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Abstract 
 

Foaming in high viscous and non-Newtonian aqueous phase is generally difficult to be 
 

realised. In this work, a surfactant (Sodium Linear Alkylbenzene Sulphonate with alkyl chain 
 

lengths varying from C10 to C16) named LAS paste mixed with a co-polymer solution of 
 

acrylic acid and maleic acid denoted by Polymer solution was used to generate foam under 
 

conditions of sparging without or with agitation, which aims to be used as a coating material 
 

of detergent powders. The foam structure/morphology, bubble size, gas holdup and liquid 
 

drainage in such surfactant-copolymer system were investigated. It was found that two 
 

different types of foam were generated: 1) dispersed spherical air bubbles in highly viscous 
 

mixtures of LAS paste and Polymer solution with median size d50 in a range of 20 – 50 μm 
 

and gas holdup of 0.20 - 0.44 depending on LAS concentration, 2) bubbles with 
 

polyhedral structure in a mixture of LAS paste and Polymer solution diluted with water 
 

and size d50 = 7.0 ± 0.4 mm and gas holdup of 0.93 ± 0.05. The generated foam structures 
 

depended on the energy input, air superficial velocity, surfactant concentration and the 
 

liquid viscosity. Besides, they even depended on liquid mixing procedures before the 
 

foam was generated, resulting from different transfer rates from LAS paste phase to 
 

Polymer solution. The comparison of foam behaviours in such complex system and in 
 

single-phase liquid was made. For dispersed spherical bubbles, the median size has been 
 



1 



correlated to energy input whilst for bubbles with polyhedral structure the characteristic size 
 

has been predicted by considering the balance between their buoyancy and viscous forces 
 

generated in the system. Based on the results, the mechanism of foam stabilisation is 
 

proposed. 
 
 
 

Keywords: Detergent, Foam, Foamability, Foam stabilization, High viscous liquid, Non- 
 

Newtonian, Surfactant-copolymer two aqueous phase system. 
 
 
 

I. Introduction 
 

Foams are multiphase colloidal systems, which are formed by trapping gas bubbles in a 
 

continuous phase (liquid or solid). They are widely used in food, pharmaceutical, personal 
 

care products, flotation and other separation processes, firefighting, petroleum and gas 
 

industries [1-3]. Aqueous foam was also used as a carrier of thermoplastic resins to coat 
 

carbon fibres [4]. Coating of particles can have a wide range of industrial applications, e.g. 
 

to stabilise active ingredient in the particles, to achieve its controlled release, and to 
 

improve their flowability. It can often be achieved using a shell material dissolved or 
 

dispersed in aqueous phase, which can be pumped through a nozzle to generate tiny liquid 
 

droplets and sprayed onto the surface of the core particles in a fluidised bed coater. However, 
 

spraying can be difficult when the application requires high viscous liquids as the coating 
 

material, and examples include coating of surfactant powders in order to make compact 
 

detergent, e.g. detergent with a high concentration of surfactant, which is highly 
 

desirable in terms of saving the costs of production and transportation and reducing 
 

environmental footprint. The coating aims to improve the flowability of the detergent 
 

powders, and storage stability. For such purpose, it is proposed to generate foam from a 
 

viscous liquid mixture of LAS and the Polymer so that it can be dispersed by spray due 
 

to its much lower specific density than the corresponding liquid, and the foam can 
 

potentially be used to coat surfactant powders to make compact detergent. To meet the 
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objective, it has become essential to investigate the foamability of air in a mixture of highly 
 

viscous liquids which are most likely non-Newtonian and may have complex structure. 
 
 
 

Foaming of air in a wide range of Newtonian viscous liquids for viscosities up to 6 Pa s has 
 

been investigated using rotor-stator mixers [5-7] or nozzles [8]. Foaming of air in a highly 
 

viscous shear-thinning liquid in a Kinematica rotor–stator was also reported [9]. All these 
 

researches have shown that the foam structure and bubble size strongly depended on the 
 

liquid viscosity and processing conditions. Kontziampasis et al [10] have investigated coating 
 

particles in a paddle and twin-screw mixer using foams generated in a mixture of starch and 
 

whey protein as high viscous fluid. They found that the use of foams generated more 
 

effective coating compared to the liquid counterpart. The optimal bubble size was found to be 
 

a few millimetres for the coating purpose. However, none of researches has investigated 
 

the foam behaviours of air in non-Newtonian liquid mixture made of two immiscible 
 

aqueous surfactant and aqueous polymer phases. The mixture differs from normally defined 
 

miscible, partially miscible or immiscible systems, and understanding of foaming 
 

behaviours in such systems is scientifically important and may help to produce desirable 
 

foams for industrial applications. 
 
 
 

Regarding their stabilisation, foams are conventionally stabilised by surfactant molecules 
 

[11], by aqueous polyelectrolyte/surfactant mixtures or solid particles [12-14]. For the first 
 

case, surfactant molecules usually diffuse in water and adsorb at interfaces between air and 
 

water. Surfactant molecules tend to orient themselves with their hydrophobic tails sticking 
 

out of the surface into the air whereas their heads remain buried in the water. The presence of 
 

surfactant molecules at the surface reduces the surface energy and hence the surface tension, 
 

and also provides repulsive electrostatic and steric forces to prevent the bubble coalescence. 
 

