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The behavior of coalescence in liquid/liquid systems is determined by multiple factors, including the 

concentration and type of any continuous phase ions present. Their influence on the film drainage time 

was captured with a high speed imaging system. Higher coalescence probabilities were found to corre-

late with a simple drainage model. Another focus was the mass transfer during droplet formation. Here 

in situ analytics in the system toluene/acetonitrile/water was applied for the mass transfer direction from 

the dispersed to the continuous phase. Marangoni effects during droplet formation are the reason that 

more than 75 % of the mass transfer occurs in the first 5 seconds, which agrees with the literature data 

reporting up to 80 %. Therefore, initial droplet formation (< 5 seconds) was also investigated by in silico 

experiments. The corresponding CFD studies were based on volume capturing methods.  

 

 

1. Introduction 

In chemical, biochemical and petrochemical processes, mass transfer in liquid/liquid extraction is 

of vital importance. The process efficiency and product quality in technical processes are substantially 

influenced by the interfacial area, which depends on the competitive dynamic phenomena of droplet 

breakage and coalescence. Despite comprehensive scientific research efforts, the influencing factors (e.g. 

pH value, salts, mass transfer), especially for coalescence, are not fully understood, and thus predictive 

modelling is not yet possible [2, 3].  

The influence of the drainage on coalescence outcomes has been described in literature by various 

models. The most widely used approach of Coulaloglou and Tavlarides [4] assumes the coalescence 

probability as a ratio of drainage to contact time. A simplified relation [4] was used to describe the 

dependence of coalescence probability 𝜆 on the ratio of drainage 𝑡𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒 to contact time 𝑡𝑐𝑜𝑛𝑡𝑎𝑐𝑡, 

and the model of Coulaloglou and Tavlarides [4] is expanded via an additional exponent χ: 

 𝜆𝐶&𝑇 = exp (−
𝑡𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒

𝑡𝑐𝑜𝑛𝑡𝑎𝑐𝑡
)

𝜒

 (1) 

The influence of ionic species on coalescence is reported, but scarcely systemically investigated [5]. A 

classification according to Hofmeister [6] is based on the precipitation effect, which distinguishes be-

tween cosmotropic and chaotropic ions. In the following sequence, cosmotropic ions are placed left and 

chaotropic right:  

F-≈SO4
2-<HPO4

2-<CH3COO-<Cl
-
<NO3

- <Br-<Clo3
-
<I-<ClO4

-
<SCN-<Cl3CCOO- (2) 
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Structure forming ions (cosmotropic) intensify hydropobic effects, which are responsible for the sepa-

ration of oil/water mixtures. 

Regarding the mass transfer, a local (tangential) shear stress condition (e.g. a concentration de-

pendent interfacial tension gradient) reflects a strong coupling between the velocity and the concentra-

tion fields. Marangoni instabilities (interfacial flow) are observed [7] when interfacial tension gradients 

are inducted by gradients in the solute concentration. In such cases, up to 80 % of the mass transfer 

occurs already during droplet formation [8]. 

The concentration profile in a droplet can be described as [9, 10]: 

 Fotu≤0.15: 
y(t)-y

I

y
0
-y

I

=1-6∙√
Fotu

π
+3∙Fotu (3) 

with Fotu=
4∙Dtu∙t

d
2

 and Dtu=T∙D  

where Fo stays for Fourier number, y for mass fraction of the transfer component, D for diffusion 

coefficient, t for time, d for droplet diameter, T for intensification factor. 

When applying Equation 3 to describe experimental data, T is regarded as an adjustable parameter, 

since the turbulent eruptions have not yet been quantified. Model improvements require a high spatial 

and temporal resolution of the local phenomena, which is difficult to achieve experimentally. The pos-

sibility to overcome these limitations is given by computational fluid dynamics (CFD) simulations. In 

our study, the open-source CFD package OpenFOAM® was used. A standard volume-of-fluid (VOF) 

solver was extended with the mass transfer model of Haroun [11], adjusted boundary conditions and 

some improvements for the curvature approximation to reduce spurious currents. 

