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ABSTRACT
[bookmark: _GoBack]Gas flotation is often used during treatment of the oilfield produced water. It relies on the generation of gas bubbles and their attachment to oil drops, for example by forming an oil film on the surface of a gas bubble. In this paper we present a microfluidic technique for investigating the attachment of crude oil drops to gas bubbles through the spreading mechanism. The developed method allowed us to systematically study the effect of the oil, water and gas phases, where the investigated parameter was the amount of oil droplets attached to gas bubbles through spreading. The highest attachment efficiency was observed at low or neutral pH. By reducing the salinity, the electrostatic repulsion increased, which had a negative effect on the attachment. The presence of dissolved components stabilized the oil drops and gas bubbles, which decreased their attachment through spreading. Replacing nitrogen with methane improved the attractive interactions between bubbles and oil droplets, enhancing the attachment of oil. The results confirm the potential of microfluidics in studying bubble-droplet interactions, relevant for industrial processes.









INTRODUCTION
Produced water (PW) is a major by-product during crude oil and natural gas production. It is composed of both dissolved and dispersed components1, of which some need to be removed for the water to be discharged to the sea or re-injected to an underground formation2. The commonly targeted pollutant during PW treatment is the dispersed crude oil. After initial treatment processes, the water typically contains between 200-500 ppm of crude oil droplets that are smaller than 25 µm2. These oil droplets are meta-stable in water due to their size and the presence of indigenous surfactants in the petroleum. The target is to reduce the concentration at least down to 30-40 ppm, which are limits for discharge to the sea1.
Gas flotation is one of the common produced water treatment processes, and uses the dispersed or nucleated gas bubbles to enhance the density difference between oil and water. The generated bubbles can attach to oil drops and form aggregates that are both bigger and less dense, and thereby easier to remove. This attachment can occur through different mechanisms3, such as formation of an oil film or lens, point attachment, entrapment in a turbulent wake or physical lifting of oil droplets by flocculated gas bubbles. The oil film on the gas bubble provides the most stable bubble-drop aggregate. Generally, it can be divided into three stages4: (1) approach and thin film formation, (2) film drainage and (3) film rupture and spreading of oil over the surface of a gas bubble. These processes are depicted in Figure 1.
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Figure 1 The stages of bubble-drop interactions, leading to formation of an oil film on a gas bubble. A short movie from which the frames were taken is available in SI. 
The collisions between bubbles and drops, together with the characteristic drainage time, govern the total attachment efficiency through this mechanism5. The thin film drainage is a complicated process, which depends on the interfacial properties of all three phases (gas, oil and water) and on the hydrodynamic forces inside the process unit.
Crude oil is a complex mixture of hydrocarbons and other organic species. Certain fractions of crude oil, like resins, asphaltenes or naphthenic acids, are surface-active and can influence the interfacial behaviour of crude oil drops in water6-7. Furthermore, water-soluble components can partition to the water phase and affect the gas-water interfaces8. For the water produced at the Norwegian Continental Shelf, these dissolved species are predominantly of acidic nature9. These crude oil-indigenous amphiphilic molecules can affect the stability of the thin film and the drainage process during bubble-droplet interactions. They give raise to additional repulsive forces (electrostatic or steric), and can also retard the film drainage time through the Marangoni effect10, where the interfacial concentration gradient causes a flux of liquid in the opposite direction of the drainage process.
The role of interactions between gas bubbles and crude oil droplets during gas flotation has scarcely been reported in the literature. Nikolov et al. studied the thin film stability between crude oil droplets and air bubbles11. Another study, conducted by Oliveira et al., tried to relate the fundamental interactions between gas bubbles and oil droplets to the flotation efficiency with the use of well-defined systems12. The effect of solvent on the induction time in bitumen-air systems was studied by He et al.13. Recently, Chakibi et al. reported the role of salinity on induction time and laboratory flotation performance of crude oil emulsions14. Our group has also contributed to the field by studying the film drainage times between bubbles and crude oil drops15, which was later related to the performance of a pilot-scale flotation16. Overall, these papers underlined the importance of fundamental phenomena on the process of gas flotation.
Microfluidics has recently emerged as a new tool for studying the fundamental aspects of dispersions and their stability17. It has been extensively used to investigate coalescence in emulsions18-20, recently also in the petroleum field21-22. While three-phase systems were studied with microfluidic tools23-25, the application of these systems was limited to foam flooding in petroleum research26-28. No reports on the microfluidic studies of crude oil droplet spreading on gas bubbles were found.
In this work we present a new, microfluidic method to probe the interactions between bubbles and crude oil droplets that normally occur during gas flotation processes, by investigating the spreading of oil drops over the gas bubble surface inside a microchannel. The relative amount of free-flowing drops attached through spreading was used to compare the influence of different parameters. We systematically varied the water and oil composition, as well as the droplet number and size. The effect of the gas phase on the spreading efficiency by using both nitrogen and methane bubbles was also reported.












