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Abstract  

This work is an experimental investigation of the effect of the nature of surfactants on oxygen mass 

transfer. The study focuses on three cationic surfactants with different hydrophobic chain lengths, and 

four nonionic surfactants with different hydrophilic chain lengths. Equilibrium adsorption isotherms 

are calculated for each surfactant from experimental values of surface tension in static conditions. 

Surfactant solutions at concentrations between 2.5×10-8 and 5×10-3 mol/L were prepared and oxygen 

transfer from millimetric air bubbles (between 0.82 and 1.08 mm) was measured by Planar Laser 

Induced Fluorescence with Inhibition (PLIF-I). When the bulk concentration of surfactant was 

increased, results showed a sharp decrease of bubble velocity, in the range of 283 – 75 mm/s, and of 

liquid-side mass transfer coefficient, in the range of 5.6 ×10-4 - 0.4 ×10-4 m/s. This effect was observed 

for all surfactants studied. However, the length of the hydrophilic chain did not appear to affect the 

hydrodynamics of the rising bubble or the oxygen transfer at the same bulk concentration. 

Furthermore, for the same bulk concentration, increasing the hydrophobic chain length had an impact 

on the velocity and the mass transfer coefficient of oxygen. Finally, the Sherwood number was 

calculated in each medium and compared with classical correlations for gas-liquid mass transfer 

prediction. Those correlations seemed to reach a limit for a very concentrated medium.  
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1. Introduction  

Gas/liquid systems involving mass transfer occur in numerous chemical, biochemical or 

environmental processes [1-4]. Among these, wastewater treatment plants using activated sludge tanks 

are at the core of process intensification for oxygen mass transfer. The oxygen mass transfer 

coefficient is a key parameter to optimize the process because oxygen is used to keep pollutant-

degrading bacteria alive, so a good prediction of the mass transfer coefficient is required to  enable the 

process to be adjusted toward a decrease of power consumption for the same performance. Seeing this 

strong industrial demand, intensive studies have been carried out to investigate the global mass 

transfer in gas-liquid contactors [5–8]. For two decades, studies have been oriented toward 

hydrodynamics and contactors at a more local scale but, for good comprehension of all the phenomena 

occurring in bubble columns, the molecular, bubble and laboratory scales have to be taken into 

account [9].   

The physicochemical properties of the liquid phase can affect the hydrodynamics and mass transfer in 

a column and some studies have focused their research on viscous media [10,11] or media close to the 

one found in aerated sludge tanks with the coupled effect of rheology and surface tension [12–14]. The 

effect of the surface tension on mass transfer has also been largely studied. Surfactants come from all 

kinds of domestic detergents and, due to their amphiphilic properties, they adsorb on the gas/liquid 

interface, influencing hydrodynamics and mass transfer. They are considered as the most common 

contaminants hindering oxygen transfer [15,16] but the mechanisms explaining this decrease are still 

under debate. Various authors have identified a decrease that occurs because of hydrodynamic 

modifications brought by surfactants, such as an increase of interfacial rigidity that decreases the 

renewal rates close to the bubble and decreases its terminal velocity [17–21] or a modification of the 

velocity field surrounding the bubble [22], and also physicochemical modifications [23–25]. Although 



the decrease of mass transfer and velocity is widely reported in the literature, Gómez-Díaz et al. 

underlined the increase of mass transfer coefficient appearing with the addition of a very weak 

concentration of cationic surfactant. This increase was attributed to greater gas/liquid interfacial 

buoyancy due to the Marangoni effect [26], an effect also identified later by Alvarez et al. with an 

anionic surfactant [27]. In  their studies, Painmanakul et al. (2005) and Sardeing et al. (2006) highlight 

the link between the mass transfer coefficient, the diameter of the bubbles and the surface coverage by 

surfactants [28,29].  

In addition, the surface properties of amphiphilic molecules depend on their structure, so they affect 

mass transfer in different ways. It has been observed that the charge of the head [23,30–34] or the 

length of the tail [21,35] largely affects mass transfer, since these parameters affect the affinity of 

surfactants with the interface. However, although these parameters have been studied, to the best of 

our knowledge, no general conclusion can be drawn about the influence of the surfactant’s nature.  

 Mass transfer in presence of surfactants seems to involve very complex mechanisms and some 

research has focused on studying the numerical resolution of these complex systems. Some authors 

use direct numerical simulation (DNS) to predict the local distribution of surfactants around a bubble, 

and thus gain a better understanding of hydrodynamic and physicochemical  phenomena close to the 

interface, which is promising for mass transfer models [36,37] . In addition, for a better understanding 

of local phenomena, a few techniques for direct visualization of mass transfer have been developed. 

This is the case of Laser Induced Fluorescence methods (LIF) which use a pH sensitive dye to 

visualize gas/liquid transfer of CO2 in clean or contaminated media [13,38–44]. Another visualization 

technique uses the properties of fluorescence inhibition by a quencher. This is the case of Planar Laser 

Induced Fluorescence with Inhibition (PLIF-I) to measure oxygen transfer, which  uses a fluorescent 

dye that is inhibited in the presence of oxygen and can measure oxygen transfer in different 

geometries, such as plane interfaces [45–47] Taylor bubbles [48–51], and bubble columns [22,52,53].   

The present work focuses on the measurement of oxygen transfer from isolated millimetric air bubbles 

in media containing various surfactants of different, accurately-chosen natures. To achieve this goal, 



the technique of PLIF-I presented above was used. Cationic and nonionic surfactants were used and 

were chosen because of their similar global structures but different lengths of the hydrophobic or 

hydrophilic part. First, an in-depth study of interface colonization by these surfactants was performed. 

Then mass transfer was studied for different concentrations of each surfactant, the objective being to 

highlight the link between the chemical structure of the surfactant, its interface colonization and 

gas/liquid oxygen transfer.  