Surface tension is usually at the minimum corresponding to the critical micelle concentration 
 

(CMC) of surfactant. Beyond the CMC, the non-dissolved surfactant does not enter the 
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already saturated gas-liquid interface and instead enters an association with other surfactant 
 

molecules in the bulk in a micellar arrangement in which hydrophobic heads come together 
 

trying to escape from the water [11]. For foams stabilised by aqueous 
 

polyelectrolyte/surfactant mixtures [12], the addition of polyelectrolyte either enhances the 
 

overall electrostatic repulsion within the liquid film between gas bubbles or decreases the 
 

surface elasticity leading to more densely packed charges at the surface. Solid particles have 
 

been incorporated into surfactant-stabilised aqueous foams for many years, but the literature 
 

concerned with the ability of particles to act as foam stabilisers in the absence of any other 
 

surface-active material is very sparse [13-16]. It is generally expected that the stabilising 
 

mechanisms identified in aqueous emulsion films could be relevant to aqueous foam films as 
 

well [13]. Depending on the exact system, there are at least two mechanisms by which 
 

colloidal particles stabilise foams. In the first case, the particles are required to adsorb at 
 

the air-water interface and remain there forming a dense film monolayer or multilayer 
 

around the dispersed bubbles impeding coalescence. In the second case, additional 
 

stabilisation arises when the particle - particle interactions are such that a three- 
 

dimensional network of particles develops in the continuous phase surrounding the bubbles 
 

[13]. 
 
 
 

Yin et al have reported a more complexed foam stabilization mechanism [17]. They 
 

have investigated stabilization mechanism of carbon dioxide (CO2) foam reinforced by 
 

regenerated cellulose (RC) and proposed four stabilization mechanisms as follows. The 
 

thickening behaviour of RC in the liquid phase retards the liquid drainage; the RC 
 

aggregates adsorb on the interface and liquid enhances the foam stability; the liquid storage 
 

effect of RC supplies the thinning liquid film; the liquid film skeleton formed by RC 
 

reinforces the foam. 
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In this study, we have investigated foamability of air in a mixture of surfactant solution 
 

(Sodium Linear Alkylbenzene Sulphonate with alkyl chain lengths varying from C10 to C16) 
 

named LAS paste and co-polymer solution of acrylic acid and maleic acid denoted by 
 

Polymer with different amounts of water under various sparging and agitation conditions. 
 

The foamability was characterised in terms of foam structure/morphology, bubble size, gas 
 

holdup and liquid drainage. The bubble sizes generated in such systems were predicted by 
 

theoretical models. The results were compared with those of foaming in single-phase liquid, 
 

and the mechanism of foam stabilization has been proposed. 
 
 
 

2. Experimental 
 

2.1 Materials and methods 
 

A concentrated aqueous solution of co-polymer (acrylic acid and maleic acid) that is an 
 

industrial precursor (denoted by Polymer) was used with a concentrated aqueous dispersion 
 

of surfactant (Sodium Linear Alkylbenzene Sulphonate with alkyl chain lengths varying from 
 

C10 to C16) named LAS paste. Both of them were supplied by Procter & Gamble 
 

Technical Centres Ltd (Newcastle, UK). According to the supplier, the LAS paste had 46 
 

wt% LAS in water and Polymer had 40 wt% acrylic acid and maleic acid in water. The 
 

specific densities of LAS paste and Polymer were 1000kg/m
3 

and 1300kg/m
3 

respectively. 
 
 
 

Viscosities of liquid and foam were measured using a Hybrid Rheometer (Discovery HR-1, 
 

TA Instrument) with the geometries of 60 mm and 2
0 

cone, and 40 mm plate with 2 mm gap 
 

depending on the materials to be measured. Bubble size and the structures of liquid and foam 
 

were measured using optical microscopy and/or stereo microscopy (Olympics, Japan) 
 

depending on foam properties. Bubble size distributions were analysed by image analysis 
 

using software ImageJ combined with a self-written plugin macro file. The bubble size and 
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size distribution at each experimental condition were obtained by counting 300-400 bubbles 
 

to make sure the results are statically representative. 
 
 
 

Surface tension of each liquid was measured by a pendant drop method using a needle of 1 
 

mm (inner diameter) [18, 19]. The images of the pendant drops were monitored using stereo 
 

microscopy. The detailed rig description can be found elsewhere [20]. Surface tension of 
 

water was first measured at room temperature to test the reliability of the method and the 
 

value of 73 2 mN/m was obtained showing a good agreement with the literature report 
 

72.2 0.2 mN/m at 22
0
C [19]. This validates the reliability of the methodology used here. 

 
 
 

2.2 Foam generation and characterisation 
 
 
 

Foams were generated in a jacketed stirred vessel (diameter T = 90 mm) fitted with a Rushton 
 

turbine impeller (diameter D = 50mm). No baffle was used to avoid the stagnant liquid 
 

behind it due to the viscous liquids with yield stress used in this work. Air was sparged by a 
 

homemade stainless steel sparger that was a ring - shaped tubing with 8 holes (diameters of 
 

tubing and holes were 6 mm (outer diameter) and 1 mm respectively). The selection of 
 

Rushton turbine instead of rotor-state mixer was based on the consideration that the 
 

relatively large bubbles were aimed to be obtained for particle coating [10]. 
 
