987;Stenström, 1989;Zita and Hermansson, 1997;Wang et al.,
2016). Assuming bacteria are evenly distributed throughout the water column a bubble rising through the water column
will attach one or more bacteria in its path and lift it to the water surface. When there is no froth, the bubble will burst
when reaching water surface allowing the bacterium to return back to water again. The role of froth is to prevent the
bubble from bursting and keep the bacteria attached to it long enough for it to be collected.
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Using froth flotation for removing microorganisms from water could decrease the use of biocides in water treatment
which would help minimize their side effects as the formation of Disinfectant by-Products (DBPs) represents a serious
threat to public health in the drinking water industry (Richardson and Postigo, 2015;Ngwenya et al., 2013). The other
drawback of chemical disinfection is the formation of biofilm which is a defensive strategy of bacteria against biocides
(Chandra et al., 2001;Flemming, 2008;Simoes et al., 2010;Kim et al., 2012).
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The use of froth flotation in drinking water and food industries is limited because of undesired taste and odor of
chemical frothers even when in trace amounts, as the majority of them are alcohols and polyglycols (Finch and Zhang,
2014;Harris and O'Connor, 2017) . Therefore, developing a method to produce froth without using chemicals will
enable this separation technique to be used in a wider range of industries.
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2 Hypothesis

47
48
49
50

Froths are a liquid surface phenomenon formed as a result of lowering the water surface tension which otherwise
prevents bubbles from forming by pulling their molecules to the water surface (Chu et al., 2017). Well-built bubbles
can be formed near walls during boiling or pumping air into water. This indicates that when a rising bubble finds a
support from one side it will not burst at the surface.
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Assuming a layer of adjacent bubbles covering the entire cross sectional area of a contained column rises up through
the liquid to the surface, the outer row will be attached to the container wall while first inner row will be supported by
the outer row and so on till the central bubble. Thus, the first layer of froth can be formed.
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If a second layer of bubbles comes up through the water to the water surface, this second layer will displace the first
upward. This will form a froth of two layers, and so on till a “stable” froth height controlled by operational variables
is formed. Investigating the operational variables for a given column dimension should enable a maximum froth height
to be determined.
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At early stages of air pumping gaseous concentration is low. The first air doses “bubbles” are consumed in water.
Once the air concentration in water reaches certain level, bubbles will be interring to water body and leave as it is.
Bubbles start to jam at the water surface, hence a rich froth.
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On the other hand, the first wave of pumped air or Oxygen is consumed and dissolved by water. During this, no froth
is built because rising bubble is depleted through water column. After reaching saturation concentration, every entering
bubble will keep its structure till arriving to water surface. Bubble jam starts now to be obtained and froth should be
started to form.
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Or, in equations:
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According to Fick’s law:
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J= -D
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Where:

69

J: is the diffusion flux (mole m-2 s-1)

70

D: is the diffusion coefficient (m2 s-1)
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C: is the concentration gradient (mole m-3)
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x: is the length vertical to m2 in D and C above (m)
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Mass transfer coefficient can be expressed as (Kazim, 2012; Karimi, 2013):
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(rate of mass transferred) = K (interfacial area) (concentration difference)
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Or in symbols:
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Na = Kla (C*-C)
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Where Na is the mole flux at the interface.

𝜕𝐶
𝜕𝑥

(1)

(2)

(3)

2

𝑑𝐶
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Since Na=

79

Then:

80

In integral form: ∫Co
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We get: ln
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Where:
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Kla: Liquid phase mass transfer coefficient (time-1).

84

C*: Gas maximum concentration that drives the mass transfer.
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C: Gas concentration at time = t.

86

Co: Gas minimum concentration that drives the mass transfer.

87

t: Time at concentration C.

88

to: Initial time.

89
90
91
92
93

Units should be constituent. Any concentration units can be used as the left term is dimensionless. The term (𝐶 ∗ − 𝐶)
represents the concentration difference of the gas in liquid due to bubbling process along the time (t) while the term
(𝐶 ∗ − 𝐶° ) is the driving force along the mass transfer interface. Also, it will be assumed that the bubble climbs the
water column fast enough to ignore the Oxygen concentration increase due to Oxygen mass transfer from water to
bubble. Equation 7 tells that the greater the mass transfer coefficient the faster the froth is built.
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3 Materials and methods
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3.1
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𝑑𝐶
𝑑𝑡

(4)

𝑑𝑡

= Kla (C*-C)
𝐶

(𝐶 ∗ −𝐶)
(𝐶 ∗ −𝐶° )

𝑑𝐶
(𝐶 ∗ −𝐶° )

(5)
𝑡

= Kla ∫𝑡 𝑑𝑡
°

= Kla (t-to)

(6)
(7)