2. Material and methods  

2.1. Oxygen transfer measurements   

Planar Laser Induced Fluorescence with Inhibition (PLIF-I) was used in this study to quantify the 

oxygen transfer and hydrodynamic parameters of the bubble in different media. The experimental 

setup is represented in Figure 1. It is composed of a column (1) (10x10x30 cm3) filled with the 

solution. A 75 µm internal diameter needle connected to a syringe pump, which can be activated 

remotely (Harvard apparatus PHD, 22/2000 Programmable, USA) (2), generates single air bubble. A 

CMOS camera (3) (12 bits, 1920x1200 pixel2, Basler ace, Germany) placed next to the column, 50 

mm above the injection point,  can record 250 images/s in a window of 1920x500 pixel2 at 20.31±0.04 

µm/pixel. This camera was positioned in such a way as to measure the surface area and velocity of the 

bubble; the viewing window was then around 39x10 mm2 (the highest visualization axis on the vertical 

direction). The backlight used was a white LED (100x100 LLUB, PHLOX, France). The geometrical 

calibration of the camera was performed with a precision rule and concerning the uncertainty of this 

method it is calculated as the thickness of one graduation bar. Then, the velocity is calculated with the 

time taken by the bubble to cross the 39 mm window, and the size of the bubble by a binarization of 

the bubble images and contour analysis (see figure 1). 

 The amount of oxygen transferred in the wake of the bubble was measured by fluorescence inhibition 

of a ruthenium complex (CAS: 20782-45-7, Sigma-Aldrich, USA), which was excited by a horizontal 

laser sheet (4) (Nd:YAG, laser: Dualpower 200-15, 15Hz, 2x200 mJ, Dantec Dynamics, Denmark) at 

532 nm, in a plane perpendicular to the bubble wake, 50 mm above the injection plane. Fluorescence 



intensity was recorded by a CCD camera (5) (FlowSense, 12 bits, 2048x2048 pixels, Dantec 

Dynamics, Denmark). This camera was placed at the bottom of the column with a sampling of 

4.37±0.04 µm/pixel (viewing window about 9x9 mm2), focused on the laser sheet. It was equipped 

with a 570 nm high pass filter in order to record only the fluorescence from the ruthenium complex, 

which has an emission wavelength of 582 nm. The camera speed was synchronized with the laser 

frequency and focused on the laser sheet. Before each experiment, a calibration curve was built by 

using an oxygen probe (multimeter: HQ40D, probe: Intellical LDO101, Hach, Germany) to associate 

each grey level with an oxygen concentration, according to the Stern Volmer [54] equation (1) 

1/G=1/G0+Ksv/G0 × [O2]        (1) 

where G is the grey level, G0 is the grey level in absence of the quencher, [O2] mg/L is the oxygen 

concentration and Ksv is the Stern Volmer constant. Once the calibration curve was applied to the 

images obtained in the bubble wake, the oxygen concentration was displayed on each pixel. To 

calculate a mass transfer coefficient from experimental data, a threshold criterion was verified 

according to equation (2), where I is the maximal intensity of the signal, I0 the intensity of the 

background, and σn the standard deviation of the background (square root of the expected value of the 

squared deviation from the mean). The signal was considered as significant if the signal-to-noise ratio 

was higher than 10.   

(I-I0)/σn>10          (2) 



 

Figure 1: Experimental setup used to measure gas/liquid oxygen transfer by PLIF-I 

The second criterion to be verified was the mass conservation in the wake plane in function of time if 

the absence of convection was to be assumed. Figure 2 displays the integral of the spot, which 

represents the total mass transferred in the plane, versus time.  It is constant from 0.4 to 2.4 seconds, 

with a small standard deviation. The average of these values gave the total mass transferred in a plane 

perpendicular to the bubble wake. After 2.4 seconds, the noise was too great to allow an accurate 

integral to be calculated and, finally, the criterion described by equation (2) was no longer valid.  

 



Figure 2: Integration of the oxygen field concentration in the wake of the bubble with time 

Once these criteria had been verified, it was considered that the mass transferred in a horizontal plane 

was constant and the change in the size of this spot structure was thus due solely to molecular 

diffusion of oxygen. In previous studies [52,55,56], it was observed that, for quasi-spherical bubbles, 

the diffusion spot was circular and presented a Gaussian profile. As a result, the diffusion spot was 

fitted by equation (3), where the concentration [O2] in each pixel xp, yp was estimated. 

[O2](x,y)=A×exp((-(xp-X)2+(yp-Y)2)/B+C)    (3) 

Parameters were found by fitting the equation with the raw image using the “fminsearch” solver 

(Matlab R2017a). Note that A and B are parameters, and (X, Y) is the centre of the spot, the parameter 

C representing the background.  

It was possible to calculate the flux of oxygen (mg/s) transferred by the rising bubble with equation 

(4), where Vb is the velocity of the bubble (m/s) measured by the side camera. 

FO2=Vb×∫∫[O2](x,y)dxdy        (4) 

The mass transfer coefficient was then deduced from equation (5), where Sb is the surface area of the 

bubble, deduced from the equivalent diameter measured with the side camera; [O2] is considered as 

the concentration at the beginning of the experiment (measured with the optical oxygen probe, close to 

0 mg/L); and [O2]* is the saturation concentration of oxygen, measured by the optical oxygen probe. 

kL=FO2/(Sb×([O2]*-[O2]))           (5) 

Finally the diffusion coefficient of oxygen in the bulk was measured by a method developed by Xu et 

al. [57] assuming that the surface area of the spot Sspot increased with time following equation (6) 

Sspot=2πDO2tηD       (6) 



where ηD is a constant that can be fixed following the procedure described by Xu et al. [57]. Then the 

surface area of the spot was plotted versus time and the diffusion coefficient was extracted from the 

slope. 

Each condition was repeated 6 times in order to be sure of the repeatability of measurements. All 

measurements were performed at room temperature (294±1K). 