 
 

Two sets of experiments were carried out: 
 

1) High viscous liquid: A certain amount of LAS paste was added to Polymer solution in 
 

the vessel agitated at 300 rpm for 15 min. After that air was sparged to the mixture to 
 

generate foams either by sparging only or sparging combined with agitation at a pre-set 
 

speed. 
 

2) Less viscous liquid using water dilution: liquids were mixed using two different 
 

procedures before air sparging. 
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a) Liquid mixing procedure 1: Adding water to LAS paste agitated at 300 rpm for 10 
 

min to obtain a diluted LAS phase. Then it was added to Polymer solution agitated at 
 

300 rpm for 15 min. 
 

b) Liquid mixing procedure 2: Adding water to Polymer solution at 300 rpm for 10 min 
 

to obtain a diluted Polymer solution. Then LAS paste was added to the diluted 
 

Polymer solution agitated at 300 rpm for 15 min. 
 

Afterwards air was sparged to the mixture and foams were generated without or with 
 

agitation at a pre-set speed. 
 
 
 

The gas holdup (G, volume ratio of gas phase in the foam to the total foam) was calculated 
 

by Equation (Eq.)1: 
 
 
 
 

(1) 
 
 

where HG is the height of liquid after aeration, and HL the initial height of liquid without 
 

aeration, which were measured experimentally by placing a ruler close to the vessel 
 

and measuring the height of the liquid and resulting foam. 
 
 
 

Liquid drainage is defined by the volume of drained liquid after a certain time divided by the 
 

initial foam volume (Eq. 2). 
 
 
 
 

(2) 
 
 
 
 

The volume of the drained liquid and the initial foam each was measured by determining its height 
 

using a ruler in conjunction with the known stirred tank diameter/cross sectional area. 
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3. Results and discussion 
 
 
 

3.1. Foam behaviours and physical properties 
 
 
 

3.1.1 Morphology and structure 
 
 
 

The structures of LAS paste and a mixture of 20 wt% LAS paste/80wt% Polymer solution are 
 

shown in Fig. 1. As can be seen, LAS paste is a two-phase system with dispersed aggregates 
 

that consist of small particles of 1-2 μm in diameter (Fig. 1(a)). These small particles might 
 

be LAS micelles and lamella due to the high LAS concentration in initial LAS paste (~ 46 
 

wt%) [21]. This assumption was consistent with the fact that after adding water to LAS 
 

paste in a weight ratio of 1:1, the aggregates and particles were dissolved and the diluted 
 

LAS liquid became single clear phase. Further characterization of the particles/aggregates is 
 

beyond the scope of this work. The mixture of 20 wt% LAS paste/80wt% Polymer shows 
 

a two-phase system with aggregates (LAS) dispersed in Polymer solution (Figure 1(b)). It 
 

was observed that the LAS paste and Polymer solution when mixed formed two separate 
 

phases. At a LAS paste concentration as low as 0.5 g/L, the liquid was still turbid. In other 
 

words, the CMC of LAS in Polymer solution should be lower than 0.5g/L. This is in 
 

contrast to a CMC of 0.65 g/L for the commercial C10-13 LAS in water as reported by 
 

Smulders [22]. This difference may be explained by the observed water transfer from LAS 
 

phase to Polymer phase leading to the increase of local LAS concentration and the 
 

formation of particles/aggregates. Clearly, this complex mixture differs from normally 
 

defined miscible, partially miscible or immiscible liquid systems. This water transport 
 

phenomenon between phases will be discussed in details with experimental validation in 
 

Appendix. 
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Fig. 1 here 
 
 
 

3.1.2 Viscosity 
 
 
 

The viscosity of LAS paste shows viscous non-Newtonian shear thinning behaviour (data not 
 

shown) which is consistent with its two-phase structure (see Fig. 1(a)). The Polymer 
 

solution was a viscous Newtonian liquid with viscosity up to 4.7 Pa s (the dotted line in 
 

Fig. 2(a)). Addition of LAS paste to a final concentration of 3 wt% had practically no 
 

effect on the mixture viscosity. With the further increase of LAS paste concentration, the 
 

mixtures showed shear thinning behaviour. At 30wt% LAS paste and low shear rate range 
 

(< 2 s
-1

), the mixture viscosity is higher than Polymer solution due to the high viscous effect 
 

of LAS paste (~16 Pa. s at a shear rate of 1 s
-1

). Addition of water significantly decreased the 
 

mixture viscosity (Fig. 2(b)). These shear thinning viscosity data can be well modelled 
 

using Herschel-Bulkley equation (Eq. 3) [23] as shown in Fig. 2 where the lines represent the 
 

model fitting results. 
 

(3) 
 
 

(3a) 
 
 

where  is the shear stress, τo is yield stress, k consistency constant, shear rate, n rate 
 

index and dynamic viscosity. 
 