EXPERIMENTALS
Chemicals. 
Brines. Two types of brine were used as the continuous phase during most experiments. The first brine (later referred to as Na-Brine) was composed of 3.5% wt. sodium chloride (p.a., Merck Millipore, USA). The second brine was a mixture of sodium chloride and calcium chloride (p.a., Sigma-Aldrich, USA), with a Ca/Na molar ratio of 1:35. The salt concentrations are similar to seawater conditions, which closely resembles the produced water from the Norwegian Continental Shelf29, whereas the chosen Ca/Na molar ratio is similar to that of North Sea produced water30. Both solutions had the same ionic strength and were prepared with deionized water (Millipore Simplicity Systems, Darmstadt, Germany). They were adjusted to pH 4 and 10 by using solutions of diluted HCl (AnalaR, VWR, USA) and dissolved NaOH (AnalaR, VWR, USA). The natural pH of the brines, later referred to as pH 6, ranged from 5.8 to 6.6. The low salinity brine, used in the Brine Effect section, consisted of 20 mM of sodium chloride.
Dissolved components. The water phase with dissolved naphthenic acids (Fluka, Sigma Aldrich, USA; later denoted as Fluka acids) was prepared through partitioning from heptane (HPLC ≥99%, Sigma-Aldrich, USA). Buffered Na-Brines at pH 6 and 9, and solutions of Fluka acids in heptane were poured into Schott bottles and mixed on a horizontal shaker for 12 hours. After shaking, the water phase was extracted and centrifuged (30 min, 11 000 rpm). Some of the water was acidified to pH <2 with hydrochloric acid and mixed with heptane to back-extract the acids for concentration measurement. The samples were silanized with N-tert-Butyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA) with 1% tert-Butyldimethylchlorosilane (Sigma-Aldrich, USA) and then analysed with GC/MS. With the known concentration, the samples were diluted with Na-Brine to contain 100 ppm of acids and re-adjusted to pH 6 and 10.
The solution of 4-heptylbenzoic acid (4-HBA, 99+%, Alfa Aesar, USA) was prepared by dissolving 100 ppm of the acid in Na-Brine at high pH. After dissolution, the solution was readjusted to pH 10.
The surface tension measurements of brines, with and without the dissolved components, were conducted with a Du Noüy ring tensiometer (Sigma 70, KSV, Finland) at room temperature. The reported values were noted after 24 hours of measurement to make sure that the values were near-equilibrium.
Crude oils. Three crude oils, produced at the Norwegian Continental Shelf and with the addition of 200 ppm of a de-emulsifier, were used as the dispersed phase. The summary of the physical (density, viscosity) and chemical properties (Total Acid Number – TAN; Total Base Number – TBN; Saturates, Aromatics, Resins, Asphaltenes – SARA) is presented in Table 1. The full characteristics of the crude oils and description of experimental methods were reported elsewhere31-32.
Table 1 Physicochemical properties of the crude oils.
	Crude oil
	Density
[g/cm3]
@20°C
	Viscosity
[mPa s]
@20°C
	TAN
[mg KOH/
g oil]
	TBN 
[mg KOH/
g oil]
	SARA [% wt.]