2.2. Physicochemistry of systems studied 

The surfactants used were cationic or nonionic. They are presented in Table 1. The three cationic 

surfactants were hexadecyltrimethylammonium chloride (C16TAC, Sigma Aldrich, CAS: 112-02-7, 

USA), dodecyltrimethylammonium chloride (C12TAC, Sigma Aldrich, CAS: 112-00-5, USA) and 

trimethyloctylammonium chloride (C8TAC, Sigma Aldrich, CAS: 10108-86-8, USA) with 

respectively 16, 12 and 8 carbons on their linear carbonated chain. They shared the same, positively 

charged, hydrophilic head: an ammonium chloride. Concerning nonionic surfactants, experiments 

were run with Triton X-100 (TX100, CAS: 9002-93-1, Sigma Aldrich, USA), Triton X-102 (TX102, 

CAS: 9036-19-5, Sigma Aldrich, USA) and Triton X-165 (TX165, CAS: 9636-19-5, Sigma Aldrich, 

USA) and TX305 (CAS: 9002-93-1, Sigma Aldrich, USA). These nonionic surfactants present the 

same hydrophobic structure and a hydrophilic polyethylene oxide chain with a different average 

number of repetitions; 9.5, 12, 16 and 30 for TX100, TX102, TX165 and TX305 respectively. All 

surfactant solutions were prepared with ultra-pure water (18 mΏ/cm). 

Surfactant Type Molecular formula n 

Molar 

mass 

(g/mol) 

CMC 

(mmol/L) 

HLB (without 

unit) 

C8TAC 

cationic 

CH3(CH2)nN(CH3)3Cl 

 

7 208 320 12.7 

C12TAC 11 264 6 10.8 

C16TAC 15 320 0.8 8.9 



TX100 

nonionic 

t-oct-C6H4-

(OCH2CH2)nOH 

 

9.5 624 0.30 13.4 

TX102 12 734 0.36 14.4 

TX165 16 910 0.62 15.5 

TX305 30 1526 1.3 17.3 

Table 1: Information on the surfactants used in the study 

The mass transfer coefficient was measured in solutions presenting concentrations between 2.5x10-8 

mol/L and 5x10-3 mol/L. The equilibrium surface tension was measured for each solution with the 

Nouÿ ring method (tensiometer: K6, Krüss, Germany), assuming that equilibrium surface tension was 

reached after 2 hours [31]. To be sure of the repeatability of the measurements, each point was 

repeated 6 times and the deviation was lower than the error predicted by the supplier (1 mN/m). The 

surface tension was linked to the surface concentration; this effect is described by the Gibbs equation 

(7) [58]. 

Γ=-nRTln(dγ/dC)         (7) 

where Γ is the surface concentration (mol/m2), n is equal to 1 for nonionic or 2 for ionic surfactants, R 

is the perfect gas constant (J.mol-1K-1), T the temperature (K), γ the surface tension (N/m) and C the 

bulk concentration (mol/m3).  The Gibbs equation comes from a thermodynamic description of the 

system and, to access the surface concentration, adsorption models are more commonly used. In this 

study, the Langmuir model [59] was used for the nonionic surfactants, and is described by equation (8) 

𝛤=𝛤max×KLG×C/(1+ KLG×C)        (8) 

where Γmax is the maximal surface concentration (mol/m2), and KLG is the Langmuir constant (m3/mol). 

Concerning the cationic surfactants, the Langmuir model is not the most suitable since it assumes that 

there is no interaction between monomers. For this kind of surfactants, the Frumkin model [60] is 

more useful because it takes electrostatic interactions between molecules into account. The model is 

described by equations (9) and (10) 



γ=γ0+(R×T×𝛤max)×[ln(1-θ)+a×θ2]       (9) 

KF×C=θ/(1-θ)×exp(-2×a×θ)        (10) 

where KF is the Frumkin constant (m3/mol), θ is the degree of coverage by the surfactant, given by 

θ=𝛤/𝛤max, and a is a constant accounting for intermolecular interactions. Both models were solved 

numerically to fit the experimental points. The numerical resolution was performed by a free access 

software “Sa” (http://cinet.chim.pagesperso-orange.fr/tele_sa/install_Sa_Eng.html).  

The critical micellar concentration (CMC) given by Table 1 was extracted from the curves of surface 

tension according to the bulk concentration. Details of this value will be given in the next section. 

Concerning the Hydrophilic Lipophilic Balance (HLB), the values were provided by the supplier for 

nonionic surfactants and calculated from the Davies formula [61] for cationic surfactants. The HLB is 

a scale representing the affinity of the surfactant with the different phases. The higher the HLB, the 

more hydrophilic the surfactant and, thus, the greater its affinity with water. That is why, in the table, 

HLB is observed to decrease when the hydrophobic part of a cationic surfactant increases, and HLB 

increases when the hydrophilic part of the nonionic surfactants increases.  

In order to confirm that surfactants did not affect the rheology of the solution, viscosity was measured 

for shear rates between 1 and 500 s-1 with a rheometer (HAAKE MARS III, Germany). For all 

surfactants in the range of concentrations of the study, the viscosity was found to be the same as that 

of water (1.00±0.07 mPa.s).  

Finally, mass transfer experiments were also tried with anionic surfactants. However, due to their 

negative charge, which is opposite to the positive charge of the ruthenium complex, interaction 

between the two created a complex that settled in the solution. This complex made measurement by 

PLIF-I impossible. As far as we know, no fluorescent dye has been used for measuring oxygen 

transfer in presence of an anionic molecule.  



3. Results and discussion  

3.1. Study of the interface colonization 

Surfactants were selected for this study because they present different structures and, as a result, may 

have different ways of colonizing the interface. This part deals with the equilibrium state of interfaces 

with chosen surfactants. To characterize interfaces in presence of surfactants, a key parameter is the 

surface tension. Figure 3 A and B present the equilibrium surface tension according to the bulk 

concentration for all of the surfactants studied.  

 

Figure 3: Equilibrium surface tension of surfactant solutions according to bulk concentration. A: 

cationic surfactants (dotted lines represent surface tension modelled by Frumkin). B: nonionic 

surfactants. 

