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Abstract

:

Aqueous solutions of simple alcohols exhibit many anomalies, one of which is a change in the mobility of the bubble surface. This work aimed to determine the effect of the presence of another surface-active agent on bubble rise velocity and bubble surface mobility. The motion of the spherical bubble in an aqueous solution of n-propanol and sodium dodecyl sulphate (SDS) was monitored by a high-speed camera. At low alcohol concentrations (xP < 0.01), both the propanol and SDS molecules behaved as surfactants, the surface tension decreased and the bubble surface was immobile. The effect of the SDS diminished with increasing alcohol concentrations. In solutions with a high propanol content (xP > 0.1), the SDS molecules did not adsorb to the phase interface and thus, the surface tension of the solution was not reduced with the addition of SDS. Due to the rapid desorption of propanol molecules from the bottom of the bubble, a surface tension gradient was not formed. The drag coefficient can be calculated using formulas for the mobile surface of a spherical bubble.
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1. Introduction


Alcohols with a short carbon chain (propanol, ethanol and methanol) are used as co-surfactants, co-solvents or solvents in many industrial and pharmaceutical applications and at the same time, are studied due to their atypical physico-chemical properties over a broad range of compositions. They exhibit anomalous behaviour when mixed with water, which was verified to have resulted from the ordered formation of water and alcohol molecules. This is governed by hydration between molecules, hydrophilic interactions and hydrogen bonding [1,2,3,4,5]. At very low concentrations, water molecules surround the molecules of alcohol, which disperse in a monomolecular nature. With increasing concentrations of alcohol, we observe the mixture components’ progressive aggregation and finally, at a critical concentration, we can detect clustering. The value of the propanol mole fraction corresponding to this critical concentration lies between 0.07 (determined by the surface tension isotherms [6]) and 0.1 (based on mass spectroscopy and X-ray diffraction [5]). The result is a significant drop in surface tension, significant mixing volume and heat, and a change in bubble surface mobility [7]. Very strong hydrogen bonds also lead to multiple increase in viscosity [6,8,9].



Regarding the mixtures of short-chain alcohols and surfactants, scientific studies usually focus on the surfactant critical micelle concentration and the effect of alcohols on the process of micellization [10,11,12,13,14,15]. The results of the study [10] show that surface active agents aggregate when alcohol is present in the solution and vice versa, but the mixture of surfactants creates micelles within the alcohol concentration range in which it is present in bulk in the monomeric form. The concentration at which alcohol molecules begin to create microaggregates depends only moderately on the character and concentration of the present surface active agent and it is close to the concentration obtained for the binary water–alcohol system. In addition, on the basis of surface tension measurements, it was found that the surfactant surface concentration decreases and alcohol surface concentration increases with a rising bulk phase alcohol concentration [16]. Although the effects of the influence of surfactants and alcohol on the liquid–gas interface properties are relatively well documented, no study has yet been reported describing the behaviour of bubbles in these solutions.



Bubble rise due to buoyancy is a highly important fundamental phenomenon that contributes significantly to the hydrodynamics of gas−liquid systems. Many studies have used simple correlations, where the terminal bubble velocity Ub is derived from the forces acting on the bubble in a steady state, primarily buoyancy and drag forces [17,18]. These forces are strongly dependent on the fluid properties (density ρ, dynamic viscosity η) and gravitational acceleration as well as the bubble size and shape. For spherical bubbles rising in stagnant liquids, the terminal velocity is usually given in the form


   U b  =    4 3     (   ρ l  −  ρ g   )     ρ l      g  D b     C D       



(1)




where indexes l and g denote a liquid or gaseous phase, g is the gravitational constant, Db is the bubble diameter, and CD stands for a drag coefficient that differs in individual correlations. In the case of spherical bubbles, an analogy with the flow of a rigid sphere is used. The development of a symmetric flow pattern around spheres only occurs at a creeping flow, where the bubble Reynolds number Reb is much less than 1, as seen in Equation (2):


  R  e b  =  U b   ρ l   D b  /  η l  ≪ 1 .  



