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Abstract 

Gas flotation is an efficient technique used in the petroleum industry to remove oil contamination 

from produced water. This method is based on attaching air bubbles to oil droplets to make oil 

droplets rise faster. We investigated the role of water salinity in the efficiency of the process, using a 

model flotation column. We show that flotation efficiency increases with water salinity, highlighting 

the importance of the electrostatic repulsion between oil drops and air bubbles. We also studied the 

attachment between drops and bubbles, monitoring the temporal evolution of the thin films 

between them. Stable attachment requires that the water films formed between oil drops and air 

bubbles break and the oil spreads at the bubble surface. Increasing the salinity of the solution 

decreases the repulsion between the oil drops and the air bubbles, which in turn decreases the water 

film stability. The films rupture more readily, improving the drop-bubble attachment, and thus the 

flotation efficiency. The differences in water salinity can therefore lead to important changes in the 

flotation efficiency. 
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1. Introduction 

Water and Oil & Gas production are strongly interdependent: water is both used and generated in 

this industry. On average, three to five water barrels are produced for each barrel of produced oil1, 

which makes produced water the most important waste, in terms of volume. Water management is 

then one of the most challenging issues for oil companies. The two main options are either to treat 

the produced water in order to reinject it into the well or to discharge it overboard. Produced water 

composition is strongly dependent on the crude oil properties and water composition2. Produced 

water also contains many hazardous components such as dissolved hydrocarbons, emulsified crude 

oil, heavy metals, radioactive elements etc 3. Therefore, the control of water treatment is not 

straightforward. The removal of oil contamination makes use of several gravitational processes. 

Stock tank separation eliminates the biggest oil droplets (diameters >150 µm). Hydrocyclones or 

centrifuges remove smaller droplets (20-150µm) and flotation the smallest ones (5-20µm). Gas 

flotation is very efficient as it allows to rapidly treat large quantities of produced waters. Induced and 

gas flotation are the most commonly used flotation technologies 4 5. Both methods are very effective 

in floating small suspended droplets 6. An overview of oil water separation using gas flotation 

systems can be found in ref 7. The methods are based on the collection of oil droplets by gas bubbles 

and their combined rise, which strongly accelerates oil creaming. In this case, gravitational 

separation is more difficult because the densities of oil and water are close. Furthermore, heavy oils 

contain surface active species able to stabilize very small drops. Flotation is more efficient when oil 

droplets spread at the bubble’s surface, the attachment of drops is then more be robust and 

withstands better the upward rise 8. According to Moosai and Dawe, the water film rupture is the 

rate governing steps of flotation: the rupture time must be smaller than the time during which the 

droplet and the bubble are in contact. The flow rates of air and oil droplets have therefore to be 

adjusted in order that contact events are long enough 8.   

The water film rupture is related to the stability of the water films formed between approaching 

droplets and bubbles. These films thin and reach thicknesses below 100 nm, after which they 

eventually rupture8. In previous studies, the role of oil nature and content in water, drop size 

distribution and oil density has been investigated, with bubble size distribution, interfacial tensions, 

and the addition of surfactant and/or solid particles8-9. The rupture of films at thicknesses below 1m 

is also likely affected by molecular forces between oil drops and gas bubbles 10, as in air-water-air  

films 11or oil-water-oil films 12.   These forces depend on pH, which was indeed found to correlate 

with the flotation efficiency13.  It was also remarked that rupture of the film between an oil drop and 

a gas bubble was easier at high water salinity and the effect was attributed to the lowering of the 

zeta potential of the drops by the compression of the double layer 14.  Recently, it was observed that 
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no film rupture is observed in ultrapure water, an effect attributed to electrostatic repulsion, which is 

assumed to be stronger in pure water due to hydroxyl ions adsorbed at the film surfaces 15. So far, no 

detailed study of the role of salinity in flotation efficiency has been performed.        

In this work, the role of molecular forces on the flotation process was investigated. In the film 

thickness range when rupture occurs, electrostatic forces are dominant. We have studied the role of 

these electrostatic forces by varying the salinity of water. We performed both macroscopic studies 

using a model flotation column and microscopic studies of the adhesion between bubbles and oil 

droplets. Consistent results were obtained with both approaches. 