Each curve is representative of a classical surfactant behavior. (i) At low concentration, the surface 

tension is equal to the surface tension of water, so no – or a negligible amount of – surfactant is 

adsorbed. (ii) A sharp decrease in surface tension occurs with increasing concentration, corresponding 

to a gradual adsorption of surfactant on the interface. (iii) At high concentration, from a value called 

the critical micellar concentration (CMC), the surface tension becomes constant: the system is no 

longer considered as diluted, the surfactant aggregates in the form of micelles, and the interface has 

reached its maximal surface concentration in the pressure and temperature conditions considered.  



Even though the surfactants present the same classical curve shape, some differences can be noticed at 

this stage of the study. First, increasing the hydrophobic chain length of cationic surfactant leads to a 

large change in the value of the CMC, and the decrease of surface tension does not take place for the 

same bulk concentration.  We expected these surfactants to reach approximately the same value of 

surface tension after the CMC, as is usually reported in the literature [62,63].   This was the case for 

C16TAC and C8TAC, which reached a value close to 43 mN/m. However, for C12TAC, the measured 

value was around 10 mN/m weaker. This can be attributed to an impurity in the product, which was 

used as received from the supplier. The impurity may have been the corresponding long chain alcohol 

[64]. The behavior is different if the hydrophilic chains of nonionic surfactants are lengthened as the 

change in both the CMC value and the surface tension value above the CMC is very small. These 7 

curves were used to calculate the equilibrium surface concentration since the systems were solved 

numerically, the dotted lines of Figure 3 representing the model that best fits the experimental points 

of surface tension. Table 2 and Table 3 present the parameters obtained for cationic and nonionic 

surfactants respectively. 

 C8TAC C12TAC C16TAC 

KF (m3.mol) 0.02 2.58 3.38 

a (without unit) 0.04 0.63 2.75 

𝛤max (mol.m-2) 2.43×10-6 2.48×10-6 1.54×10-6 

Table 2 :  Adsorption parameters obtained by using Frumkin model for cationic surfactants 

 

 TX100 TX102 TX165 TX305 

KLG (m3.mol) 1053 1194 2440 3294 

𝛤max (mol.m-2) 2.67×10-6 2.43×10-6 1.90×10-6 1.36×10-6 

Table 3 : Adsorption parameters obtained by using Langmuir model for nonionic surfactants 

 

From these fitted parameters, values of equilibrium surface concentrations according to bulk 

concentrations are presented in Figure 4 A and B for each surfactant studied. From Table 2, Table 3, 



and Figure 4, regarding the maximal surface concentrations (𝛤max), the longer the chain is, the lower is 

the maximal surface concentration. This tendency was observed for nonionic surfactant and cationic 

surfactant, even though C8TAC and C12TAC reached a very close maximal surface concentration. 

This can be attributed to the impurity discussed above in this section. However, although this effect is 

verified for each kind of surfactant, it does not hold true between the two different kinds of 

surfactants: even though the nonionic surfactants present a bigger molar mass than the cationic ones, 

their maximal interfacial concentrations are higher or very close. The parameter a is higher for the 

longest chains, but decreases and is almost negligible for C8TAC. This means that the molecular 

interactions are important for the longest chains but do not play an important role for the shortest chain 

and the Frumkin isotherm is very close to a Langmuir isotherm. Finally, the adsorption constants of 

cationic surfactants increase with the length of the tail and this is consistent with the values of HLB: 

increasing the proportion of hydrophobic part decreases the solubility of the surfactants. Concerning 

the nonionic surfactants, their high adsorption gives them the same solubility properties. 

 In accordance with the constants KK and KLG, adsorption of nonionic surfactant took place for the 

same bulk concentrations for each chain length studied. In contrast, for cationic surfactants, the more 

hydrophilic they were, the more they adsorbed at high concentrations.  

 

Figure 4: Molar equilibrium surface concentration of surfactants in function of bulk concentration. A. 

Cationic surfactants from Frumkin isotherm. B. Nonionic surfactants from Langmuir isotherm. 



To view this colonization from another standpoint, it is interesting to calculate the surface 

concentration, not in terms of number of moles, but in mass quantity. Figure 5 A and B represent the 

surface concentration in grams per square meter according to the molar concentration of the bulk. The 

first point highlighted by this figure is the difference between the maximal surface concentrations of 

nonionic surfactants and cationic surfactants. The mass of triton adsorbed on the interface was around 

3 times the maximal surface concentration of cationic surfactants. This time, the curves show that the 

longer the chain of a nonionic surfactant, the higher its maximal mass concentration: even though the 

maximal surface concentration of TX165 reached a value between TX102 and TX100, the tendency 

was more marked with the higher value of TX305. This effect was less marked for cationic 

surfactants, for which no trend could be noted.  

 

Figure 5: Mass equilibrium surface concentration of surfactants versus bulk concentration. A. Cationic 

surfactants from Frumkin isotherm. B. Nonionic surfactants from Langmuir isotherm. 

Once the equilibrium surface colonization of surfactants had been highlighted, mass transfer 

measurements in the same kind of media could contribute information about the influence of the chain 

length, and also the affinity with the interface at different concentrations, on oxygen transfer.  