 

2. Materials and methods 

2.1 Experimental setup 

The influence of ionic species and pH on coalescence was investigated with sodium chloride 

(Merck 1.06404), sodium nitrate (VWR chemicals 27955.295), sodium perchlorate (Merck 1.06564), 

sodium thiocyanate (Sigma-Aldrich S7757-250G) and sodium sulfate (VWR chemicals 28114.296). So-

dium hydroxide (Merck 1.09956) was used to adjust the pH value. Water and toluene were mutually 

saturated in order to avoid additional mass transfer. Acetonitrile (ACN) as solute and toluene as solvent 

were of a purity > 99.8 % (CHROMANORM®). Water (conductivity of < 0.5 µS·cm-1) was purified by 

reserved osmosis (Hydrotec, Hydromos UO 50 W) and ion exchange (Hydrotex, Hydromos VE 17). 

Constant and reproductive test conditions for the droplet generation (precision syringe pump, 

PSD/3-Mini module, from Hamilton®), detachment and interaction were ensured with a coalescence 

cell after Kamp and Kraume [12]. A high speed camera (Photron Fastcam APX RS) recorded videos 

with a resolution of 256x256 pixels and a frame rate of 30000 fps. The size of the rising droplet db (at 

constant rising height of 0.5 mm to the hanging droplet du) was systematically varied, in order to adjust 

the equivalent droplet diameter deq: 
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deq=2∙

du ∙ db

du + db

 (4) 

The mass transfer and the effect of Marangoni convection during droplet formation was identified 

by measuring the interfacial tension as a function of time, as well as by measuring the concentration 

inside the droplet by non-invasive confocal Raman spectroscopy. 

Measurement methods: 

 A newly designed test cell for single droplet mass transfer [13] was made of stainless steel and 

PTFE, with a capillary height of 2 mm and the inner dimensions of 33 mm*23 mm*33 mm 

(L*W*D). The droplet is formed on a capillary, which has an inner diameter of 0.8 mm and an 

outer diameter of 1 mm. A precision syringe pump (PSD/3-Mini module) from Hamilton® was 

used to generate well-defined droplets with a volume rate of V̇=12.5 μL∙s-1. The solute con-

centration inside the droplet was measured via a confocal Raman spectrometer HR800 from 

Horiba (532 nm laser from Quantum, type torus 532, software LabSpec6).  

 The pendant drop method was used to determine the interfacial tension (OCA 15; Dataphysics) 

with a syringe in the surrounding phase in which the contact angles of a single droplet were 

measured. The curved syringe is used for the investigation of the pendant drops with an inner 

diameter of 0.69 mm and an outer diameter of 1.07 mm and a Hellma® glass-measuring cell 

[13] with the inner dimensions of 50 mm*50 mm*10 mm (L*W*D). The respective droplets 

were formed at a volumetric rate of V̇ = 2 μL∙s-1. 

 

3. Results and discussion 

3.1 Experimental 

3.1.1 Ion species and strength 

 Experimentally determined coalescence 

probabilities and times are compared with the sim-

plified correlation (s. Equation 1) in Figure 1. The 

coalescence probability was observed to decrease 

with increasing coalescence times for each ion 

species investigated, when adjusting the exponent 

χ = 1.6. An average contact time of 25 ms was 

used for the calculations of the theoretical coales-

cence probability. This assumption was chosen in 

accordance with the calculations of Villwock et al. 

[14]. 

 Experimental outliers can be attributed to 

the high sensitivity of the coalescence process to 

marginal changes in the test system, which may Figure 1. Effect of ionic species the coalescence 

time 𝑡𝑐𝑜𝑎𝑙, for all 𝑑𝑒𝑞 [1] 
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not lead to a measureable change in physical 

properties (e.g. interfacial tension). 

According to the aforementioned Hof-

meister anion species classification (s. Equation 

2), cosmotropic, structure-forming, anions were 

observed to slow down the drainage rate. For ex-

ample, the addition of sodium sulfate increased 

the coalescence time as compared to the “pure” 

system (s. Figure 2). Chaotropic, structure-de-

stroying, anions, such as SCN−, have a signifi-

cantly lower impact on the coalescence time.  

Along with the influence of the ion species, 

the concentration is also of relevance (s. Figure 2). 