	
	
	
	
	
	Saturates
	Aromatics
	Resins
	Asphaltenes

	
	B
	0.841
	14.2
	ND
	1.0
	84.0
	13.4
	2.3
	0.3

	
	E
	0.831
	8.3
	0.5
	0.4
	74.8
	23.2
	1.9
	0.1

	
	F
	0.822
	7.5
	0.1
	0.6
	78.5
	18.9
	2.5
	0.1



Gas phase. Most experiments were performed with nitrogen (grade 5.0). The measurements in the Gas Phase Effect section also included methane (grade 3.5).
Microfluidic chips and setup. 
The design of the chips and the microfluidic setup used during the microfluidic gas flotation experiments is illustrated in Figure 2.
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Figure 2 Microfluidic setup and chips. Droplets and bubbles, generated at two T-junctions, enter a wider channel (point A) and interact with each other, leading to attachment of some freely flowing drops to bubbles at the end of the channel (point B).
Custom-designed glass microfluidic chips were purchased from Micronit Microtechnologies B.V. (The Netherlands). They had two T-junctions, where the simultaneous generation of gas bubbles and oil droplet took place. The inlet channels, leading to and from the T-junctions, had a width of 100 µm. The wider channel, where the bubbles and droplets met, was 750 µm wide and 33 mm long. 
All channels had a uniform depth of 45 µm. After entering the wider channel, the fluid particles started to intermingle, which resulted in some of the oil droplets spreading on the gas bubble surface. During the measurements, the chip was placed in a chip holder (Fluidic Connect PRO, Micronit Microtechnologies B.V., The Netherlands) and connected to the flow setup with FFKM ferrules and PEEK tubing (inner diameter 250 µm, Sigma-Aldrich, USA). After the experiment, the chips were cleaned through sonication in three different solvents: toluene/acetone mixture (3:1 v/v), isopropanol and deionized water. Each cleaning step lasted 15 min. Finally, the chips were baked in an ashing furnace for six hours at 425°C. Shortly before the experiments, the chips were treated in low-pressure oxygen plasma chamber (Zepto, Diener electronic GmbH, Germany) for 10 minutes.
The liquids were pumped with syringe pumps (neMESYS mid-pressure module V3, Cetoni GmbH, Germany). The flow of gas was controlled with a gas flow controller (EL-Flow Prestige, Bronkhorst High-Tech B.V., The Netherlands). The flow conditions in the respective experiments are presented in Table 2. All measurements were performed at room temperature.
Table 2 Overview of experimental conditions of the respective subsections in the paper.
	Experimental conditions
	Droplet generation
	Bubble generation

	
	Continuous phase flow [µl/min]
	Dispersed phase flow [µl/min]
	Droplet diameter [µm]
	Continuous phase flow [µl/min]
	Dispersed phase flow [µl/min]
	Bubble diameter [µm]