3.2. Oxygen transfer in different media 

The objective of this part is to highlight the effect of surfactants on oxygen transfer, comparatively to 

their affinity with the interface. First, the impact of the surfactant on the hydrodynamic parameters of 



the bubble needs to be considered since these parameters play an important role in mass transfer. The 

bubble diameter varied slightly between experiments, as the presence of surfactant tends to facilitate 

the detachment of bubbles and lead to smaller bubbles. Nevertheless, recorded diameters were 

between 0.82±0.02 mm and 1.08±0.02 mm. The mean diameter of each condition can be found in the 

supplementary material. The velocities of bubbles were strongly impacted by the presence of 

surfactants. Figure 6 A and B represent the velocity according to the bulk concentration. For all 

surfactants studied, increasing the concentration led to a decrease in the bubble velocity. For nonionic 

surfactants, the curve plotting this decrease has the same shape for any chain length and reaches a 

plateau around 0.1 m/s. In contrast, changing the tail length of cationic surfactants led to a translation 

of the curve. The impact on velocity appears at high concentrations with short tail surfactants and at 

low concentrations with long tail surfactants. These results can be explained by differences in the 

concentration of surfactants adsorbed at the interface. Indeed, while nonionic surfactants are adsorbed 

at the interface for the same bulk concentration, the cationic surfactants are adsorbed on the interface 

for very different concentration in the liquid phase. For example, for a concentration in the liquid 

phase of 10-4 M, the maximal surface concentration of C16TAC is reached while C8TAC has not yet 

begun to colonize the interface. These differences in surface concentration lead to differences in the 

Marangoni force, which is opposite to the convection and responsible for the decrease in the velocity 

of bubbles when surfactants are present [65]. It is important to keep these bubble velocities in presence 

of surfactants in mind because they are used to calculate the mass transfer coefficient according to 

equation (4). 



 

Figure 6: Velocities of bubbles according to bulk surfactant concentrations. A. Cationic surfactants. B. 

Nonionic surfactants 

Concerning the study of oxygen transfer, Figure 7 gives examples of results obtained from PLIF-I for 

the TX100 series. Since the velocities of the bubbles are different, it represents different position in the 

tail of the bubble, however, the total mass transferred is conserved with time (see figure 2), as a results 

the images can be significantly compared. From these first results, it is obvious that the amount of 

mass transferred decreases with the increase of TX100 bulk concentration. However, the total mass 

transferred—in other words the integral of the spot—for the higher concentration of 3.7×10-4 mol/L 

seems to be higher than for the lower concentration of 2.8×10-5 mol/L. This effect does not follow the 

trend of the mass transfer to decrease with increasing concentrations of surfactant and stresses the 

importance of taking the velocity of the bubble into account.  The velocity is higher for the lowest 

concentration and, as a result, the flux of oxygen transferred is higher even if the total mass transferred 

is lower. All information about important calculated parameters in each case is given in Tables 

4,5,6,7,8,9 and 10, available in the supplementary material. This result was observed for each 

surfactant studied.  

In order to compare all the results obtained for our sets of surfactants, the mass transfer coefficient was 

plotted against the bulk concentration of surfactants; the results are presented in Figure 8. The error 

bars represent the uncertainty of the measures. Since each measurement was made 6 times, the relative 



standard deviation of mass transfer coefficient is given in Tables 4,5,6,7,8,9 and 10, available in the 

supplementary material. 

For each surfactant, a decrease of mass transfer coefficient was observed with increasing concentration 

of surfactant. This effect is described in the literature, where it is usually associated with 

hydrodynamic effects on the bubble [18,22,43]: adsorption of surfactant on the bubble tends to make it 

more rigid and the renewal at the interface decreases, leading to a decrease of transferred flux. 

 

Figure 7: Oxygen concentration field in the wake of a bubble 0.33 seconds after the bubble’s passage, 

in solutions containing different concentrations of TX100      

Concerning the mass transfer coefficient related to the nature of the surfactant, once again, different 

behaviors can be seen in Figure 8 for the two kinds of surfactant studied. Error bars are displayed for 

each point although, for very concentrated solutions, the bar is smaller than the symbol itself. First of 

all, it is interesting to compare the curve of mass transfer coefficient with those of velocity (see Figure 

6). The decrease of mass transfer coefficient is closely linked with the velocity of the bubble. The 

slowdown due to the presence of surfactant leads to a decrease of the surface renewal and this seems 

to be the major effect leading the decrease of mass transfer. The effects of surfactants on the 



hydrodynamics leading to a decrease of mass transfer coefficient are described by current correlations 

and this point will be discussed in the next part. Concerning cationic surfactants, for the same 

concentration, an addition of 4 carbons on the carbonated chain leads to a different mass transfer 

coefficient. This decrease of mass transfer coefficient with the chain length of the same kind of 

surfactant has been observed by Garcia-Abuin et al. [35] in a bubble column. This information may be 

linked with results described part 3.1 (Figure 4 and Figure 5), because the adsorption of surfactant on 

the interface is translated from low concentrations for long chains to high concentration for short 

chains. These facts suggest that the decrease of mass transfer coefficient is linked to the equilibrium 

adsorption at interfaces. A similar analysis can be applied to nonionic surfactants but, this time, 

whatever the hydrophilic chain length, the mass transfer coefficient is the same for an identical molar 

concentration. Interestingly, this effect can be linked with Figure 4 and Figure 5 and, unlike the 

situation for cationic surfactants, the surface concentration increases for all hydrophilic chains when 

the bulk concentration is the same. These observations encourage us to assume that the adsorption 

isotherm and the surface concentration are very important parameters, and the hydrophobic chain 

length influences these parameters.  

 

Figure 8: Mass transfer coefficient of oxygen according to bulk concentration of surfactant. A: cationic 

surfactants. B: Nonionic surfactants 

Furthermore, the maximal surface concentrations of nonionic surfactants are different in terms of 

molar or mass concentration but the mass transfer coefficient reaches a plateau and stays the same for 



any chain length at very high concentration. This means that the hydrophilic part of the surfactant has 

no effect on the mass transfer coefficient, even though it changes the interface density. It would have 

been interesting to have the same information on reaching a plateau for cationic surfactants in order to 

draw a conclusion about the effect of the hydrophobic chain length. Unfortunately, although the 

plateau is reached for the C16TAC, this is not the case for C12TAC and C8TAC because, for 

concentrations higher than 1.3×10-3 and 5.1×10-3 mol/L the signal received by the camera is too low 

and so not sufficient to satisfy the criterion determined by equation (2). However, we can still guess 

that their kL are different from the value of the plateau for C16TAC since the signals received are 

lower. We assume that, unlike the hydrophilic chain length of nonionic surfactant, the hydrophobic 

chain length has an impact on mass transfer. However, a method to capture lower flux would be 

needed to confirm this assumption.  