 
 

Fig. 2 here 
 
 
 

3.1.3 Surface tension 
 
 
 

The surface tensions of different mixtures are summarized in Fig. 3. The surface tension of 
 

Polymer solution was 95 2 mN/m indicating it may be difficult for air to foam in it. The 
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surface tension of LAS paste was 34.6 0.4 mN/m, which is broadly in line with the 
 

literature data of 29.3-31.8 mN/m (C11-C13) [24]. The surface tension of the mixtures was 
 

around 65 mN/m when LAS concentration varies from 3 - 30 wt% and the amount of water 
 

added was up to 25 wt%. At a higher water amount 50 wt%, the surface tension of the 
 

mixture reduced to ~ 35 mN/m which is close to that of LAS paste. The results show that the 
 

addition of LAS paste to Polymer solution reduced the surface tension of the mixture and 
 

might make it suitable for the surfactant to stabilise foam. In general, for accurate 
 

measurement of surface tension, samples should be measured before, during and after 
 

each experiment, as small levels of contamination may dramatically change the surface 
 

tension. We measured surface tension of the liquids soon after the drainage and 3 months 
 

after the experiments, which were used to determine the error bars of the data. The results are 
 

repeatable showing the good storage stability of both LAS paste and Polymer solution as 
 

indicated by the small error bars in Fig 3. However, during and immediate after experiments 
 

it was not possible to measure the liquid surface tension due to presence of the foams in the 
 

liquid. 
 
 
 

Fig. 3 here 
 
 
 

3.2. Foaming in highly viscous liquid 
 
 
 

3.2.1. Foaming by sparging without and with agitation 
 
 
 

The first set of foaming experiments was carried out using a mixture of LAS paste and 
 

Polymer without dilution. The typical foaming results are shown in Fig. 4. After air was 
 

sparged without agitation, the foams were initially generated at the top of liquid and the 
 

volume of the liquid started to increase due to gas holdup. After 30 min sparging, no further 
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increase of gas holdup with time was found (data not shown). Therefore the foaming was 
 

considered to reach a steady state. Clearly the resulting foams were non-uniform and the 
 

bubble sizes on average decreased from the top to bottom in the vessel. The median bubble 
 

size (d50) was approximately 3 mm in the top part of the foams (around 40 vol%) and 36 μm 
 

in the bottom part. The gas holdup was 0.44 ± 0.02. At an impeller speed of 300 rpm the 
 

resulting foams were relatively uniform spatially with d50 = 43 μm, Span = (d90-d10)/d50 = 
 

1.9 and gas holdup = 0.41 ± 0.03 (Fig. 4(b)), where, d10, d50 and d90 represent 10%, 50% 
 

and 90% (number percent) of bubbles with diameters below those values. Clearly, for the 
 

highly viscous shear thinning mixtures it is necessary to use agitation during sparging to 
 

disperse air bubbles in liquid and generate foams with uniform bubble size that are 
 

distributed homogeneously. The typical structure of foams generated under agitation is 
 

shown in Fig. 4(c) and 4(d). The results indicate that the foams consisted of three phases: 
 

air bubbles, LAS aggregates and liquid Polymer. Here, LAS aggregates filled the gaps 
 

between bubbles through the aggregates network (Fig. 4(d)). 
 
 
 
 
 
 

Fig. 4 here 
 
 
 

3.2.2 Effect of LAS concentration 
 
 
 

The effect of LAS concentration on foaming results is shown in Fig. 5. The median bubble 
 

size (d50) initially increased from 20 - 30 μm to 30 – 50 μm depending on the gas flow rate 
 

when LAS paste concentration increased from 3 wt% to 10 wt% and then maintained nearly 
 

constant up to 40 wt% LAS paste (Fig. 5(a)). 
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Gas holdup as a function of LAS paste concentration at different gas superficial velocities is 
 

shown in Fig. 5(b). The results indicate that the gas holdup initially increased with the 
 

increase of LAS concentration from 3 wt% to 10 wt% and then maintained practically 
 

constant to 20 wt%. After that the gas holdup decreased at the higher LAS paste 
 

concentration of 40 wt%. These phenomena were observed at the all gas superficial 
 

velocities from 1.0 mm/s to 2.6 mm/s, the reason for which will be discussed later. In other 
 

words, relatively higher gas holdup was obtained at LAS paste concentration of 10-20 wt%. 
 
 
 

The liquid drainage after 24h significantly decreased from 0.6 to 0.04 with the increase of 
 

LAS paste concentration from 3 wt% to 20 wt% and then decreased slowly to almost zero at 
 

LAS concentration of 40 wt% (Fig. 5(c)). 
 
 
 

These results showed that the desirable LAS concentration was 20 wt% where the generated 
 

foams were associated with big bubble size, high gas holdup and relatively low liquid 
 

drainage. Further increasing LAS paste concentration to 40 wt% led to a significant 
 

increase of liquid yield stress (0 Pa at 3 and 10 wt%, 0.90 Pa at 20 wt % and 3.5 Pa at 40 
 

wt%). In highly viscous liquid, agitation tends to cause cavern formation, regions of liquid 
 

mixing and motion around the impeller, outside of which the fluid is stagnant or nearly so. 
 

Even inside the cavern, mixing is slow. The cavern size is proportional to the reciprocal value 
 

of liquid yield stress [25]. This might imply that the increased yield stress at higher LAS 
 

concentration (i.e. 40 wt%) could lead to the worse mixing and foaming performances. 
 