2. Theoretical background                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

The thin aqueous asymmetric films through which oil droplet and gas bubble interfaces interact are 

usually called pseudoemulsion films. Ross proposed two thermodynamic coefficients to predict the 

behavior of these  films,  the entering E and spreading S coefficients,  defined as 16: 

 

𝐸 = 𝛾𝑤/𝑎 + 𝛾𝑤/𝑜 − 𝛾𝑜/𝑎 

𝑆 = 𝛾𝑤/𝑎 − (𝛾𝑤/𝑜 + 𝛾𝑜/𝑎)       (1) 

where 𝛾𝑤/𝑎 is the surface tension between air and water, 𝛾𝑤/𝑜 is the interfacial tension between 

water and oil and 𝛾𝑜/𝑎 is the surface tension between oil and air. If E is positive, the oil droplet can 

enter the air/water surface, while if S is positive, the oil spreads on the bubble surface. These two 

coefficients are generally positive for crude oil/water/air films 14, favoring film rupture .  

 Lobo and Wasan 17 and Denkov18  pointed out that the coefficient E only indicates if the energy is 

lowered after the drop enters the air-water interface: E has to be positive for the film to rupture, but 

it is not sufficient to determine whether they do or not. Indeed, E does not take into account the 

dynamics of film thinning and the interactions between film surfaces. When an oil droplet and a 

bubble approach, their interfaces are deformed and the pressure in the film differs from the 

surrounding pressure by a quantity equal to the capillary pressure 19. The capillary pressure causes 

film thinning and when the film thickness falls below about 100nm, the forces between film surfaces 

become significant. At these distances, the force per unit surface is the sum of attractive van der 

Waals forces 𝛱𝑉𝐷𝑊 and  electrostatic forces 𝛱𝑒𝑙 
20: 

 

𝛱(ℎ) = 𝛱𝑉𝐷𝑊(ℎ) + 𝛱𝑒𝑙(ℎ)        (2) 

This pressure is usually called disjoining pressure. The van der Waals contribution can be written as : 
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𝛱𝑉𝐷𝑊(ℎ) =  −
𝐻

6𝜋ℎ3         (3) 

H being an Hamaker constant. In the case of flotation, the two approaching particles are not identical 

and the electrostatic contribution to the disjoining pressure can be expressed by 20: 

𝑒𝑙(ℎ)~ 64 𝑛 𝑘𝑏𝑇 𝑡𝑎𝑛ℎ (
𝑧𝑒𝛹𝑜

4𝑘𝑏𝑇
) 𝑡𝑎𝑛ℎ (

𝑧𝑒𝛹𝑎

4𝑘𝑏𝑇
) 𝑒−ℎ     (4) 

with n the ion concentration, z their valency, 𝑘𝑏 the Boltzmann’s constant, T the absolute 

temperature, e the electron charge o the potential of the oil- water interface, a the potential of 

the air-water interface, h the film thickness, -1 the Debye length. As for two identical particles, this 

approximation is valid when the two ion concentration profiles differ only slightly from the case of 

single surfaces 21.  

In practice, the measurement of the surface potentials o and a is not possible, and it is rather the 

zeta potentials o and a that are measured, using electrokinetic techniques, for instance studying 

the drop motion under an applied electric field 21 . In these measurements, one determines the 

potential at a certain distance from the surface since part of the counterions are entrained with the 

particle. Experience has shown that colloidal stability is however well correlated with this 

experimentally accessible potential21.    

Bubbles generated in aqueous solutions are negatively charged, with an iso-electric point about pH 4 

10. This surface charge results from  the adsorption of ionic species such as HCO3
- from dissolved CO2 

22. The  zeta potentiala decreases with water pH, and, at constant pH, decreases when salt content 

increases 23.  

The zeta potential of oil droplets depends on the oil chemical composition, on water pH and salinity 

and on the presence of surfactants, if added during oil recovery and treatment. Many crude oils 

contain polar components, like asphaltenes or naphthenic acids. When in contact with water, these 

organic molecules may get ionized 24, the extent of this ionization being related to the pKa of the 

species and to the water pH and salinity. Once dissociated, some organic polar components adsorb at 

the oil- water interface, others are transferred in the water phase. The surface charge and the 

amount transferred depend on the dissociation of the species, itself depending on pH and water 

salinity.  When surfactant is present, the interface composition and charge can be modified 25. 