	Brine Effect
	160
	6
	55
	120
	43
	150

	Concentration Effect
	160
	4
6
8
	55
	
	
	150

	Drop Size Effect
	120
160
200
	8
6
4
	70
55
40
	
	
	150

	Dissolved Components Effect
	160
	6
	55
	
	
	100-110

	Gas Phase Effect
	160
	6
	55
	
	
	150



The provided value of the bubble diameter in all sections except the Dissolved Components Effect was a result of quick coalescence between the generated 110 µm bubbles in the beginning of the channel. During the experiments with dissolved components, the bubbles were stabilized against coalescence by the acidic species present in the water phase. The number of droplets generated in unit time was proportional to the dispersed flow rate. In the Concentration Effect section, the lowest flow rate allowed production of ca. 1000 drops/s, 6 µl/min produced around 1400 drops/s, whereas the highest flow rate resulted in approx. 1800 droplets/s. In all other sections, the flow rates were set so the number of droplets entering the wider channel in unit time was similar (approx. 1400 drops/s). 
The droplet velocity was typically around 10 cm/s. The free bubbles travelled in the channel almost twice as fast (ca. 18 cm/s), whereas the coated bubbles were generally slower (ca. 8 cm/s) due to the additional drag forces acting on the bubble. Therefore, the residence time ranged from approx. 0.25 to 0.4 second for the fastest and slowest fluid particles, respectively. Although the individual bubble-droplet interactions were not in the scope of this study, the time needed for a droplet to spread over a bubble was typically less than 10 ms, whereas in general it took longer for a droplet to merge with an already coated bubble (>10 ms). It is also worth to notice that not all collisions between bubbles and droplets lead to spreading.
The droplets were observed with a high-speed camera (AX100, Photron, Japan), connected to an inverted microscope (Ti-U Eclipse, Nikon, Japan) with an external LED light source (HDF7010, Hayashi, Japan) at a constant framerate speed of 8500 frames per second.
Data acquisition and image analysis.
The image analysis method was based on the one reported before32-33, with a few modifications. Two sets of ca. 16000 frames at the inlet and outlet of the chip (points A and B in Figure 2, respectively) were taken for each of the experiment. The images from the inlet were used to retrieve the number and size of the generated droplets. The number of the remaining drops, not attached to the gas bubbles, was determined from the outlet images. Both image sequences were processed with ImageJ software. The frames were first converted into a binary mask and then the areas and the centre of masses coordinates of droplets were retrieved with the Analyse Particle feature, available in the ImageJ software. Due to the limited coalescence between oil drops (compared to a system without gas bubbles present32, at least 3 times lower), the remaining drops were always significantly smaller than the gas bubbles. This made it possible to differentiate them from the bubbles with the use of a size limitation feature, as shown in Figure 3.
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Figure 3 The stages of image analysis. From left: original image, frame converted to a binary mask and detected objects.
Subsequently, the data was copied to a Microsoft Excel spreadsheet. Even though the coalescence between drops was very low, the detected droplets at the end of the channel were sorted into several size classes. The droplet area increased proportionally with the number of coalescence events, which allowed recalculating the drops of different sizes to the number of drops of the initial size that formed them. Since the same droplets were detected several times within the detection frame, the actual number of droplets (Ni) in each size class was calculated with the use of the average droplet velocity (vdrop in µm/frame unit), the width of the detection box (w) and the mean droplet diameter in each size class (di):
	
	(1)


where Ntot,i is the total number of detected objects in each size class.
A fraction of the free-flowing droplets attached to the gas bubbles and spread over their surface during the experiment. Therefore, in this paper the term "attachment" will refer to the aqueous film rupture, followed by spreading of oil droplets on bubbles, and the attachment efficiency (AE) will be the main parameter used to compare different experimental conditions. It was calculated with Equation 2:
	
	(2)