 
 

Fig. 5 here 
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3.2.3 Effect of energy input 
 
 
 

The evolution of median diameter (or any other mean diameter) during de- 
 

aggregation/breakage process of particles/drops/bubbles may be described in terms of 
 

processing time and energy dissipation rate or in terms of energy density (product of energy 
 

dispassion rate and processing time) by so called size-energy models [7, 26-28]. When the 
 

systems reaches the equilibrium where the size no longer changes with time, median diameter 
 

may be described in terms of average energy dissipation rate ( : 
 

(4) 
 

P N 3D5 

V 

 

(5) 

 
 

where a and b are proportionality constants, P0 is power number, N impeller speed, D 
 

impeller diameter and V is volume of the liquid. Power number P0 is a function of Reynolds 
 

number (Re) for laminar flow that can be calculated from Eq. 6. 
 
 

(6) 
 
 

where the dynamic viscosity of the mixture ( ) under a certain shear rate range was 
 

determined from the viscosity measurement. The average shear rate ( in the stirred 
 

vessel with a Rushton turbine is give by Harnby et al. [29]: 
 
 
 

(7) 
 
 
 

The Re number in high viscous liquid at the investigated impeller speeds was less than 15. 
 

According to Nienow et al. [30], at low Reynolds number (Re < 50), power number in gassed 
 

system is the same as that in ungassed mixtures. Therefore, the ungassed power number 
 



without baffles can be obtained from the previous report [31]. 
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The size-energy model (Eq. 4) has been reported in literature to successfully describe the 
 

grinding of solid particles where b in the range of 0.68 – 0.72 was obtained [26, 32]. It has 
 

also been adopted to correlate average droplet size with energy input during liquid/liquid 
 

emulsification using different types of high shear mixers and in such cases b of 0.4 was 
 

reported [27, 28]. For the relation between the bubble size and energy input, the same 
 

energy–size model can be applied [11, 33]. Plotting our experimental d50 as a function of 
 

energy dispassion rate (Eq. 4) in log-log coordinates, all data points can be collapsed into a 
 

straight line (Fig. 6) with constant a = 44.9 μm, slope b = 0.37 and coefficient of 
 

determination r
2 

= 0.98, which indicates that the relation between the bubble size and 
 

energy input can be described by this model well. It seems that b = 0.37 is similar to the 
 

liquid/liquid dispersion value (b = 0.4) instead of solid/liquid dispersion (b = 0.7). These 
 

results indicate that the relation between bubble size and energy input in this two-phase 
 

liquid with complex structures is similar to that for single-phase liquid. 
 
 
 

Fig. 6 here 
 
 
 

3.3. Foaming in less viscous liquid 
 
 
 

The second set of foaming experiments was carried out using less viscous liquid by water 
 

dilution of LAS paste and Polymer mixture, which reduced their viscosities to less than 1 Pa s 
 

(see Fig 1(b)). The foaming experiments were also undertaken under sparging without and 
 

with agitation respectively. 
 
 
 

3.3.1 Foaming without agitation 
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The results of foaming in less viscous liquid with sparging only are summarized in Fig. 7. Fig. 
 

7(a) shows the foam generated using liquid mixing procedure 1: LAS paste was first 
 

mixed with water to form diluted LAS phase and then it was mixed with Polymer solution. 
 

It was observed that the foams initially generated at the top of the liquid had the polyhedral 
 

structure arranged in a spatially periodic manner. With time evolution the height of the 
 

liquid was reduced and eventually all the liquid was foamed producing the same foam 
 

structure. This structure is common for foams [11] but different from those generated in the 
 

highly viscous liquid where spherical bubbles of 20 - 50 μm were dispersed in liquid phase 
 

(Fig. 5(c) and 5(d)). The bubble size distribution is quite uniform with d50 = 7.0 mm, and 
 

Span = (d90-d10)/d50 =0.48. Initial gas holdup was estimated as 0.93±0.05. The results 
 

indicate the foams generated under this condition may be desirable for particle coating 
 

[10]. Davidson and Schuler [34] studied bubble formation in liquids under sparging 
 

without agitation and obtained the following theoretical expression to determine bubble 
 

diameter (d) based on a balance between buoyancy and viscous forces (Equation 8) 
 
 
 
 

(8) 
 
 
 
 

where Q is gas flow rate per orifice (m
3
/s) and g is the gravitational acceleration. They 

 

concluded that this relation was valid for an orifice diameter of 6.68x10
-4 

m, liquid viscosity 
 

( ) ranging from 0.5 to 1.05 Pa.s, and gas flow rate ranging from 0 to 2.5x 10
-6 

m
3
/s. 

 

Ramaknishnan et al. [35] also studied the effect of viscosity on bubble formation both 
 

theoretically and experimentally, finding Equation 8 is applicable to a range of gas flow 
 

rates 0 to 6x10
-5 

m
3
/s, orifice diameters 0.0037 to 0.007 m, and viscosities 0.04 to 0.5 Pa.s. 

 

Corresponding to experimental conditions in this work, the orifice diameter was 0.001 m, 
 

viscosity nearly 1 Pa s, and air flow rate 6.25x10
-7 

m
3
/s, which are well in the range of 
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above conditions. The calculated bubble size using Equation 8 is 0.0063 m, which is in a 
 

good agreement with the measured d50 value of 0.007 m. Again, these results indicate that 
 

the relation between bubble size in this two- phase liquid with complex structures can 
 

be estimated based on Equation (8) for single-phase liquid. 
 