The disjoining pressure of equation 2 has a maximum at a distance h* between film surfaces, 

typically of order 10 nm. When the capillary pressure is larger than (h*), film thinning can proceed 

until film rupture. With pure fluids, when no electrostatic repulsion is present, film rupture occurs as 
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soon as the film thickness reached values where attractive van der Waals forces become significant 

26. In the case of oil-water-oil films containing ionic surface-active species, electrostatic forces are 

present. Denkov et al showed that the critical capillary pressure above which film rupture occurs is 

close to (h*) although lower by a factor of about 2.5 12. It is possible that during film thinning, 

mechanical or thermal fluctuations decrease locally the surface coverage, the repulsion being then 

lowered and film rupture allowed27. It should be noted that at very small distances h, the disjoining 

pressure contains a strongly repulsive term, generally of steric origin 28, which in principle should 

prevent film rupture. As for the electrostatic barrier, this repulsion could be suppressed by 

fluctuations in surface coverage11. Equations 2-4 are approximations that do not take into account 

the variations of the Hamaker constant and surface potential with distance, due to retardation 

effects and charge regulation 28 21. Other complications include hydrophobic forces and non-steric 

effects of adsorbed layers 28 It should be also noted that the solubility of gas in water and then the 

Hamaker constant change with salinity 3. A discussion focused on flotation problems can be found in 

ref 29.  

3. Materials and Methods 

3.1 Preparation of synthetic produced waters 

Brines were prepared using purified water from a Milli-Q system and salts NaCl (Fisher Chemicals, 

UK) and CaCl2 (EMD Millipore Corp., Germany) of analytical grade with a purity greater than 99.9 %. 

We calculated the ionic strength of the brine as half the sum of the product of the concentrations 

and valencies of the different ions in the brine21. We prepared typical produced water using a stock 

oil in water emulsion containing 70 % oil and 30 % water, in weight. This concentrated emulsion is 

obtained using a previously described procedure 30 which permits to control the oil droplet size. The 

crude oil characteristics are given in Table 1. The oil is first heated to 60°C to lower its viscosity and 

facilitate its introduction into the mixing system. The oil droplets are stabilized with a nonionic 

surfactant, Triton X-405 (Sigma-Aldrich). Dodecane (VWR, rectapur GPR) was used to compare with 

crude oil. The surfactant is first dissolved in brine containing 7.5 g/L (130 mM) NaCl and its 

concentration in the stock emulsion is 1.2 wt %. The oil is dispersed in the aqueous phase using an 

Ultra-Turrax homogenizer, in a thermostated water bath at 60°C. The addition of oil is made slowly 

with syringes, while the agitation is maintained at 13400 rpm during 1-2 minutes and then at 24000 

rpm during five minutes. The average droplet diameter of this stock emulsion is measured with a 

laser granulometer Mastersizer 2000, Malvern, and is 3.2 µm with a span of 1.4. In these 

experiments, the stock emulsion was diluted by the original brine (130 mM NaCl). Dilutions with pure 
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water were also used and led to the same drop size. This size is therefore robust and is not affected 

by the type of brine used to dilute the stock emulsion.  

 In order to obtain the model produced waters, the stock emulsion is diluted afterwards by gentle 

mixing in the brines until an oil concentration of 200 ppm and a residual concentration of Triton X-

405 of 2.4 ppm. A picture of a produced water is presented Figure 1a.  

The zeta potential of the oil droplets in the different model waters is measured with the Zetasizer, 

NANO-ZS, Malvern Instruments. As the critical micellar concentration of Triton X-405 is 2400 ppm, 

the surfactant remaining at the surface of the oil drops will desorb with time. The desorption time 

tdes can be estimated to be of the order of 10 minutes in the absence of convection. For this 

estimation, we have used tdes ~ (1/D) (/C)2, where D is the surfactant diffusion coefficient in water 

(D~4 10-10 m2/s),  and C the surfactant concentrations respectively at the surface ( ~ 1 mg/m2) and 

in  the bulk 31. Desorption is faster if convection is present, which is the case during the flotation 

experiments where bubbling induces strong mixing. Determinations of the zeta potential were also 

made with diluted emulsions containing 100 and 300 ppm surfactant, for which the estimated 

desorption times are respectively half an hour and 3 minutes for diffusion only. The samples were 

shaken before use, hence the desorption times were shorter. The measured values of the zeta 

potential were the same (within experimental error), confirming that surfactant was desorbed when 

the measurements were performed (a few minutes or longer after sample preparation). In all the 

experiments, oil drops can therefore be considered to be free of the Triton surfactant. 