where dropsin and dropsout are the number of drops detected in the inlet and outlet of the chips in unit time. In the Drop Size Effect section, the attachment efficiency was normalized with respect to the residence times, in order to eliminate its effect on the final result. The normalization was done by multiplying the number of droplets attached to the bubbles during the experiment by the ratio between the average residence time for the middle-sized drops and the calculated residence time for the specific experiment. All values are reported as the average of three measurements and the standard deviation. 
RESULTS AND DISCUSSION
Brine Effect.
The oil attachment efficiencies on gas bubbles through spreading for three crude oils in two different brines are presented in Figure 4.
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Figure 4 Attachment efficiencies of three crude oils in Na- and NaCa-Brine at three pH levels.
The highest attachhment efficiencies (AE) were found in the two lowest pH levels. All the oils gave a significant decrease of AE when the pH was raised to 10. When comparing brines with and without divalent ions at pH 6, more droplets were attached for two of the oils (B, E), whereas less droplets spread on the gas bubbles in the case of crude oil F. At pH 10 in NaCa-Brine, the attachment efficiency improved compared to the systems without calcium ions. In many cases crude oil B had the lowest AE.
[bookmark: OLE_LINK1]The pH level of the aqueous phase will determine the type of surface-active components present at the crude oil-water34 and the gas-water35 interface. Crude oil is a complex mixture of hydrocarbons and various organic species. Some of them, typically found in the resin and asphaltene fractions, are polar due to high aromaticity and the presence of heteroatoms, such as nitrogen, oxygen and sulphur36. These components can accumulate at interfaces, reduce the interfacial tension and also lead to the formation of viscoelastic interfacial layers37 that can retard the drainage process. At low pH, the basic components diffuse to the interface and become protonated, whereas at neutral and higher pH the acids control the crude oil interfacial activity. In general, the acidic species in crude oil are considered to be more surface-active because of their less complex structure and higher affinity to the water phase in the wider range of pH38. Their presence at oil-water-gas interfaces could explain the significantly lower attachment efficiencies achieved at higher pH levels through changes in the interfacial rheology and oil film properties39. Furthermore, at high pH some water-soluble crude oil components may partition from the oil to the water phase38. These dissolved components can then accumulate at the surfaces of bubbles and will be an additional factor in the reduction of attachment efficiency at high pH16. The detailed mechanisms involving dissolved components are explained later.
When calcium was present at high pH, the attachment efficiency increased in all cases. This effect can be attributed to the complexing ability of divalent ions with the dissociated naphthenic acids40. The formed complexes are less hydrophilic than the charged species, and may partition from the interface and back to the oil phase. This phenomenon may effectively reduce the interfacial concentration of surfactants at both oil-water and gas-water interfaces and lead to an increase of the interfacial tension41, which explains the improved attachment efficiency in the NaCa-Brine at pH 10. He et al., who studied the induction time of bitumen on gas bubbles, made similar observations13.
The slightly higher viscosity of crude oil B might explain the overall lower attachment efficiency of this oil. The drainage and rupture process of the thin film between oil droplet and gas bubble is sometimes divided into induction (drainage) time and coverage (spreading) time. Some authors reported a dependence of the oil viscosity on the latter14-15, where it was shown that the increase in the viscosity of the dispersed phase can lead to longer spreading of oil over the surface of the gas bubble. Efterkhadkhah et al., however, showed that the there is no clear connection between the viscosity of the oil phase and the flotation efficiency16. It is entirely possible that the interfacial properties are more prominent when studying attachment of oil in microfluidic channels.
The effect of salinity level on the attachment efficiency of two crude oils is presented in Figure 5. 
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Figure 5 Comparison of attachment efficiencies of two oils in high and low salinity brines.