(2)







With increasing Reb, the fore-aft symmetry of the flow is deformed and the wake formation becomes apparent. Here, the inertia of the flow overcomes the viscosity effects. In the case of an “inviscid” spherical bubble rising in pure liquids, the flow does not separate due to the viscosity of the surrounding liquid, which is typically much higher than the viscosity of the gas inside the bubble. As a result, the boundary condition imposed at the bubble surface on the tangential component of the liquid velocity is a zero-shear-stress one rather than a no-slip one [17]. For Reb > 50, the existence of a thin boundary layer and a narrow wake are expected where the vorticity produced by the shear-free condition is confined [17,19]. Within intermediate Reynolds number ranges, 1 < Reb < 50, neither the creeping flow nor the liquid with negligible viscosity provide a good starting point for the flow field characterization and thus, no theoretical expression of the drag exists [17]. Therefore, the approximate expressions for the drag coefficient are used. In the case of spherical bubbles, models of Moore [20,21] and Mei [22] are often recommended (Equations (3) and (4)).


   C  D , M e i   =   16   R  e b     (  1 +    (   8  R  e b    +  1 2   (  1 + 3.315 R  e b     − 1 / 2    )   )    − 1    )   



(3)






   C  D , M o o r e   =   48   R  e b     (  1 −   2.21   R  e b     0.5      )   



(4)







The Moore equation can be used for Reb > 50. If contaminants or surface-active molecules are added to the solution, they begin to adsorb on the phase interface and accumulate in the rear area of the rising bubble. The liquid flow around rising bubbles affects the transport of surfactant molecules, which leads to the unequal distribution of adsorbing surfactant molecules along the bubble surface [23]. The gradients of surface tension along the bubble surface are generated and consequently, Marangoni stresses reducing part of the bubble interface mobility are formed. The drag coefficient increases and the bubble velocity decreases. When the concentration of surface-active agents is sufficiently high, the reduction of bubble rise velocity is so significant that the drag coefficient corresponds to that of solid particles with a condition of no-slip boundary at the interface. For the drag of solid spherical particles, Schiller and Nauman [24] suggested Equation (5):


   C  D , S N   =   24   R  e b     (  1 + 0.15 R  e b     0.687    )  ,  



(5)




and this dependence is also able to be applied to bubbles with surfaces whose surfactants have immobilized [25]. Turton and Levenspiel [26] proposed a comparable relation for bubbles with surfaces that are fully immobilized (Equation (6)):


   C  D , T L   =   24   R  e b     (  1 + 0.173 R  e b     0.657    )  +   0.413   1 + 163000 R  e b     − 1.09     .  



(6)




There is validity to this relation for Reb < 130. For Reb > 130, CD,TL is equal to 0.95 and is considered constant.



In the case of aqueous solutions of alcohols, it was found that the drag coefficient varied in relation to alcohol concentrations [7]. Alcohol molecules present in solutions with very low propanol concentrations (xP ≤ 0.005) diffuse onto the phase interface relatively fast and the solutions behave as surfactant solutions. The bubble drag coefficient increases until the bubble surface is totally immobilized. In a region with an intermediate concentration, the behaviour of the alcohol–water solution changes with an increasing propanol concentration. The molecular bonds between propanol and water are shortened and the surface excess of propanol increases. Chodzinska [6] determined the alcohol activity maxima for propanol at molar concentration xP ≈ 0.02. When this maximum is reached, the concentration gradients reduce in relation to the surface tension gradients. The shear stress that the liquid exerts on the bubble surface can be reduced, allowing the gradient of the surface tension to be equalized. As a result, there is facilitation of alcohol molecules desorbing from the phase interface, consequently reducing the drag force [7]. Transitioning to the subsequent region is significant and relates to micro-aggregate formation. The mole fraction value relative to propanol molecule aggregation determined using the surface tension isotherm equals 0.07 [6,7]. In the region with a high propanol concentration (xP > 0.07), all alcohol molecules are located in a cluster network. The alcohol molecule concentration within the bulk liquid exceeds the level neccessary for the surface tension gradient to form. The rate of adsorption of alcohol molecules onto the phase interface is equal to the desorption rate, therefore no molecule accumulation at the bottom of the bubble occurs and no stagnant cap is formed. The liquid flow thus exerts very low shear stress on the bubble surface, which appears fully mobilised [7]. The aim of this study was to evaluate the effect of surfactants on bubble velocity and surface mobility in an aqueous solution of n-propanol. Sodium dodecyl sulphate (SDS) has been selected as one of the best known and most widely used surfactants.