 

Density at 15°C (kg/cm3) 

API° 

969.7 

14 

Acidity TAN – mg KOH/g 2.04 

Elements analysis (%m/m) 

C 

H 

N 

O 

S 

 

86.6 

11.5 

0.52 

0.49 

0.43 

SARA - T>344°C (%m/m) 

Saturates 

Aromatics 

Resins 

Asphaltenes C7 

 

26.9 

32.4 

27.9 

8.3 

Table 1: Characteristics of the crude oil 
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3.2 Laboratory scale flotation tests 

The flotation tests are made in a cylindrical glass column with an internal diameter of 6.7 cm (Figure 

1b). Three taps allow sampling the produced water in order to quantify the flotation efficiency, at the 

column bottom. For all of our tests, air is injected at the bottom through a sintered glass filter whose 

pore size  is 17-40 µm. The air flow rate is maintained at 40 l/h during the 10 minutes of an 

experiment. 

a)               b)  

Figure 1: a) Prepared produced water containing 200 ppm crude oil; b) Laboratory scale flotation column with three taps 
and a glass filter, pore size: 17-40 µm 

For each test, the model produced water is prepared just before the flotation. The water volume is 

fixed at 520 mL and the initial oil content is C0 = 200 ppm. The produced water is introduced into the 

column from the top. Samples (about 10 mL) are taken every two minutes from the tap 1 of the 

column (Figure 1 b), the residual oil is extracted from water with dichloromethane and its 

concentration Ct at time t is determined by UV-visible absorbance with a spectrophotometer (DR 

3800, Hach Lange). The process efficiency is quantified by plotting Ct/C0 as a function of time.  

3.3 Set up for the bubble-droplet adhesion 

To study the adhesion of crude oil droplets and air bubbles during flotation, another set up was 

dedicated to the observation of oil droplets approaching an air-water interface. A millimetric oil 

droplet (diameter 6 mm +/- 0.4 mm) is formed with a syringe (needle diameter 0.9 mm) placed at the 

bottom of a glass cell filled with brine. We used about 50 drops, for which the spread in diameter 

values was ± 0.4 mm. The drop is left to rise freely under the influence of buoyancy from a constant 

distance (2 cm) to the air/water interface. This interface was made convex adding a hydrophobic 

tap 1 

 
 

Glass filter 
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Teflon ring (diameter 35 mm) in order to prevent the lateral motion of the drop along the air-water 

interface.  

To form a droplet with the syringe more easily, the crude oil has been diluted with xylene and the 

percentage of dilution has been varied between 10 and 20 wt %. The viscosities of the crude oil and 

of its dilutions were measured in a cone-plate rheometer (MCR 300, Anton Paar). These oils are all 

newtonian in the range of shear rates investigated (1-150 s-1), their viscosities o are given in Table 2. 

Xylene proportion (%) Viscosity  (Pa.s) 

0 15.5 

10 1.14 

15 0.48 

18 0.35 

20 0.25 

Table 2 : Viscosity of the crude oil diluted by xylene 

The different interfacial tensions were measured with crude oil containing 10% xylene and brines 

with 1, 3.4, 17 and 130 mM NaCl. In this way, the range of salinity of the flotation studies is covered. 

We used the pendent drop method with the tensiometer DSA 25, Krüss. As seen in Table 3, the 

tensions, the entry and spreading parameters do not depend significantly on the salinity of water. 

The coefficients E and S are positive over the whole salinity range, meaning that it is 

thermodynamically favorable for the oil to enter and spread on bubble surfaces.  

 

[NaCl] (mM) γw/a  (mN/m) γo/a  (mN/m) γo/w (mN/m) E (mN/m) S (mN/m) 

1.0 72 29 22 65 21 

3.4 72 29 16 59 27 

17.0 72 29 17 58 24 

127.7 72 29 18 61 25 

Table 3 :  Measured surface tensions with brine and crude oil diluted with 10% xylene, with an accuracy of ± 2 mN/m. 
Calculated thermodynamic coefficients using equation 1 for [NaCl]=1 and 130mM.  