Froth flotation column

A compact froth flotation column system (Figure 1) consists of a 2 m long transparent Perspex (Poly methyl
methacrylate) tube, 20 cm inside diameter. A ceramic sparger, 19 cm diameter, with a 50-micron pore size (from HP
technical ceramics) is fixed 30 cm above the column base. The sparger is joined to a 15 mm diameter tube connected
to a compressor with a rotameter (10-900 l/min). Note that the system in the picture is more complicated than the
drawing because it is designed to be also used in other experiments.
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Figure 1: Froth flotation column
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3.2 Oxygen concentration measurement
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Oxygen concentration in the water was measured using an AZ-8403 Dissolved Oxygen meter produced by (AZ®) and
calibrated daily according to the method mentioned in equipment manual.
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3.3 Froth production methodology
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The following steps were followed to produce froth of various heights in the column:
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1- With an empty column, start air blowing at the rate of L min-1.
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2- Start water pumping at 1 L min-1.

111

3- Once water level reaches 15 cm above the sparger, stop water pumping.

112

4- Measure for froth height.

113

5- Rise up air pumping to 30 L min-1.

114

6- Measure for froth height. And so on till completing the full range of air flow rates to 210

115

L min-1

116

7- Start water pumping again at 1 L min-1 till reaching 30 cm above the sparger, and then

117

stop it.

118

8- Repeat steps 4 through 7 for every 15 cm of water height over sparger till completing the
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full range of water heights from 15 to 120 cm in 15cm steps.
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4. Results

121

4.1 Effect of air pumping on oxygen solubility
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Air was pumped continuously through the water column with a water level of 45 cm. This is to estimate the increase
of dissolved Oxygen as a result of pumping a large amount of air through the water column. The results are given in
figure 2. The general trend of the Oxygen concentration with time was a rise within the first 5 minutes then followed
by a fluctuation between 5 and 30 minutes’ till reaching a plateau after 30 minutes. More pumped air led to higher
dissolved Oxygen levels.
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Figure 2: Effect of air pumping on Oxygen solubility
Substituting figure 2 in equation 7 with taking the values of C* of 40 mg L-1 and Co of 5.5 mg L-1 Kla for oxygen
dissolution in water can be presented by figure 3.
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Figure (3): The relation between air flowrate and mass transfer coefficient (Kla)
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4.2 Effect of air flow rate and water level on froth height
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Figure 4 shows the variation in froth height with air flow rate and water height in a 20 cm (ID) column. Table 1
gives the error margins of Figure 4 in centimeters.
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Figure 4: Effect of air flow rate and water level on froth height
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Table 1: Error margins in (±cm) related to figure 4

Air Flow Rate (l/m)

Water Level (cm)

10

30

50

70

90

110

130

150

170

190

210

15

±0.13 ±0.18 ±0.22 ±0.25 ±0.25 ±0.25 ±0.36 ±0.41 ±0.44 ±0.45 ±0.49

30

±0.15 ±0.23 ±0.25 ±0.33 ±0.35 ±0.36 ±0.35 ±0.55 ±0.55 ±0.57 ±0.64

45

±0.23 ±0.25 ±0.31 ±0.35 ±0.35 ±0.35 ±0.52 ±0.73 ±0.77 ±0.81 ±0.90

60

±0.32 ±0.35 ±0.45 ±0.45 ±0.55 ±0.55 ±0.93 ±1.12 ±1.12 ±1.21 ±1.32

75

±0.35 ±0.43 ±0.45 ±0.57 ±0.63 ±0.68 ±0.95 ±1.15 ±1.15 ±1.34 ±1.44

90

±0.60 ±0.65 ±0.72 ±0.75 ±0.85 ±0.85 ±1.51 ±1.59 ±1.80 ±2.05 ±2.10

105 ±0.82 ±0.85 ±0.91 ±0.95 ±1.05 ±1.05 ±1.24 ±1.43 ±2.30 ±2.45 ±2.58
120 ±0.91 ±0.95 ±1.04 ±1.05 ±1.15 ±1.15 ±1.35 ±1.91 ±2.42 ±2.50 ±2.65

140

6

Open Access

Drink. Water Eng. Sci. Discuss., https://doi.org/10.5194/dwes-2018-26
Manuscript under review for journal Drink. Water Eng. Sci.
Discussion started: 4 January 2019
c Author(s) 2019. CC BY 4.0 License.