Finally, although some conclusions can be drawn about the effect of the length of the surfactant, it is 

important to keep in mind that adsorption is a dynamic phenomenon and some studies have 

highlighted the importance of adsorption kinetics, especially for its effect on the velocity of rising 

bubbles [66]. This means that surfactants are not immediately adsorbed on the bubble with the same 

concentration as described in Figure 4 and Figure 5. So a parameter that needs to be taken into 

consideration is the dynamics of the adsorption of surfactant on a rising bubble. From the short 

distance and with the window of visualization used here, this parameter is difficult to measure. 

3.3. Oxygen transfer in presence of surfactants: limitation of the model 

This article provides many data concerning mass transfer for bubbles that are clean, or partially or 

fully contaminated. These results can be compared with commonly used models for predicting mass 

transfer. We chose to use the Sherwood number according to equation (11) in order to 

nondimensionalize the calculation. 

Sh=kL×deq/DO2          (11) 

Figure 9 represents the Sherwood number as a function of the Reynolds number. Error bars were 

calculated for each point but are not visible for low Sherwood and Reynolds numbers. In order to also 



represent the ratio of contamination of the bubble, every point is colored according to θ (=𝛤/𝛤max). 

Experimental results are compared with predictions of the Higbie [67] and Frössling [68] models, 

which represent clean and fully contaminated bubbles, respectively, calculated with equations (12) and 

(13).  

ShHigbie=1.13×Re0.5×Sc0.5        (12) 

ShFrössling=2+0.66×Re0.5×Sc0.33        (13) 

 

Figure 9: For cationic and nonionic surfactants with different coverage ratios, Sherwood number as a 

function of Reynolds number. 

Some interesting information can be obtained from this figure. First, the Reynolds number is strongly 

impacted by the increasing coverage ratio. As predicted in the literature [69], the presence of 

surfactants leads to a decrease of velocity and bubble diameter; these parameters are taken into 

account with the Reynolds number. Secondly, a sharp decrease of the Sherwood number is observed 

with a decrease of the Reynolds number and an increase of the coverage ratio. This decrease of 

Sherwood number can be described with two different slopes (represented by dotted lines on Figure 



9). The first, for high Reynolds numbers, is the steepest. The equilibrium contamination of bubbles is 

weak and even a slight increase leads to a marked decrease in the Sherwood and Reynolds numbers. 

As expected, the value of Sherwood numbers in this first slope are found to lie between the values 

predicted by Frössling and by Higbie. The same trend has been observed by Sardeing et al. for low 

surface coverage [29].  The second slope is for low Reynolds number and high level of contamination. 

The slope is slight but the surprising result is that the Sherwood numbers are lower than those 

predicted by Frössling for all the bubbles with a coverage ratio between 95 and 100%, and for a large 

majority of bubbles with a coverage ratio higher than 90%. This result shows the limits of the 

Frössling model for highly contaminated bubbles. This overestimation can be as high as 50% for very 

concentrated solutions, which is not negligible and cannot be attributed to experimental errors. Similar 

results have already been observed by Jimenez (2013) [70] with monoglyceride caprylate as nonionic 

surfactant, and by Sardeing et al. for high surface coverage [29] with Lauryl dimethyl benzyl as 

cationic surfactant and a fatty alcohol as nonionic surfactant. These two previous studies measured the 

transfer for bigger bubbles, with diameters between 1.2 and 1.6 mm, which led to higher Reynolds 

numbers than the ones calculated in this study. The calculated Sherwood numbers are presented in 

Figure 9 and overestimation by the Frössling model is observed. These results highlight the necessity 

to introduce a correction into the Frössling model for very highly concentrated bulk. It is most likely 

that a modification in the vicinity of the interface and not taken into account in the Frössling model is 

responsible for this overestimation. This modification can be hydrodynamic but may also be 

physicochemical. In current correlations, the diffusion layer is taken to have the same physicochemical 

properties as the bulk. It is assumed that, for a very concentrated solution, an accumulation of 

surfactants needs to be taken into account, with a different diffusion coefficient and [O2]*. Finally, 

these results highlight the importance of creating a reliable, exact model, and give some clues about 

the mechanism, because mass transfer is strongly dependent on the length of the hydrophobic tail and 

the equilibrium adsorption. 



4. Conclusion 

In this work, the impact of the nature of the surfactants used on oxygen mass transfer has been 

experimentally measured with the PLIF-I technique. A description of the surface contamination has 

been given for each system studied and this reveals that the hydrophobic tail of cationic surfactant has 

an impact on the adsorption isotherm. The longer the chain, the more it adsorbs for low 

concentrations. In contrast, changing the length of a nonionic surfactant does not significantly affect 

the adsorption isotherm. Concerning oxygen transfer in liquids containing these surfactants, for every 

case studied, an increase of the bulk concentration led to a sharp decrease of velocity and mass transfer 

coefficient. The results suggest that these decreases with increasing concentration of surfactant are 

strongly related to the adsorption of surfactants on the interface. Concerning the nature of surfactants, 

if the hydrophobic chain of a cationic surfactant is lengthened, at the same bulk concentration, then the 

mass transfer coefficient is strongly impacted and is lower for the cases studied here. In contrast, 

increasing the length of the hydrophilic part of a nonionic surfactant does not have any effect on mass 

transfer at the same bulk concentration, even if the density of matter at the interface predicted by the 

Langmuir model is different. Finally, results have been compared with current correlations and show 

that, for a highly contaminated bubble, the Frössling model overestimates the mass transfer 

coefficient. These results underline the necessity to create an adapted model that takes account of the 

adsorption of surfactants at the interface and the resulting changes in physicochemical parameters.  
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Supplementary material   

Table 4: Details on calculated parameters of bubbles generated in C8TAC solutions 