Once it is in contact with the free surface, the pseudoemulsion film forms, gets thinner and 

eventually breaks. The different steps are shown in Figure 2. As in former studies14-15, the time 

between the initial contact and film rupture is named rupture time .  
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Several techniques can be applied to evaluate , a survey can be found in 32. In our setup, the 

evolution of the drop is recorded with a high-speed camera (300-400 frames per second). The radius 

of the oil covered area, r(t), is measured by analyzing the recorded movies. This study has been 

conducted for at least two oil drops for each ionic strength. The onsets of initial contact and film 

rupture can be determined within 2-3 frames, meaning that the rupture time can be determined 

with great accuracy (± 10 ms).   

 

Oil droplet rise 

 

First collision, t=0 s 

 

Film drainage 

 

Film rupture 𝐭 = 𝝉 

 

 

Oil spreading 

 

 

The droplet curvature is much higher than the curvature of the air/water surface and it can be 

considered that the air-water interface is planar, as in the flotation process, where the bubble 

curvature is much smaller than the oil droplet curvature. Other types of set up are used 14-15 where 

the oil droplets and/or bubbles are held by capillaries. The main drawback of these set ups is that 

drops are “manually” approached, so the initial film thickness may change between experiments. In 

our procedure the oil droplets have the same size and velocity (the water viscosity in not sensitive to 

the salt content, in this range of concentration) and the evolution of the pseudoemulsion film 

thickness is reproducible.  

Figure 2 : Main steps for the attachment of an oil droplet at the surface air/water, [NaCl]= 1.0 mM 
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4. Results and discussion 

4.1 Macroscopic scale 

4.1.1 Flotation efficiency as a function of salinity 

Model produced waters containing 200 ppm crude oil were prepared with different salt 

concentrations and injected into the flotation column. The resulting oil removal was characterized by 

the ratio Ct/C0 and is plotted as a function of ionic strength in Figure 3. For a given time t, the residual 

oil concentration decreases when the ionic strength increases meaning that flotation efficiency 

increases with I up to 17 mM, after which it does not change significantly within error bars. Besides, 

for I higher than 17.0 mM, the final residual oil concentration after 10 minutes C10 is very low (C10/C0 

< 0.05) and the produced water can be considered as clean. 

 

Figure 3: Normalised flotation efficiency Ct/C0 in time in solutions with different concentrations I of NaCl 
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4.1.2 Effect of bubble size 

Flotation is known to be more efficient with small and homogenously dispersed bubbles 6. The  

flotation efficiency increase seen in Figure 3 could therefore be due to a change in bubble size. 

Indeed, at high salinity, the generated air bubbles were smaller than at low salinity. This is a well-

known effect in salty water (no added oils): many common salts like NaCl or CaCl2 inhibit bubble 

coalescence above  Cs* (a salt dependent transition concentration)33 34 35. If this concentration is 

defined as the value corresponding to 50% coalescence, Cs*= 78 mM for NaCl and 38 mM for CaCl2. 

The role of salt has been recently elucidated36. To investigate the influence of salinity on bubble size 

and dispersion in our flotation column, the previous experiments were repeated with water free 

from crude oil. In this case, the liquid is transparent and images of the bubbles can be taken and 

analyzed using a high speed camera (400 images/s). We obtain in this way an average bubble 

diameter d, which is plotted as a function of the ionic strength in Figure 4 for brines with NaCl.  

 

 

Figure 4 : Comparison between the evolutions of the average bubble diameter (d) and C10/C0 with NaCl concentration, C10 
being the oil concentration after 10 minutes of flotation.  

 

The bubble size remains constant until I = 50 mM above which it decreases due to coalescence 

inhibition in agreement with literature data. However, the change in bubble size does not occur in 
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the same salinity range as that of the flotation efficiency. Indeed, as it can be seen on Figure 4, the 

bubble size is constant between 3 and 50 mM while flotation efficiency increases significantly. This 

suggests that the inhibition of bubble coalescence by the salt does not play a role in the flotation 

experiments presented. The efficiency could of course be improved above 50 mM by the decrease in 

bubble size, but it is already very good well before, and no difference in efficiency can be evidenced 

above 17 mM within experimental error.  

4.1.3  Zeta potential of oil droplets in produced water 

As discussed in section 2 and in the introduction, the adhesion between oil drops and bubbles 

depends on the stability of the pseudoemulsion film that forms between them, which behavior is 

governed by the interactions between the film surfaces. It can therefore be expected that flotation is 

impacted by these interactions, and in particular by the zeta potential of oil droplets and air bubbles. 