2. Materials and Methods


The water purification system “ULTRAPURE”, manufactured by Millipore, was used to produce deionised and demineralised water at laboratory temperature for every measurement. Penta supplied > 99.5% pure N-propanol, which was used as delivered without further purification. Sigma-Aldrich Chemical Company supplied the sodium dodecyl sulphate with ≥99% declared purity, which adhered to the designated level for ion pair chromatography (catalogue number 71,726) and was used as delivered. A Mettler Toledo NewClassic ML balance with ±0.01g accuracy was used to weigh out appropriate amounts of n-propanol and water in preparation for the solutions of aqueous alcohol. For the very dilute solutions, a Mettler Toledo AE 200 balance with ±0.0005 g accuracy was used. So as to ensure a well-distributed mixture, the solution underwent short uniform stirring and was then left at laboratory temperature. The surfactant was added to the mixture after 24 h. Table 1 lists the molar and weight fractions used to express the propanol–water mixture concentrations, along with their related physical properties, namely surface tension, density and viscosity.



A Krűss Bubble Pressure Tensiometer (BP100) (KRÜSS GmbH, Hamburg, Germany) was used to measure the dynamic surface tension in accordance with the maximum bubble pressure method. The bubble age ranged between 10 ms and 1 s.



The freely rising bubble method was used to perform the measurements in glass cells. The details are given in [7]. A bubble generator was used to create individual bubbles, which rose through stagnant liquid. Bubble production occurred at the top of a thin capillary with a 375 µm outer diameter and a 10 µm inner diameter. The bubble rising at terminal velocity was captured on monochrome images at 2000 fps frame velocity using a high-speed 1024H × 1024V pixel Photron SA1.1 camera with a Navitar macro-objective lens and 2–3 px/µm image resolution. From a point of 20 cm from the capillary tip, the camera was set to capture bubble movements. At this distance, no bubble shape acceleration or oscillations were detected. For each of the solutions prepared, between 20 and 30 sequences of bubbles were captured by the camera.



NIS-Elements software was used to analyse and evaluate the captured images. Bubble parameters such as the vertical and horizontal bubble centre positions, bubble circularity and bubble diameter Db were measured for each frame of all sequences. For each of the sequences, the average bubble diameters were determined using the data obtained. By executing two consecutive shots and determining both bubble centres’ x- and y-coordinates, bubble travel distances were calculated. The distance divided by the time it took for that distance to be travelled was used to calculate terminal rising bubble velocities. Minimums of 20 consecutive bubble positions were used to determine average values.




3. Results and Discussion


3.1. Surface Tension


The surface tension of pure liquids is not dependent on the bubble surface age and the same value should be obtained regardless of the measurement method. For pure water and n-propanol, the surface tensions were determined as 72.2 and 23.3 mN/m at 24 °C, respectively. In the case of aqueous alcohol solutions, the dynamic surface tension also does not change over time [7,27]. This is due to the fact that the alcohol and water molecules form a structured network in the surface layer and the concentration of alcohol in the surface layer is higher than in the bulk liquid [6,28]. If there are any changes in local concentration, these changes are very fast (in the order of picoseconds [29]), and cannot be detected by the maximum bubble pressure method. In an aqueous solution of a common surfactant, the surface tension changes over time. A freshly formed interface of a surfactant solution has a surface tension which is very close to that of the solvent. Depending on the concentration and type of surfactant, there is a decay in surface tension until an equilibrium value is reached. This decay occurs over a time period ranging from days to milliseconds. When two surfactants are present in the solution, they interact and frequently exhibit characteristic properties which are remarkably different and have a superior performance from those of individual components. The surface tension decreases relative to the values for the individual surfactants [30].



Figure 1 illustrates the dependence of dynamic surface tension γLG for aqueous solutions of SDS and propanol as a function of the bubble surface age which represents the time needed to create a new bubble. The equilibrium data are given in Table 2. The data for the aqueous SDS solutions were taken from [31,32]. At low propanol concentrations, the propanol–SDS mixture behaved as a mixture of surfactants. The surface tension of the aqueous solution of propanol at a concentration of xP = 0.001 was 68.2 mN/m while the surface tension of the aqueous solution of SDS at a concentration of 0.5 mmol/l was 70.1 mN/m. The aqueous solution of both substances has a surface tension of 63.9 mN/m. Similarly, the surface tension of an aqueous solution of propanol having a concentration of xP = 0.01 was 50.4 mN/m. The aqueous solution of both substances (xP = 0.01 and cSDS = 0.5 mmol/L) had a surface tension of 48.9 mN/m. Obviously, both types of molecules were absorbed on the phase interface and a synergistic effect occured. This is consistent with the results published by Janczuk [16], who measured the surface tension of the SDS and propanol solutions (xP < 0.05). According to this study, the surface adsorption behaviour of the SDS and propanol mixtures at a SDS concentration lower than the critical micelle concentration (CMC, 9.7 mmol/L [31]) can be predicted by using a simple adsorption isotherm.