Increasing the concentration of chaotropic ion spe-

cies (e.g. NaSCN) had a negligible effect on the co-

alescence time. In contrast, the coalescence time in-

creased with the addition of cosmotropic anions 

(e.g. Na2SO4). 

A description of the ion influence is required 

that is independent of the equivalent droplet diam-

eter is possible, through the extension of the model 

of Prince et al. [15] with the newly developed Equa-

tion 5. Here the coalescence time is mapped over the 

entire range of salt concentrations using 𝑐1 and 𝑐2 to correlate different ion species:  

 tcoal,P&B∗,NaCl =

[
 
 
 
 (

deq

2 )
3

∙ ρc

16 ∙ σ

]
 
 
 
 

1
2

∙ ln (
h0

hcrit
) ∙ (c1 ∙ cion

𝑐2 + 1) (5) 

where 𝑡𝑐𝑜𝑎𝑙  is coalescence time, 𝑑𝑒𝑞  is equivalent droplet diameter, 𝜌  is density, 𝜎  is interfacial 

tension, ℎ0 is film thickness at the point of contact, ℎ𝑐𝑟𝑖𝑡 is critical film thickness, 𝑐𝑖𝑜𝑛 is ion con-

centration and 𝑐1, 𝑐2 are constants.  
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Figure 2. Coalescence probability vs. coalescence 

time for different ion species (𝑑𝑒𝑞 = 2.5 𝑚𝑚) [1] 

Figure 3. Effect of NaCl concentration on the coales-

cence time compared to correlation, Equation 5 [1] 
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The change in the coalescence time with 

the addition of e.g. sodium chloride (c1 = 1.652, 

c1 = 0.214) shown in Figure 3. Equation 5 ena-

bles a description of the coalescence time for 

changing ion concentrations of sodium chloride 

without adjustment (s. Figure 4). 

However, Equation 5 is only valid below 

ionic concentrations of 10−1 mol/L and in the 

range of equivalent droplet diameters of 

1.87 mm < 𝑑𝑒𝑞 < 2.73 mm for the EFCE stand-

ard test system toluene/water.  

3.1.2 Mass transfer measurement with Raman 

spectroscopy 

The confocal Raman spectroscopy measure-

ment in a droplet with an initial solute concentra-

tion of cACN  = 10 w.-%  and a volume of 4.2 µL 

shows a decrease of the solute concentration over 

time (s. Figure 5). It can be seen that the concen-

tration decreases very fast, so that 90 % of the mass 

transfer occurs during the first 5 seconds. This fast 

decrease in concentration can be described with 

Equation 3 for turbulent mass transfer (T = 25) and 

follows the measurement results in the first 10 sec-

onds very well. 

 

3.1.3 Mass transfer measurement via interfacial tension 

Interfacial tension measurements need a higher droplet volume compared to Raman spectroscopy, 

and hence, droplet formation has to be slower, otherwise the droplet will be detached from the needle. 

However, after about 7.5 seconds the droplet has gained its final shape with a corresponding stable mass 

transfer behavior. The measurement with an initial solute concentration of cACN = 10 w.-% and a vol-

ume of 15 µL shows that the first measurement points (s. Figure 6) lead to either decreased or increased 

interfacial tension. Therefore, the dimensionless concentration is either too high or too low in the first 

seconds. Nevertheless, in the first 5 seconds more than 75 % of the mass transfer occurred. However, 

the correlation (s. Equation 3) with T = 8 fits the measurement results after 20 seconds very well. 
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Figure 5. Transient development of the solute con-

centration on a droplet (V = 4.2 µL) with an initial 

solute concentration of cACN = 10 w.-% and a flow 

rate V̇ = 12.5 μL∙s-1 

Figure 4. Effect of increasing NaCl concentration on 

the coalescence time according to Equation 5 [1] 
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As could be seen, both methods were una-

ble to monitor mass transfer in the first seconds of 

droplet formation. Raman spectroscopy has its fo-

cus on measurement inside the droplet and inter-

facial tension on measurement the surface of the 

droplet; thus deviations between these measure-

ments exists. Thereto, in silico experiments with 

small time steps are necessary. Here, CFD meth-

ods can be applied to reveal temporal and spatial 

details. 