C8TAC 

Concentration (mol/L) 5.1×10-3 2.5×10-3 2.5×10-4 2.5×10-5 4.8×10-6 

Bubble velocity 

(10-3 m/s) 
139±2 184±3 255±7 263±7 284±8 

Bubble diameter 

(10-3 m) 
0.97±0.02 0.99±0.02 0.99±0.02 0.98±0.02 1.06±0.02 

Equilibrium surface tension (10-3 68±1 69±1 70±1 71±1 71±1 



N/m) 

Integral of oxygen concentration 

field (10-5 mg/m) 
1.69±0.2 3.51±0.07 4.68±0.1 4.41±0.03 6.10±0.29 

Oxygen diffusion coefficient (10-9 

m2/s) 
1.9±0.3 1.9±0.1 1.95±0.03 1.89±0.06 2.0±0.1 

Mass transfer coefficient (10-4 m/s) 0.85±0.05 2.3±0.1 4.2±0.3 4.2±0.3 5.4±0.3 

Relative standard deviation of mass 

transfer coefficient 
0.12 0.02 0.05 0.01 0.06 

Schmidt number 530±90 520±40 513±8 530±20 510±30 

Reynolds number 138±4 182±5 252±9 257±9 300±10 

Sherwood number 44±10 119±10 210±10 220±10 290±20 



Table 5: Details on calculated parameters of bubbles generated in C12TAC solution 

C12TAC 

Concentration 

(mol/L) 
1.3×10-3 2.5×10-4 5×10-5 2.5×10-5 2.5×10-6 2.5×10-7 2.5×10-8 

Bubble velocity 

(10-3 m/s) 
75±1 95±1 183±3 225±2 174±3 192±4 270±8 

Bubble diameter 

(10-3 m) 
1.06±0.03 1.04±0.03 1.06±0.03 1.07±0.03 1.00±0.02 0.94±0.03 1.01±0.02 

Equilibrium surface 

tension (10-3 N/m) 
44±1 63±1 70±1 70±1 71±1 70±1 71±1 

Integral of oxygen 

concentration field 

(10-5 mg/m) 

1.81±0.1 2.63±0.07 4.7±0.3 5.7±0.1 5.5±0.2 4.6±0.1 5.8±0.4 

Oxygen diffusion 

coefficient (10-9 m2/s) 
1.8±0.1 1.9±0.2 1.8±0.1 1.9±0.1 2.0±0.1 1.9±0.1 1.9±0.1 

Mass transfer 

coefficient (10-4 m/s) 
0.4±0.02 0.81±0.02 2.65±0.2 3.9±0.2 3.3±0.2 3.5±0.2 5.6±0.4 

Relative standard 

deviation of mass 

transfer coefficient 

0.09 0.04 0.08 0.03 0.003 0.02 0.07 

Schmidt number 550±20 540±60 550±30 520±20 500±30 520±40 530±20 

Reynolds number 79±2 100±3 195±6 241±4 174±5 181±6 272±8 

Sherwood number 25±2 45±6 155±14 216±7 168±10 170±20 310±30 

  



Table 6: Details on calculated parameters of bubbles generated in C16TAC solutions 

C16TAC 

Concentration (mol/L) 2.5×10-3 2.5×10-4 5×10-5 2.5×10-5 2.5×10-6 2.5×10-7 2.5×10-8 

Bubble velocity 

(10-3 m/s) 
107±1 125±2 122±2 119±1 132±2 179±3 279±8 

Bubble diameter 

(10-3 m) 
0.86±0.02 1.08±0.02 0.94±0.02 1.06±0.02 1.00±0.02 0.96±0.02 1.04±0.02 

Equilibrium surface 

tension (10-3 N/m) 
42±1 51±1 67±1 69±1 70±1 70±1 70±1 

Integral of oxygen 

concentration field (10-5 

mg/m) 

1.37±0.07 1.6±0.1 1.66±0.05 1.9±0.1 2.1±0.1 3.9±0.1 5.6±0.2 

Oxygen diffusion 

coefficient (10-9 m2/s) 
1.9±0.2 2.0±0.3 1.9±0.2 2.0±0.2 1.9±0.2 2.0±0.2 2.0±0.1 

Mass transfer coefficient 

(10-4 m/s) 
0.64±0.04 0.55±0.03 0.77±0.04 0.70±0.04 0.95±0.07 2.5±0.2 5.1±0.3 

Relative standard deviation 

of mass transfer coefficient 
0.06 0.05 0.03 0.04 0.05 0.04 0.06 

Schmidt number 510±50 510±80 520±40 510±50 510±50 500±50 490±30 

Reynolds number 92±2 136±3 115±3 126±3 132±3 172±5 289±9 

Sherwood number 28±3 30±5 38±4 38±4 49±6 120±20 260±20 

 

  



Table 7: Details on calculated parameters of bubbles generated in TX100 solutions 

TX100 

Concentration 

(mol/L) 
3.7×10-4 3.7×10-5 2.8×10-5 1.9×10-5 9.4×10-6 3.7×10-6 3.7×10-7 3.7×10-8 

Bubble velocity 

(10-3 m/s) 
103±1 118±1 113±1 114±1 113±1 113±1 239±6 264±7 

Bubble diameter 

(10-3 m) 
0.85±0.02 0.99±0.02 0.93±0.02 0.94±0.02 0.93±0.02 0.94±0.02 0.94±0.02 0.99±0.02 

Equilibrium surface 

tension (10-3 N/m) 
32±1 48±1 50±1 52±1 55±1 60±1 67±1 71±1 

Integral of oxygen 

concentration field 

(10-5 mg/m) 

1.27±0.06 1.47±0.03 1.73±0.03 1.63±0.07 2.04±0.06 2.9±0.2 4.1±0.2 5.7±0.2 

Oxygen diffusion 

coefficient (10-9 m2/s) 
1.8±0.2 1.7±0.3 2.0±0.1 1.9±0.1 1.9±0.2 1.8±0.1 1.9±0.1 2.0±0.1 