 
 

When foaming in less viscous liquid using liquid mixing procedure 2, i.e. mixing Polymer 
 

solution and water first to form diluted Polymer phase and then adding LAS paste, the results 
 

(Fig. 7(b) & 7(c)) were significantly different from those obtained when using liquid 
 

mixing procedure 1. After air sparging, the structure of foams initially generated on the top 
 

of liquid looked similar to that shown in Fig. 7(a) (image not shown). However, after 10 
 

min sparging the foam structure became less uniform and the phase separation between 
 

LAS phase and Polymer phase in the liquid was observed (Fig. 7(b) and 7(c)). 
 
 
 

From the characterization of physical properties in Section 3.1 and the results in Appendix, 
 

we know that: 1) either LAS paste or Polymer was miscible with water but they were 
 

immiscible with each other, 2) water showed transfer from LAS phase to Polymer phase. In 
 

the liquid produced by mixing procedure 1, 180 ml LAS paste phase (80 g LAS paste + 100g 
 

water) was dispersed in 169 ml Polymer phase (220g) resulting in initial LAS phase volume 
 

fraction of 51.5 vol%. In mixing procedure 2, 80 ml LAS paste (80g) was dispersed in 269 ml 
 

Polymer phase (100g water + 220g Polymer solution) resulting in initial LAS phase volume 
 

fraction of 22.9 vol%. We observed water transfer from diluted LAS phase (no aggregates) to 
 

Polymer phase, leading to the formation of the aggregates in LAS phase close to the interface 
 

of LAS and Polymer phases with time (see Appendix). However, the water transfer was not 
 

instantaneous, and might not be completed during the foaming process. Therefore, the water 
 

content in LAS phase was higher using procedure 1 than 2. At the volume fraction of 
 

dispersed phase around 51.5%, phase inversion or multiphase dispersion could occur at 
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aqueous-aqueous two phase systems [36]. The different foaming results between two liquid 
 

mixing procedures might be explained by the different initial volume fractions of dispersed 
 

LAS phase. Specifically, when the initial volume fraction of LAS phase was 51.5 vol%, 
 

uniform foam was generated, which resulted from that LAS phase might form continuous 
 

networks and Polymer phase might be dispersed. For liquid produced by mixing procedure 2, 
 

the volume fraction of LAS phase was only 22.9%, which might form fragmented networks 
 

in the dispersed phase. 
 
 
 

Liquid drainages were 0.4 and 0.53 after 24h when using two liquid mixing procedures 
 

respectively, which indicates that the foams generated using procedure 1 were more 
 

significant than that generated using procedure 2. This further shows the effect of liquid 
 

mixing procedures on the foaming results. 
 
 
 

Considering the foam structure shown in Fig. 4 and the discussion above, a foam stabilization 
 

mechanism is proposed: the LAS and Polymer phases are immiscible with each other but 
 

water tends to transfer from LAS phase to Polymer phase resulting in the increase of local 
 

LAS concentration, and consequently the formation of particles/aggregates. The transferred 
 

water from LAS phase is then miscible with Polymer phase. In other words, LAS phase with 
 

aggregates is dispersed in Polymer phase under agitation conditions. These LAS aggregates 
 

may form three-dimensional networks in Polymer phase, which traps the base liquid 
 

surrounding the bubbles, see Fig 4(d). The foams are then stabilised by the dissolved 
 

surfactant and these aggregate networks. For an initial volume fraction of LAS phase of 25 
 

vol% (20 wt%) in high viscous LAS paste/Polymer mixture, the bubbles generated might be 
 

stabilised by both the dissolved surfactant and the fragmented networks of LAS. Moreover, 
 

the high viscous liquid reduces the liquid film drainage rate, and then enhances the foam 
 

stability. When the diluted LAS paste with an initial volume fraction of 51.5 vol% (20wt% 
 

LAS and 25wt% water) was mixed Polymer solution, the multiple phase/phase inversion 
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might occur [35]. In this case, Polymer phase might be dispersed and LAS phase might form 
 

continuous networks, which with the dissolved surfactant stabilise bubbles in the generated 
 

forms. 
 
 
 

Fig. 7 here 
 
 
 

3.3.2 Foaming with agitation 
 
 
 

The results of foaming in less viscous liquid using sparging with agitation for liquid mixing 
 

procedure 1 are summarized in Fig. 8. At 300 rpm, foams initially generated from the top of 
 

the liquid showed a structure similar to that in Fig. 7(a) and the median bubble size d50 was 
 

6.1 mm. However, the bottom foams showed spherical bubbles in the liquid phase with d50 

 
of 40 μm. Increasing impeller speed from 300 rpm to 600 rpm, the foams became visually 
 

uniform spatially with spherical bubbles of d50 = 46 μm as shown in Fig. 8(a). The 
 

effect of water content on bubble size is shown in Fig. 8(b). It shows that the bubble size 
 

increases with water content. In other words, bubble size increases as liquid viscosity 
 

decreases. Fig. 8(c) clearly shows that the liquid drainage after 24 h increases with the water 
 

content. The gas hold-up in this case was 0.67±0.04. 
 