The crude oil droplet zeta potential has been measured for two different brines containing either 

monovalent (NaCl) or divalent (CaCl2) salt (Figure 5).  

 37    

Figure 5 :  Zeta potential of crude oil droplets in brines at different ionic strengths ; NaCl (red squares) and CaCl2 (blue 
squares). Zeta potential of dodecane droplets in NaCl brine (violet triangles). 

In each case, a negative value is obtained due to the ionization of polar species contained in the 

crude oil. The absolute value of the zeta potential decreases when the ionic strength increases. This 

trend is reinforced with divalent calcium ions possibly because one calcium ion is able to associate 

with two naphtenate or carboxylate ions 38. When the oil does not contain any polar species, the zeta 
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potential of droplets is close to zero and does not change with salinity. This has been demonstrated 

by measuring the zeta potential of pure dodecane droplets within NaCl brines (Figure 5). Note that 

the values measured are smaller (in absolute value) than those reported by Marinova et al, that were 

attributed to the present of OH- ions at the interface39. In this earlier work, very pure oils were used, 

and it is likely that the residual surface active contaminants in the dodecane used in our work 

displaced the OH- ions as usually observed with very small amounts of added surfactant 

In Figure 6, the evolution of C10/C0 is represented as a function of oil droplet zeta potential.  

 

Figure 6: Evolution of the normalized flotation efficiency C10/C0 with the oil droplet zeta potential, in NaCl (blue lozenges) 
and CaCl2 (red squares) brines 

 

We observed that, independently of the cation nature, there is a good correlation between oil 

droplet zeta potential and C10/C0: this ratio decreases with the absolute value of o. When the 

strength of electrostatic repulsions decreases, oil droplets and air bubbles attach more easily and rise 

faster leaving clear water at the bottom of the column.  

4.2 Micrometric scale 

4.2.1  Bubble-drop attachment process 

To better understand the mechanism of the attachment between an oil droplet and an air bubble, 

the approach of oil drops toward an air-water interface has been studied. The rupture times have 

been measured with the protocol described in the Materials and Methods section. This protocol has 

0
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been applied to droplets of diluted crude oil in xylene with different concentrations (10, 15, 18 and 

20 wt %) and brines containing different amounts of NaCl. The rupture time values are plotted as a 

function of ionic strength in Figure 7.  

 

Figure 7: Oil film rupture times for droplets of diluted crude oil in xylene, at the interface between air and NaCl brines. 

It can first be noticed that the dispersion of the measured rupture times is large. This is a general 

feature in the rupture of thin liquid films and is due to the fact that the rupture is produced either by 

random mechanical or thermal fluctuations 11.  

Figure 7 shows that the rupture times do not appear to depend on the oil viscosity, but they 

appreciably decrease with ionic strength, becoming quite small above 17 mM. Interestingly, this ionic 

strength corresponds to the low zeta potentials and also the onset of best oil removal. These results 

suggest that the pseudoemulsion film rupture is mostly governed by interfacial electrostatics. There 

should also be an important short-range repulsion due to the surface-active species originating from 

the oil phase, but as in many other cases, this repulsion is unable to protect the film from rupture. 

 When considering the expression of the disjoining pressure (equations 2-4), one finds that there is a 

maximum of (h) at a distance h* between film surfaces, which strongly depends on the salinity. 

When the capillary pressure becomes larger than *, the film should rupture. In order to evaluate 

*, the value of the Hamaker constant is needed. This constant has been measured for bitumen 

emulsions and found quite high, about 10-19J (20 kbT) 40. In order to obtain the oil-water-air Hamaker 

constant, combinations of different values are needed 21 and in view of all the uncertainties, we have 

just assumed that 𝐻~ 10 kbT ~4*10-20 J. The surface potentials a and  were assumed to be close 
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to the zeta potentials a and . We have taken for a the value quoted in Graciaa et al. work 41  at the 

pH of our solutions (5.5), which does not vary appreciably with salinity, a ~- 25 mV. We used for o 

the values shown in Figure 5 and reported in Table 4. The values calculated for * are reported in 

Table 4. More details about the calculations  can be found in the supplementary information (SI)  

I (mM) o (mV) *(103 Pa) 

1.0 -43 36 

3.4 -33 54 

8.7 -22 24 

17.0 -13 _ 

Table 4. Zeta potentials and disjoining pressure barriers calculated using equations 2 and 3. See SI for more details 