Drinking Water
Engineering and Science
Discussions

141
142

Figure 5: Left, froth in its optimum height (distance between belts is 30 cm). Middle, close view for the upper part
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of froth. Right, view for froth surface
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5. Discussion
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5.1 Oxygen solubility in water
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In the early stages excess air leads to increase dissolved air in the water. This increase is not a one-way
phenomenon. Once an air molecule passes to water, the tendency of an existing one to release out of the water will
increase. Forward action “solution” is fast; while reverse movement “de- solution” is slow. As air pumping
increases, there are fluctuations with increases and decreases with time until a steady state is reached (Figure 2).
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The “de-solution” appears as fine bubbles generated from the liquid. It is similar to the release of gas bubbles in the
well-known industrial application of DAF, “Dissolved Air Flotation”. The importance of reaching air saturation can
be demonstrated by suddenly pumping air into water filled column. The bubbles are spread in relatively large size in
transparent water and no froth is formed. As time passes and the water starts to saturate with air, a white color
(turbidity) starts to appear in column and a decrease in transparency is noticed. When air pumping is decreased, the
“white smoke” disappears again and clarity returns back to water. This white color is the evidence of fine bubbles and
the solution de-solution phenomenon.
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These small bubbles have two main positive effects, first, in supporting the original big bubbles to form the desired
froth, while the second is attaching and lifting micro-particles effectively, as the best bubble size for such techniques
is close to separated particles size (Hanotu et al., 2012;Norori-McCormac et al., 2017).
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Figure 3 shows the relation between the mass transfer coefficient Kla and the air flowrate. It is shown that for the
range (30-110 l/min) more air pumping leads to higher Kla as a result of increasing the mass transfer area. The range
after (110-130 l/min) shows a decrease in Kla as a result of bubble crowd which leads to decrease in mass transfer
area.
The increase in Kla along the range of (30-110 l/min) is not exactly proportional. The expected increase should be
greater but it seems that the counteractive effect between Kla and air flowrate gives an advantage to air flowrate along
this range but it decreases the expected Kla (Erdtman et al., 2016).
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5.2 Effect of air flow rate and water level on froth height
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Air pumping parameters are the main factors leading to froth formation without chemicals. More air with less water
leads to faster and richer froth building. While more water with less air leads to slow or no froth. This is because, at
first, air is consumed by dissolving into the water. Air solution in water is relatively slow which makes froth formation
nearly impossible when starting air pumping in a water filled column. To overcome this it is recommended to minimize
water inlet and maximize air pumping. A water to air ratio of 1:130 was found to be optimum in the operating
conditions in this work.
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Higher air flow rates have two counteractive effects on froth height. More air builds a higher froth; but it increases
water turbulence which destroys froth. Balancing these two factors the optimal flow rate was found to be 130 l/min
for a column with an internal diameter of 20 cm using a water level of 45 cm. Larger diameters need greater air flow
rates to keep the same air velocity across the column; that is, 0.069 m/s.
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This study is trying to avoid the limitations of two previous industrial applications, Dissolved Air Flotation (DAF)
and froth flotation. In water industry DAF is limited to removal of solid contaminants rather than microorganisms.
DAF depends on pumping air into water and keeping it under high pressure. Under this high pressure, solubility of air
in water increases. When this water inters the DAF tank, the pressure returns to atmospheric and air starts to release
from water as a micro bubble. The amount of micro bubbles is limited to 0.007 m3/m3 in best conditions depending
on the applied pressure (Miettinena et al., 2010); which in turn, limits the whole operation efficiency if it is desired to
be used for removing microorganisms. In DAF froth is not that important because the separated species will stay at
water surface by buoyancy. Furthermore, the flow regime in separation tanks is nearly laminar, so these species will
not return back to water bulk body. Due to this, the main defect of DAF is its relative slowness; hence it cannot be
used for further purification in drinking water industry.
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In mineral froth flotation there is more freedom to use direct air pumping but this causes turbulence; which remixes
the separated particles with the water. This is where the importance of developing a stable froth comes from. But,
more air pumping leads to froth destruction, which limits the air to liquid ratio to 10 m3/m3 (Miettinena et al., 2010)
and leads to the use of chemical frothers. The froth cannot be formed without chemical frothers because of the wide
cross sectional area of flotation cells, which leaves the rising bubble without support when reaching water surface,
hence bursting.
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A large air to water ratio will help to produce more bubbles per volume of water; hence the probability for forming
bubble layers that reach the water surface will increase. Thus a column with sufficient air pumping is able to form a
stable froth.
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Two variables were optimized in this work; first is air flow rate, where froth height increased as flow was increased
until an optimum flow rate of 130 l/min. For air flow rates of 150 l/min and above, the froth height starts to decrease
because of high turbulence.
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For the second variable; water level, the optimum value was 45 cm above the air sparger. At lower water levels, air
pumping from the sparger neutralizes the horizontal disturbance of water surface. Above 60 cm the amount of water
inside the column becomes too big to be neutralized with the amount of pumped air available. More air leads to more
turbulence, hence low froth height.

206

6. Conclusions

207
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A well-built froth can be produced in a column of suitable diameter and water level. This can be used to separate
particles/bacteria by froth flotation without adding any chemicals that may affect water quality. By avoiding using
chemical frothers hydrophobic particles can be separated in many industries like drinking water, food and
pharmaceutical industries.
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