Both oils experienced a decrease in the attachment efficiency upon reduction of the salinity. The level of salinity plays an important role for the interfacial properties of both air-water and oil-water interfaces during gas flotation. In the case of oil droplets, high salinity (HS) can screen negative charges acquired by crude oil drops in the water phase42, thus decreasing the repulsion between them. At the same time, the abundant presence of an electrolyte will also promote packing of surface-active species at the interface, which will have a negative effect on the bubble-drop interactions, as more surfactants can be present at the interface. Similar to the oil droplets, gas bubbles in water are also negatively charged due to the preferential adsorption of hydroxyl ions and adsorbed components at the vicinity of gas/water interfaces43. In HS brine, the electrical double layer is significantly compressed by the electrolyte, however in low salinity (LS) the overlapping electrical double layers will provide repulsive interactions between droplets and bubbles. In addition, it has been reported that the coalescence of gas bubbles greatly depends on the concentration of salt in the solution44-45. A recent microfluidic study confirmed that the amount and type of the electrolyte influences the coalescence between bubbles46. It showed that the concentration of salt above the critical coalescence concentration leads to an increased stability of bubbles, despite increased surface tension. The salinity level in our system could also have an effect on the bubble size distribution in the microfluidic channel which, as discussed later, can affect the spreading of oil droplets on gas bubbles. Nevertheless, the trends agree with other reports demonstrating the decreased induction time and improved flotation performance with increased salinity12, 14-15.
Concentration Effect.
The effect of the droplet generation rate (i.e. oil concentration) on the attachment efficiency of two crude oils is depicted in Figure 6.
[image: C:\Users\marcid\Desktop\Research\Papers\Paper 4\Figures\Concentration AE.PNG]
Figure 6 Effect of droplet production rate (i.e. oil concentration) on the attachment efficiencies of two crude oils.
Both oils showed similar, declining trend of the attachment efficiency when increasing the number of produced drops. In general, flotation units underperform when the influent has more than 500-1000 mg/L of dispersed oil and the droplets are larger than 200 µm in diameter47, and they are typically preceded by hydrocyclones. Therefore, the tendencies observed here are reasonable. Interestingly, if the absolute number of attached drops is considered, the trend is reversed. The experiment at the highest concentration (ca. 1800 drops/s) yielded between 700 and 750 droplets of attached drops per second, whereas at the lowest concentration (1000 drops/s), the amount of attached drops was close to 600 droplets per second. This was most likely due to the mechanism, speculated by Strickland5, in which the oil coated bubbles are more probable to merge with free oil droplets than the non-coated bubbles. Indeed, upon visual inspection of the recorded images, we observed bigger bubbles for the lower concentration (Figure 7A), whereas smaller bubbles with thicker oil films were seen when the concentration was higher (Figure 7B). As outlined before, the already coated bubbles move significantly slower than the free bubbles. This probably lead to increased contact time between droplets and coated bubbles within the channel, which resulted in larger amount of oil on the bubbles.
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Figure 7 Snapshots from low (A) and high (B) oil concentration experiments. Arrows in the figure point to the differences in thickness of the oil film.
Bubbles with more oil on their surface were more prone to detachments events, which led to the formation of relatively big oil droplets. While they could have been excluded with the size limitation of the detection tool, this would only decrease the attachment efficiency, therefore the observed trends would be unaffected. Less collisions with smaller amount of oil drops could also lead to more extensive coalescence between gas bubbles, as oil film inhibits bubble-bubble coalescence. The change in the bubble size distribution can affect the spreading of oil droplets over the gas bubbles. According to Rawlins, if the droplet-bubble ratio is smaller than approx. 0.5 (this value will probably vary in different systems), then the droplets are not likely to spread over gas bubbles and might attach through different mechanisms3. Similarly, the droplet sizes can also affect the attachment efficiency and this is discussed next.