Mass transfer 

coefficient (10-4 m/s) 
0.63±0.04 0.62±0.04 0.79±0.05 0.74±0.05 0.93±0.06 1.29±0.08 3.4±0.2 5.3±0.3 

Relative standard 

deviation of mass 

transfer coefficient 

0.05 0.03 0.05 0.05 0.03 0.05 0.06 0.04 

Schmidt number 560±60 600±100 510±40 520±30 530±30 560±30 540±30 500±30 

Reynolds number 87±2 117±3 105±2 107±2 105±2 107±2 238±7 261±8 

Sherwood number 30±4 37±8 37±3 36±3 46±4 68±6 180±20 260±20 

  



Table 8: Details on calculated parameters of bubbles generated in TX102 solutions 

TX102 

Concentration 

(mol/L) 
3.7×10-4 2.8×10-5 1.9×10-5 9.4×10-6 3.7×10-6 3.7×10-7 3.7×10-8 

Bubble velocity 

(10-3 m/s) 
101±1 110±1 111±1 110±1 113±1 204±4 269±7 

Bubble diameter 

(10-3 m) 
0.83±0.02 0.93±0.02 0.93±0.02 0.93±0.02 0.93±0.02 0.94±0.02 0.99±0.02 

Equilibrium surface 

tension (10-3 N/m) 
35±1 50±1 53±1 56±1 60±1 69±1 71±1 

Integral of oxygen 

concentration field 

(10-5 mg/m) 

1.22±0.06 1.38±0.08 1.9±0.1 2.24±0.06 4.3±0.1 4.2±0.1 5.51±0.24 

Oxygen diffusion 

coefficient (10-9 m2/s) 
1.9±0.1 1.9±0.1 1.9±0.1 1.9±0.1 1.8±0.1 1.84±0.04 2.0±0.1 

Mass transfer 

coefficient (10-4 m/s) 
0.63±0.04 0.61±0.04 0.84±0.04 1.00±0.05 1.9±0.1 3.3±0.2 5.5±0.3 

Relative standard 

deviation of mass 

transfer coefficient 

0.05 0.07 0.05 0.05 0.03 0.03 0.04 

Schmidt number 530±30 530±40 530±50 520±20 550±50 540±10 500±30 

Reynolds number 83±2 103±2 103±2 103±2 105±2 192±5 266±9 

Sherwood number 28±2 30±3 42±5 48±3 98±9 170±9 270±20 

 



Table 9: Details on calculated parameters of bubbles generated in TX165 solutions 

TX165 

Concentration 

(mol/L) 
3.7×10-4 3.7×10-5 2.8×10-5 1.9×10-5 9.4×10-6 3.7×10-6 3.7×10-7 3.7×10-8 

Bubble velocity 

(10-3 m/s) 
99±1 112±1 118±1 118±1 118±1 111±1 199±4 224±5 

Bubble diameter 

(10-3 m) 
0.82±0.02 0.93±0.02 0.95±0.02 1.01±0.02 1.00±0.02 0.94±0.02 0.94±0.02 0.92±0.02 

Equilibrium surface 

tension (10-3 N/m) 
41±1 53±1 55±1 56±1 58±1 62±1 67±1 70±1 

Integral of oxygen 

concentration field 

(10-5 mg/m) 

1.49±0.04 1.6±0.1 1.76±0.08 1.85±0.1 2.28±0.06 3.4±0.1 4.3±0.1 5.9±0.1 

Oxygen diffusion 

coefficient (10-9 

m2/s) 

1.8±0.1 2.0±0.2 1.8±0.1 1.83±0.05 1.9±0.1 1.88±0.07 1.91±0.06 1.92±0.07 

Mass transfer 

coefficient (10-4 m/s) 
0.74±0.02 0.74±0.04 0.75±0.04 0.77±0.04 0.96±0.06 1.52±0.09 3.5±0.2 5.5±0.3 

Relative standard 

deviation of mass 

transfer coefficient 

0.03 0.07 0.04 0.05 0.05 0.05 0.03 0.01 

Schmidt number 540±40 510±50 560±30 550±20 540±30 530±20 520±20 520±20 

Reynolds number 82±2 104±2 117±3 119±3 118±3 104±2 186±5 207±6 

Sherwood number 33±3 35±4 41±3 42±3 51±4 76±5 170±10 260±20 

 



Table 10: Details on calculated parameters of bubbles generated in TX100 solutions 

TX305 

Concentration 

(mol/L) 
3.8×10-4 3.8×10-5 2.8×10-5 9.4×10-6 3.7×10-6 3.7×10-7 3.7×10-8 

Bubble velocity 

(10-3 m/s) 
100±1 117±1 119±1 117±1 127±2 216±5 283±8 

Bubble diameter 

(10-3 m) 
0.86±0.02 0.97±0.02 0.98±0.02 1.00±0.02 1.07±0.02 1.06±0.02 1.05±0.02 

Equilibrium surface 

tension (10-3 N/m) 
47±1 57±1 58±1 59±1 60±1 64±1 69±1 

Integral of oxygen 

concentration field 

(10-5 mg/m) 

1.79±0.08 1.74±0.03 1.7±0.1 1.70±0.07 3.3±0.1 4.62±0.48 5.5±0.1 

Oxygen diffusion 

coefficient (10-9 m2/s) 
2.0±0.2 1.9±0.2 1.93±0.08 1.9±0.1 1.88±0.07 1.9±0.1 1.92±0.08 

Mass transfer 

coefficient (10-4 m/s) 
0.87±0.05 0.77±0.04 0.75±0.04 0.71±0.04 1.30±0.07 3.1±0.2 5.0±0.3 

Relative standard 

deviation of mass 

transfer coefficient 

0.05 0.01 0.05 0.04 0.04 0.03 0.02 

Schmidt number 500±50 530±50 520±20 530±30 530±20 520±30 520±20 

Reynolds number 85±2 114±3 117±3 117±3 136±3 229±6 300±10 

Sherwood number 37±2 39±2 38±2 37±2 74±4 170±20 270±20 
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