The value of * is rather high at low salinity and decrease appreciably with salinity, vanishing  

around 17 mM. It must be stressed that the non-monotonous variation seen in table 4 should be 

considered with care, as the values of * depend critically on the DLVO parameters, which are not 

known precisely. The values shown in the table however explain why the coalescence between oil 

drops and bubbles become easier at high salinity. The evolution of the  zeta potential o is similar , 

justifying the good correlation between this potential and both flotation efficiency and 

pseudoemulsion film stability. This remarkable correlation may seem surprising since the capillary 

pressures encountered during the flotation of bubbles and in the pseudo emulsion films are 

different: the oil drops in the flotation experiment have diameters of the order of microns, while in 

the oil drop rise experiment, the diameters are millimetric. Clearly more work is needed to better 

understand the role of capillary pressure in both types of experiments. These results confirm 

however the interest of using the rupture time as a tool for evaluating flotation efficiency.  

4.2.2 Oil spreading 

After the pseudoemulsion film rupture, the oil spreads and covers the water/air surface, consistent 

with the fact that the spreading coefficient S is positive (Table 3). The time evolution of the ratio 

between the initial oil droplet radius Rd and the radius of the oil covered area r(t) is shown in Figure 8 

for different NaCl concentrations and for xylene containing 10% crude oil. All the curves superimpose 

demonstrating that the oil spreading on the water/air interface speed is not sensitive to salinity. This 

is consistent with the quasi constant value of the coefficient S = 21-27 mN/m in the salinity range 

studied. 
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Figure 8 : Evolution of the radius of the oil drop at the air-water surface in solutions of different NaCl concentrations  

To investigate the influence of oil viscosity on the oil spreading, experiments were repeated with the 

three other xylene diluted oils. In contrast to rupture times that remain constant upon oil dilution 

(Figure 7), spreading velocities decrease when the oil viscosity increases. These results are in 

agreement with the observations of Eftekhardadkhah and Oye 15 who reported that oil spreading 

proceeded with a velocity inversely proportional to the oil viscosity. Here, Figure 8 suggests that the 

radius r does not increase linearly with time. A complete analysis is presented in the supplementary 

information. The radius varies as r(t)/Rd  = (t/T)1/2  with T = o Rd/(2ow), and the radius increases as 

the square root of the oil viscosity. Results of this analysis are given in Table 5. 

 

Xylene 

proportion (%) 
Viscosity (Pa.s) 

Theoretical slope (s-1)  

(2 ow/oR)  
Experimental slope(s-1) 

10 1.14 11.7 10.5 

15 0.48 28 24 

18 0.35 38 40 

20 0.25 53 53 

Table 5: Correlation between oil spreading speed and oil viscosity 
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One sees in Table 5 that the agreement between theory and experiment is remarkable. 

Eftekhardadkhah and Oye  observed however that the flotation efficiency did not depend 

significantly on the oil viscosity. This could be because the rupture times are longer than the 

spreading times. Indeed here, after 0.2 s, the oil has spread appreciably, and since the spreading 

radius is inversely proportional to the viscosity, one could estimate that the crude oil will have spread 

in 0.7 s, a time shorter than the rupture time at low salinity and comparable at high salinity. 

5. Conclusion 

We have studied the influence of the water salinity on the efficiency of flotation as a water 

purification method to remove small drops of crude oil. The results obtained with a macroscopic 

experiment of a flotation column and with individual oil droplets are in good agreement; increased 

salinity leads to improved attachment of the gas bubbles to the emulsion drops. An increase in 

salinity results in a decrease of the zeta potential of the oil droplet, so electrostatic repulsions 

between the oil droplet and the air bubble are weakened. The pseudoemulsion film rupture is easier, 

attachment improved and the flotation is more efficient. 

The increase of flotation efficiency is not linked to a change in size of gas bubbles, because in the 

range of salt concentrations where the efficiency is most improved by the increase of salinity the 

bubble size is constant. The flotation efficiency is mostly governed by the pseudoemulsion film 

stability. There is a surprisingly good correlation of both rupture time of the singe films and the 

flotation efficiency in a column with the oil droplets zeta potential, despite the differences in 

capillary pressures between both types of measurements. 

The time for oil spreading after film rupture is smaller or comparable to the film rupture time. This 

result confirms that the water film rupture is the main rate governing step in flotation, as postulated 

in former studies.  
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