The effect of SDS diminishes with increasing alcohol concentration. This phenomenon has not been clearly explained. One assumption is that the influence of the propanol on the adsorption behaviour of SDS is stronger than the SDS on propanol adsorption [33], thus the decrease in the surface activity of SDS in water–alcohol solutions could be explained by the competitive adsorption of SDS to alcohols [34]. According to the detailed study made by Bielawska [11], the surface tension values of the aqueous solutions of SDS with propanol above the alcohol CAC (critical aggregation concentration, xP = 0.068–0.074) are nearly the same as those of aqueous solutions of propanol at the same propanol concentration. This assumption indicates that alcohol affects the value of the solution surface tension more than the surfactant. Manko [35] confirmed that the adsorption rate of surfactants is very small or practically zero at the concentration of propanol higher than its critical concentration. According to our measurements (see Table 2 and Figure 1) the surface tension values of the multicomponent mixture with xP ≥ 0.1 are almost the same as for the aqueous solutions of propanol at a proper concentration.




3.2. Terminal Bubble Rise Velocity


The data from all of the measurements are given below in Figure 2 where the lines represent the theoretical values that are calculated by Equation (1) and the circles depict the experimental data. The solid line (top) indicates the rise velocity for mobile bubbles where the drag coefficients CD were calculated by the Mei relation using Equation (3). For bubbles that have immobilized surfaces, the terminal rise velocity is predicted by the dashed line at the bottom with Equation (6) predicting CD. The calculations used the values listed in Table 1, which shows density values, and Table 2, which shows dynamic viscosity. The data and discussion on bubble velocities in pure water and in aqueous propanol solutions can be found in the literature [7,36].



Bubble size ranges from 0.5 to 1 mm. In solutions with a propanol concentration above 10%, the smallest bubble size is 0.8 mm. This value is given by the capillary diameter and the low surface tension of the solution. In solutions with a low concentration of propanol, the terminal velocity of the bubble is the same as that calculated for bubbles with immobile surfaces. In solutions where xP is greater than 0.1, the bubble velocity agrees with the velocity calculated for bubbles with a mobile surface. The velocity reduction of bubbles with a diameter above 1 mm is due to the flattening of the bubble. The theoretical velocities were calculated for spherical bubbles, therefore, the deviation of the experimental data from the theoretical values increases. From the graph above, it can be seen that the addition of SDS does not significantly affect the bubble terminal velocity.




3.3. Drag Coefficients and Bubble Surface Mobility


The dependence of the drag coefficient CD on the bubble Reynolds number Reb is given in Figure 3. Here, all experimental data are shown. In this figure, the dashed upper line illustrates the drag coefficient for a given Reb for an immobile bubble surface predicted by Equation (6). The solid lower line gives the drag coefficient for a fully mobile bubble surface for a given Reb predicted by Equation (3). Clearly, all the experimental data fall in a range that is projected for the immobile and mobile surfaces of bubbles.



In aqueous solutions of SDS with a low concentration of propanol (xP = 0.001 and xP = 0.01), the drag coefficient is high and can be estimated by the relations for spherical bubbles with immobile surfaces. We can recommend the relationships of Turton and Levenspiel [26] or Schiller and Nauman [24], Equations (5) and (6), respectively. It can be assumed that further increasing of the concentration of SDS will not affect the CD value. The propanol–SDS mixture behaves as a mixture of surfactants with a synergistic effect. Both types of surface-active molecule adsorb at the phase interface. The smaller propanol molecules are distributed between the larger SDS molecules and form a mixed monolayer on the interface. This effect reduces the surface tension [16,37]. The amount of surfactant adsorbed also defines the boundary between the clean and contaminated interface of the bubble, and can be described using the stagnant cap model [38,39]. For concentrated surfactant solutions, the drag coefficient corresponds to the drag coefficient of solid particles with a no-slip boundary condition at the interface. Therefore, it can be assumed that a mixture of surfactants with a synergistic effect will form an immobile “cap”, even at lower concentrations than the individual solutions of the surfactants themselves. In simple terms, the presence of propanol molecules enhances the immobilization of the bubble surface by SDS molecules.