 
 

Fig. 8 here 
 
 
 

3.3.3 Viscosity of foam 
 
 
 

The viscosities of liquid and the resulting foam are shown in Fig. 9. It is interesting to notice 
 

that the foam viscosity is higher than that of initial liquid in both high viscous liquid and less 
 

viscous liquid (under the condition of sparging with agitation). This might be explained by 
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the increased gas surface area and energy after foaming. Once foam was generated the total 
 

surface area of bubbles in liquid significantly increased leading to the increased surface 
 

energy and therefore the foam viscosity. 
 
 
 

It should be indicated that the aim of this study was to generate foams in high viscous non- 
 

Newtonian liquid for particle coating, which requires the foams to be pumped easily. 
 

Although the viscosity of the generated forms is higher in comparison with the initial liquid, 
 

their specific density can be considered to have been significantly reduced. Consequently, the 
 

resistance of the foams to flow may be reduced, which remains to be validated in future work. 
 
 
 

Fig. 9 here 
 
 
 

4. Conclusions 
 
 
 

Aqueous LAS and aqueous Polymer phases are immiscible with each other but water tends to 
 

transfer from the LAS phase to Polymer phase resulting in the increase of the local LAS 
 

concentration and consequently the formation of particles/aggregates. As a result, a mixture 
 

of LAS paste and Polymer phase showed a two-phase structure with the surfactant of LAS 
 

paste dispersed as the aggregates consisting of small particles of 1 - 2 μm. The foaming 
 

results depended on the concentrations of LAS paste and Polymer phase in the system, 
 

processing conditions and liquid mixing procedures before the forms were generated, which 
 

determined the initial volume fraction of the two phases. 
 
 
 

For high viscous liquid with viscosity up to 5 Pa. s, the generated foam structure is 
 

characterised by the dispersed spherical bubbles in base fluid with size d50 in the range of 20 - 
 

50 μm and gas holdup 0.20 - 0.44 depending on LAS concentration. The relation between 
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the bubble size and energy input can be described by the size – energy equation (Equation 4) 
 

with b = 0.37, which is similar to the results of foaming in single-phase liquid. 
 
 
 

When foaming in less viscous liquid using water dilution, two foam structures were generated 
 

with the desirable initial volume fraction of LAS phase (51.5 vol%), which was identified 
 

based on liquid mixing procedure 1. With agitation at 600 rpm, the generated foam 
 

structure was spatially uniform, similar to that in high viscous liquid. However, 
 

without agitation, the generated foams had a polyhedral structure with bubble size d50 = 7.0 
 

± 0.4 mm and gas holdup 0.93 ± 0.05. The foams might be desirable for particle coating. The 
 

bubble size in this case can be predicted using Equation 8, similar to the results of 
 

foaming in single-phase liquid. 
 
 
 

Based on the experimental results, a new foam stabilization mechanism has been proposed, 
 

i.e. when foaming in a mixture of LAS paste and Polymer solution, the bubbles were 
 

surrounded by Polymer and possible dissolved surfactant molecules trapped in LAS 
 

aggregates which formed fragmented or continuous three-dimensional networks in the base 
 

liquid, depending on the initial volume fraction of LAS paste. 
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Nomenclature 
 

a, b – Constants defined in Equation 6 
 

d – Bubble diameter [m] 
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d10, d50 and d90 – 10%, 50% and 90% (number) of bubbles with diameters below 
 

those values [m] 
 

g – Gravitational acceleration [m/s
2
] 

 

HL – The height of unaerated liquid [m] 
 

HG – The height of aerated liquid [m] 
 

k, n – constants with units Pas
n 

and [-] respectively defined in Equation 3 
 

N – Impeller speed [1/s] 
 

P0 – Power number 
 

Q – Gas flow rate per orifice [m
3
/s] 

 

t – Time [s] 
 

Greek Letters 
 

= Mean energy dispassion rate [W/kg] 
 

– Gas holdup [-] 
 

– Shear rate [1/s] 
 

– Viscosity [Pa s] 
 

L – Liquid density [kg/m
3
] 

 

– Shear stress [Pa] 
 

0 – Yield stress [Pa] 
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Figure Captions: 
 

Fig. 1 Optical images showing structure of (a) LAS paste and (b) 20 wt% LAS paste/80wt% 
 

Polymer solution. 
 

Fig. 2 Viscosities of (a) the mixtures of LAS paste and Polymer solution (●) 3 wt% LAS 
 

paste, (○) 10 wt% LAS paste, (▼) 20 wt% LAS paste, (∆) 30wt% LAS paste, (b) the less 
 

viscous liquid of LAS paste, Polymer solution and water, (●) 20 wt% LAS paste/25 wt% 
 

water/55 wt% Polymer solution, (○) 20 wt% LAS paste/35 wt% water/45 wt% Polymer 
 

solution, (▼) 10 wt% LAS paste/40 wt% water/50 wt% Polymer solution. Lines are from the 
 

model fitting by Eq. (3a). 
 

Fig. 3 (a) Effect of LAS paste concentration on the surface tension of LAS paste and Polymer 
 

solution mixtures, (b) Effect of additional water amount on the surface tension of () LAS 
 

paste, (▼) Polymer solution, (■) mixture with 10 wt% LAS paste, (□) mixture with 20 wt% 
 

LAS paste. 
 