Oil Droplet Size Effect.
The attachment efficiency of the droplets of different sizes for two crude oils is shown in Figure 8.
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Figure 8 The influence of drop size on the attachment efficiencies of two crude oils.
The smallest droplets (approx. 40 µm) had the highest AE in both cases. The trend was not consistent in the remaining two sizes (ca. 55 and 70 µm). Noteworthy, the number of drops produced in unit time was kept constant. The results were normalized to include the effect of the differences in the residence times caused by the changes in the total flow rates. 
Typically, gas flotation treatment follows a gravity-based separator (e.g. hydrocyclone), which removes the largest drops from the water phase. For this reason, the PW entering a flotation unit usually contains drops below 25 µm in diameter2. However, in some cases the flotation system may consist of several cells, which makes it capable of being a single-step water treatment process48. Nevertheless, the effect of the droplet size on the performance of gas flotation can be quite convoluted. On the one hand, bigger droplets should be easier to encounter and consequently be removed by the gas bubbles during the flotation process, which was confirmed by several experimental studies5, 49. In addition, larger drops experience higher buoyancy forces that increase their rising velocity, consequently adding the gravity separation effect to the overall efficiency. On the other hand, the bubble-droplet size ratio is also important for determining the mechanisms, with which the dispersed particles are being removed3. In our system, the 'removal' of drops depended solely on the spreading of oil over gas bubbles, so the comparison with the total flotation performance might not be very accurate. The fact that the smallest drops attached more efficiently in our system could be explained by the differences in drainage time. During a collision, a thin water film is formed between a bubble and a droplet. Its initial thickness is proportional to the droplet radius50-51 and is an important parameter determining the film drainage rate52.  If all other parameters, such as physicochemical properties, bubble numbers and sizes, and hydrodynamic forces (the total flow rate in the channel was only slightly different for each drop size), are kept constant, then the decrease in the film thickness should also reduce the drainage time. Consequently, smaller droplets needed less time to spread over the surfaces of gas bubbles, which increased the AE, as observed in our case.
Dissolved Components Effect.
The effect of the dissolved components was studied in Na-Brine at pH 6 and 10, and compared to the results obtained with Na-Brine only. The results are presented in Figure 9.
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Figure 9 Comparison the attachment efficiencies in Na-Brines with and without dissolved components at pH 6 (left) and pH 10 (right).
The presence of dissolved components caused a reduction of the attachment efficiency in all cases, and the decrease of spreading of oil on bubbles was found to be both oil- and water-dependent. The dissolved Fluka acids at pH 6 reduced the attachment efficiency 1.5-2.5 times, whereas the same concentration of acids at pH 10 decreased the attachment efficiency by a factor of 2-4. The results obtained with the 4-HBA were similar for all of the oils (AE of 6-8%). The attachment efficiency of crude oil B was least affected by the presence of the dissolved components, while crude oil E had the highest decrease of the attachment efficiency. 
The dissolved components also had a visible effect on the bubble stability. Compared to the standard brines, where the coalescence between bubbles was extensive, the dissolved acidic species reduced the bubble growth. The stability of bubbles depended on the type of the dissolved matter (Figure 10). The snapshots from the outlet are shown in Figure S1 in SI.
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[bookmark: _Hlk522605658]Figure 10 Snapshots of the channel inlet in different brine compositions.
In standard brine at pH 6, the generated 110 µm bubbles coalesced quickly in the beginning of the channel to form bubbles of 150 µm in diameter. Upon addition of Fluka acids, the bubbles were more stable, but coalescence still occurred. The Fluka acids at pH 10 provided more extensive stabilization against merging of bubbles and slightly reduced the size of generated bubbles (to ca. 100 µm). While the size of bubbles at the end of the channels was only somewhat different from the standard brine for the brine with Fluka acids at pH 6, the effect of the Fluka acids at pH 10 was more substantial. Many bubbles were still of initial size and only some of them coalesced to form bigger bubbles. Even more stable bubbles were obtained with the 4-HBA. In this case the generated bubbles had similar size to the bubbles formed in Fluka pH 10 and virtually all of them retained their original size at the end of the channel. The enhanced stability of bubbles is supported by the surface tension values for different brines (Table 3).
Table 3 Surface tension measurements of the brines with and without dissolved components.
	Brine
	Na-Brine at pH 6
	Na-Brine with Fluka acids at pH 6
	Na-Brine with Fluka acids at pH 10
	Na-Brine with 
4-HBA at pH 10