As the concentration of propanol increases, the synergistic effect disappears. The surface tension values of the multicomponent mixture with xP ≥ 0.1 are almost the same as for the aqueous solutions of propanol at a proper concentration. The SDS molecules probably do not adsorb on the interface [35]. In water, the value of the mole fraction corresponding to the molecular aggregation of propanol is equal to 0.07 and all propanol molecules are located in clusters above this concentration [1,6,7]. The surface tension gradient on the phase interface is not formed due to the high concentration of propanol molecules in the bulk liquid. The rate of adsorption and desorption of the alcohol molecules at the phase interface is equal. Therefore, no propanol accumulation at the bottom of the bubble occurs and no stagnant cap is formed [7]. The addition of a surface active agent, here SDS, does not change the properties of the phase interface. At high alcohol concentrations, the formed clusters are so coherent that they will not allow other surfactant molecules to adsorb onto the phase interface and possibly diffuse at a sufficient rate. Furthermore, in a recent study focusing on the dynamics of liquid films in aqueous solutions of NaCl and ethanol between the hydrophobic mica surfaces and the bubble [40], it was demonstrated that surface-active species began departing from air–liquid interfaces as ethanol concentrations rose, which altered the boundary conditions to full mobile or partially mobile. On the basis of our experiments, it is apparent that the surface tension gradient on the bubble surface was not formed in the SDS–propanol–water mixture. In the case of a negligible surface tension gradient, the propanol molecules are rapidly desorbed from the bottom of the bubble (adsorption and desorption rates do not differ) and therefore, the stagnant cap is not formed. The liquid flow creates very low shear stress on the bubble surface and the bubble surface appears to be fully mobilised. In the case of spherical bubbles, the Mei relationship (Equation (3)) or the Moore relationship (Equation (4)) can be used to calculate the drag coefficient CD.





4. Conclusions


Aqueous solutions of simple alcohols exhibit large anomalies due to their specific arrangement at the molecular level. Based on the experimental results, it was found that alcohol mixtures with another surfactant exhibit similar anomalies. In aqueous solutions of SDS with a low concentration of propanol (xP ≤ 0.01), the mixture behaves as a mixture of surfactants with a synergistic effect. The drag coefficient is high and can be estimated by correlations for spherical bubbles with immobile surfaces. The synergistic effect disappears with an increasing propanol concentration. In solutions with a high propanol content (xP ≥ 0.1), the addition of SDS does not reduce the surface tension of the solution, and SDS is probably not adsorbed onto the phase interface. Due to the rapid desorption of propanol molecules from the bottom of the bubble, a surface tension gradient is not formed. The drag coefficient can be calculated using formulas for the mobile surface of a spherical bubble.
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Figure 1. Dynamic surface tension plotted as a function of bubble surface age. The full lines represent the surface tension of water and propanol–water solutions; the symbols represent the data for the water–propanol–SDS mixture. Note: The values of surface tension for concentrated solutions (xP = 0.1 and xP = 0.3) overlap. 
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Figure 2. The bubble terminal velocity as a function of bubble diameter in water–propanol–SDS mixtures. The full line represents the calculated velocity for mobile bubble surface. The dashed line represents the calculated velocity for immobile bubble surface. 
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Figure 3. Dependence of the drag coefficient on the bubble Reynolds’ number. Dashed line—CD predicted by Equation (6) (immobile bubble surface). Solid line—CD predicted by Equation (3) (fully mobile bubble surface). 
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Table 1. The water–propanol solutions and their properties. Molar and mass fractions, experimental density, surface tension and dynamic viscosity at 24 °C.
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	Molar Fraction xi
	Mass Fraction wi
	Temperature (°C)
	Density (kg/m3)
	Surface Tension (mN/m)
	Dynamic Viscosity (mPa·s)





	0
	0
	24.0
	997.3
	72.1
	0.911



	0.001
	0.0033
	24.0
	997.0
	68.2
	0.923



	0.01
	0.0326
	24.0
	992.6
	50.4
	1.045



	0.10
	0.2709
	24.0
	953.8
	26.2
	2.199



	0.30
	0.5890
	24.0
	887.5
	25.4
	2.810
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Table 2. Surface tension of water–propanol–sodium dodecyl sulphate (SDS) solutions.
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xP (Propanol Molar Fraction)

	
0

	
0.001

	
0.01

	
0.1

	
0.3




	
SDS Concentration (mmol/L)

	
Surface Tension (mN/m) at 24 °C






	
0.5

	
70.1 [32]

	
63.9

	
48.9

	
26.6

	
24.9




	
5

	
49.3 [32]

46.9 [31]

	
-

	
-

	
26.5

	
25.3




	
15

	
39.0 [32]

39.2 [31]

	
-

	
-

	
26.5

	
24.6
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