Fig. 4 Foams generated at 20 wt% LAS paste/80 wt% Polymer solution and air superficial 
 

velocity of 1.3 mm/s: (a) sparging only, (b) impeller speed of 300 rpm, (c) and (d) structures 
 

at different scales for the system at condition (b). 
 

Fig. 5 Effect of LAS paste concentration on (a) bubble size at air superficial velocity: (●) 0.5 
 

mm/s, (○) 1.3 mm/s, (▼) 2.6 mm/s; (b) gas holdup at superficial velocity: (●) 1.3 mm/s, (○) 
 

2.0 mm/s, (▼) 2.6 mm/s : and (c) drainage after 24 h at air superficial velocity 2.6 mm/s, 
 

300 rpm. The maximum relative error of d50 from repeated experiments is 7%, and that of gas 
 

holdup and drainage is 4%. 
 

Fig. 6 Effect of energy dissipation rate on bubble size at 20 wt% LAS paste/80 wt% EW and 
 

air superficial velocity 2.6 mm/s. 
 

Fig. 7 Foaming in less viscous liquid: 25% water, 20% LAS paste and 55 wt% Polymer 
 

solution at air superficial velocity 0.8 mm/s without agitation using (a) liquid mixing 
 

procedure 1 and (b) & (c) liquid mixing procedure 2. 
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Fig. 8 Foaming in less viscous liquid with agitation at 20wt% LAS paste with varying 
 

Polymer solution, 600 rpm and air superficial velocity 1.3 mm/s, (a) foam structure at 25 wt% 
 

water; (b) bubble size and (c) drainage after 24 h as a function of water concentration. The 
 

straight line only indicates the trend. 
 

Fig. 9 Viscosities of initial liquid mixture and foam at (a) 20wt% LAS paste/80 wt% Polymer 
 

solution, 300 rpm, and air superficial velocity 2.6 mm/s; (b) 20wt% LAS paste/55 wt% 
 

Polymer solution/25 wt% water, 600 rpm, and air superficial velocity 2.6 mm/s, (●) liquid, 
 

(○) foam. 
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Appendix - Water Transfer between LAS Paste and Polymer Phases 
 

Water transfer between Polymer and LAS paste phases was estimated in bottles using two 
 

liquid mixing procedures (see Section 2.2.). In the liquid produced by mixing procedure 1, 
 

67.7 ml Polymer solution was placed in a bottle. 32 ml LAS paste was mixed with 40 ml 
 

water forming 72 ml diluted LAS paste phase, which was then placed on the top of Polymer 
 

solution as shown in Fig. A1a (left). In the liquid produced by mixing procedure 2, 67.7 ml 
 

Polymer was mixed with 40 ml water forming 107.7 ml diluted Polymer phase, on which 32 
 

ml LAS paste was then placed as shown in Fig A1a (right). 
 
 
 

In these two cases the overall volume fractions of the Polymer, LAS paste and water were 
 

exactly the same but the initial volume fraction of LAS phase was 51.5 vol% in mixing 
 

procedure 1 and 22.9 vol% in mixing procedure 2 respectively. This volume difference can 
 

be clearly seen in Fig. A1a. 
 
 
 

The LAS paste phase was a cloudy two-phase system showing dispersed aggregates (Fig. 
 

A1a (right)). After the dilution, the aggregates disappeared, resulting in one clear phase (Fig. 
 

A1a (left)). Once the diluted LAS paste and Polymer phases were contacted, the interphase 
 

appeared indicating: 1) the two phases were not miscible with each other; 2) the water 
 

migrated from top LAS paste phase to bottom Polymer phase, resulting in the increase of the 
 

local LAS concentration in the top phase and consequently the formation of aggregates 
 

(cloudy interphase). For mixing procedure 1, as time evolved, the water continuously 
 

transferred from LAS paste phase to Polymer phase leading to the reduction of the volume of 
 

the LAS paste phase. After 180 days, the volume fraction of LAS paste phase reduced to 32.5 
 

vol%, which is close to the initial LAS volume fraction 22.9 vol%. For the mixing procedure 
 

2, the volume reduction of the LAS paste phase was not significant, indicating very slow 
 

water transfer from the LAS paste phase to Polymer phase if any. This might be explained by 
 

that the initial LAS paste contained 46 wt% LAS (from the supplier) that formed compact 
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aggregates consisting of 1-2 μm small particles. These aggregates could trap water inside and 
 

slow down/prohibit the water transfer at the interphase of LAS paste and Polymer phases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. A1. Images of water transfer behaviour between LAS paste and Polymer solution phases 
 

at different time: (a) 0 min, (b) 6 days, (c) 180 days, left – mixing procedure 1 and right - 
 

mixing procedure 2. 
 
 
 

The water transfer rate was estimated using image analysis (ImageJ). The volume of LAS 
 

paste phase as a function of time is plotted in Fig. A2. As can be seen, before 1000 h all data 
 

can be practically fitted using a straight line with the slope 0.0263 ml/h (R
2
= 0.904), which is 

 

the water transfer rate from LAS paste phase to Polymer phase. Considering the interphase 
 

area between Polymer and LAS paste phases (0.0021 m
2
) the water transfer rate can be 

 

estimated as 0.207 g/m
2 

min. 
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Fig. A2. The volume of LAS paste phase as a function of storage time. 
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Figure A1 (Appendix) 
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