	Surface Tension [mN/m]
	72.5 ±0.7
	69.1 ±1.5
	62.3 ±0.5
	37.4 ±0.5



The Fluka acids at pH 6 were not very surface-active and only slightly reduced the surface tension, compared to the brine without any dissolved components. Naphthenic acids extracted at higher pH have a higher affinity to the air-water surface, providing a larger reduction of surface tension. The largest surface pressure was obtained for 4-HBA, which confirmed its high surface activity, reported by others53. The difference between the two Fluka acid solutions can be explained by their composition. The acidic species extracted at pH 6 have generally shorter carbon chains and less aromatic structure, compared to the acids from the other solution (Figures S2 and S3 in SI).
The presence of the dissolved organic components in produced water is a result of partitioning of water-soluble crude oil components and the addition of production chemicals to the petroleum fluids9. The adsorption of these components on the air-water interface was studied in our group by Eftekhardadkhah et al.8, 35, 54. Further, drop-bubble micromanipulator studies showed that the presence of dissolved components increases the drainage time between a crude oil droplet and a gas bubble15, which agrees with our findings. The dissolved components adsorbing at interfaces can increase the potential energy barrier originating from steric and electrostatic stabilization forces, which makes the thin film more resistant against rupture. 
One of the parameters often used to describe the spreading of oil in gas-oil-water systems is the spreading coefficient3, 5, 12, 47, 55. It relates the surface tension of the water and gas to the sum of interfacial tensions between gas-oil and oil-water phases. If the former is larger, the spreading of oil will be favourable from the thermodynamic point of view, as it leads to reduction of the free energy in the system. The presence of the dissolved components will mostly affect the values of the oil-water and gas-water interfacial tensions, as the acids used are predominantly water-soluble, and probably have a larger influence on the latter (in absolute values). If we assume the surface tension of gas-oil to be around 30 mN/m 56, only in the case of 4-HBA the spreading coefficient could be negative or close to zero. Notably, however, considerations of the spreading coefficient only make sense after rupture of the thin aqueous film formed between approaching bubbles and droplets (i.e. when the three phases are in contact). Prior to this, other phenomena play a more important role, i.e. Marangoni effect. When a bubble and a droplet approach each other, an interfacial tension gradient is formed in the thin film region as a result of the surface concentration changes. The molecules will diffuse from the low interfacial tension region towards the high, creating a flux acting in the opposite direction of the film drainage process. Then, the drainage time can become longer than the contact time, which will decrease the attachment efficiency as observed in our case. Furthermore, the 4-HBA reduced the AE for all oils to more or less the same value. Previously, we have reported the effect of this component on the coalescence of crude oil drops32, where it completely stabilized the droplets against merging. The 4-HBA had a similar effect on the oil drops, and in addition stabilized the gas bubbles. This single component can greatly increase the efficiency of packing at both oil-water and gas-water interfaces, especially compared to quite polydisperse of Fluka acid solutions (Figure S2 and S3 in SI). As a result, it stabilized the system to a greater extent than both Fluka acids solutions.
Gas Phase Effect.
During offshore separation processes using gas flotation, natural gas is predominantly used as the gas phase due to its availability and compatibility with the dispersed oil phase. However, in some cases nitrogen or carbon dioxide are also utilized48. To bring our studies closer to real systems, we also investigated the effect of the gas phase. Figure 11 compares the attachment efficiencies of crude oil E when using nitrogen and methane, with and without Fluka acids in the water phase.
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Figure 11 Comparison of attachment efficiencies for crude oil E when using nitrogen and methane, with and without the dissolved components.
Using methane led to higher attachment efficiency in almost all cases (the results for the remaining oils are presented in Figures S4 and S5 in SI). No significant changes in the initial bubble size nor coalescence between them were observed, when nitrogen was replaced by methane. For two of the oils (E, F), we performed tests with methane and dissolved Fluka acids at pH 6 and 10. When the dissolved components were added to the system containing methane bubbles, the AE decreased dramatically and were lower than in the analogous system with nitrogen.
The surface tensions of nitrogen and methane against seawater are comparable, both being around 72-73 mN/m 57. Nevertheless, methane, being the simplest hydrocarbon, will probably have higher affinity to the hydrocarbon structure of crude oil. The interaction between the two might be more favourable due to the increased mutual solubility, which could have been promoted by the slightly higher pressure in the microchannel. The hydrocarbon gas is also less dense than nitrogen (0.7 kg/m3 and 1.2 kg/m3, respectively). All these factors might have contributed to the enhanced spreading of oil droplets over gas bubbles. However, upon addition of the dissolved Fluka acids, the attachment efficiency dropped significantly. The naphthenic acids, present in the water phase, typically consisted of a long hydrocarbon chain (>C10), sometimes with an aromatic moiety in their structure. It could be argued that these molecules, originally coming from the crude oil, will adsorb more readily to the methane-water surface than to nitrogen-water surface and thereby inhibit attachment. Still, we have not observed increased stability of methane bubbles at the inlet nor significant changes in the bubble size distribution at the end of the channel.
CONCLUSIONS
We have presented a new, microfluidic method for studying the attachment of oil droplets through spreading of oil the surfaces of gas bubbles. Crude oil was used as one of the dispersed phases, as similar bubble-drop interactions would be expected to occur in a gas flotation treatment of the petroleum produced water. We have systematically investigated the effect of various parameters on the oil attachment efficiency by spreading. It was shown that the attachment efficiency was highest at low or neutral pH, and lowest at highest pH, which was explained by the increased interfacial activity of acidic species in crude oils. The reduction of salinity increased the electrostatic repulsion between bubbles and drops, and resulted in decreased spreading. The smallest drops and the lowest concentration of oil drops were found to improve the attachment efficiency. The dissolved components in the water phase had a dramatic effect on the stability of oil drops and gas bubbles, which probably increased the drainage time and greatly reduced the spreading of oil over the gas surfaces. In addition, the effect of the gas phase was studied, where it was found that methane bubbles increased attachment of oil drops in pure brine, but decreased it in the presence of dissolved components.
We believe that this microfluidic method can be very useful in studying fundamental aspects of gas flotation in the petroleum industry. Oil films on gas bubbles is the most stable aggregate out of all flotation mechanisms. The knowledge about the parameters promoting the spreading or the effect of various additives on this process may be valuable and provide a deeper mechanistic understanding of the bubble-droplet interactions.
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