 

3.2 Numerical simulations 

Coalescence 

In respect to droplet coalescence of e.g. 

two differently sized droplets (pendant with 

2.2 mm and top with 3 mm), simulation using a 

modified VOF code, (s. Figure 7, top) were com-

pared with the experimental data (s. Figure 7, bot-

tom) [16]. The simulated se-

quence of the simulation is 

given by a 2D plot as a cut 

through the center of the do-

main. Before the droplets en-

ter into actual contact, the in-

creasing pressure in the film 

between them leads to an el-

liptical droplet deformation. 

After 19.1 ms, similar drop-

let shapes and film rupture 

can be observed both in the 

simulations and in the experi-

ments. 

Mass transfer  

At first, the extended solver has to be validated to ensure that the results are confident. Therefore, 

a VOF simulation of a single falling droplet (d = 2.5 mm) in a quiescent liquid was performed. The 

concentration decrease over the time was compared with a validated level-set code from Engberg [17] 

(s. Figure 8). The standard test system cyclohexane/water/acetic acid in which water represents the con-

tinuous phase and acetic acid the transition component was studied in a two dimensional mode. As can 

be seen, the mass transfer model yields restorable results, but it seems to be important to reduce the 

spurious currents. For simulation of droplet formations, further studied will follow. 
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Figure 6. Interfacial tension measurements of the 

solute concentration on a droplet (V = 15 µL) with 

an initial solute concentration of cACN = 10 w.-% 

and a flow rate V ̇ = 2 μL∙s-1 

0 ms 4.2 ms 15.8 ms 19.1 ms 19.8 ms 20.5 ms 22.2 ms 23.9 ms

Figure 7. Coalescence toluene/water; CFD (top); exp. (bottom) [16]. 
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4. Conclusions 

Systematic experiments to investigate the dynamic coalescence of two organic droplets were car-

ried out, with the focus on the variation of the ionic strength and ion species. To meet the high require-

ments of reproducibility and purity, a standardized and validated experimental setup was used. Charac-

teristic coalescence times were measured using a high speed camera with high temporal and spatial 

resolution. Cosmotropic anions lead to a significant increase in the coalescence time, the addition of 

chaotropic anions did not change the coalescence time. Based on the present experimental results, a 

correlation was developed to predict the dependency of the coalescence time on both the equivalent 

droplet diameter and ion concentration. 

The influence of the Marangoni convection on the mass transfer during droplet formation was 

evaluated with the chemical system toluene/acetonitrile/water applying two different analytical methods. 

In the first method, the measurement of the solute concentration inside the droplet at a defined area was 

performed by confocal Raman spectroscopy. The measurement of the mass transfer inside a single drop-

let (V = 4.2 µL) showed that, with a droplet formation time of 0.34 seconds and an initial solute concen-

tration of cACN = 10 w.-%, about 90 % of the mass transfer occurred during the first 5 seconds. However, 

this is not consistent with the interfacial tension measurements at the droplet surface. Under similar 

concentration conditions with a droplet formation time of 7.5 seconds (V = 15 µL), a value of 75 % of 

the initial surface concentration was reached in the first 5 seconds.  

This discrepancy between the interfacial tension measurements and the confocal Raman spectros-

copy can be explained by the difference in droplet formation time, droplet volume and the measurement 

inside and on the surface of the droplet. On the other hand, similar trends can be obtained with both 

measurement methods, which means that a large part of the mass transfer after the droplet formation is 

Figure 8. Dimensionless average concentration in the droplet over time 

(left); concentration field after eight seconds (right) 
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completed in the first seconds. For these first seconds, in silico experiments offer the possibility to enable 

a more detailed analysis. 

The numerical investigation of single droplet interactions opens up several possibilities for the 

model development. On the one hand, local spatial and time resolved information about the hydrody-

namics and the film drainage will allow a better understanding of the coalescence behavior. On the other 

hand, detailed numerical VOF based simulations will help to determine surface and bulk droplet con-

centrations with high temporal resolution thus allowing a deep insight into mass transfer and droplet 

formation phenomena.  
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