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Hypothesis: The gradients in surfactant distribution at a fluid-fluid interface can induce fluid flow known as the 
Marangoni flow. Fluid interfaces found in biological and environmental systems are seldom clean, where mixtures 
of various surfactants are present. The presence of multi-component surfactant mixtures introduces the possibility 
of interactions among constituents, which may impact Marangoni flows and alter flow dynamics.
Experiments: We employed flow visualization, surface tension and reaction kinetic measurements, and numerical 
simulations to quantitatively investigate the Marangoni flows induced by the reacting surfactant mixtures. 
Different binary surfactant mixtures were utilized for comparative analysis.
Findings: The impact of surfactant interactions on Marangoni flows is confirmed through the observation of 
diverse complex flow patterns that result from the combination of oppositely charged surfactants in varying 
composition ratios and concentrations. Unique flow patterns originate from the composition-dependent interfacial 
phenomena upon mixing surfactants. Our findings provide vital insights that could be used to guide the 
development of effective oil remediation or the spreading of waterborne pathogens in contaminated regions.

1. Introduction

Surface active compounds, also known as surfactants, are a class of 
molecules that may alter the surface tension at a fluid-fluid interface. 

* Corresponding author.
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The occurrence of non-uniform surfactant distribution throughout the 
fluid interface causes gradients in the surface tension, resulting in the 
motion of fluid from regions of low to regions of high surface tension. 
This phenomenon, commonly referred to as Marangoni flow, plays a cru-
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cial role in many natural phenomena, like enabling the locomotion of 
arthropods such as Microvelia and Stenus on the surface of water by re-
leasing chemicals to create Marangoni propulsion [1]. It is also utilized 
in numerous industrial applications, such as coatings [2–4], enhanced 
oil recovery [5,6], drug delivery [7], desalination [8], and biomimicry 
robots [9].

Due to its importance, extensive efforts have been dedicated in re-
cent years to expand the fundamental understanding of Marangoni flows 
in more complex surfactant systems, both experimentally [10–14] and 
numerically [12,15,16]. For instance, Sauleda et al. examined the ef-
fect of Marangoni spreading in the presence of insoluble pre-deposited 
surfactants [10]. They found that surfactant modifies the gradient of sur-
face tension and influences the Marangoni spreading by extending the 
gradient region of the pre-deposited monolayer. Kim et al. investigated 
the impact of surfactant-contaminated liquid on Marangoni spreading 
when an isopropyl alcohol droplet is added to the liquid bath [11]. 
They reported that Marangoni-driven circulating flow with non-uniform 
surfactant distribution causes a difference in surfactant concentrations 
between the adsorbed layer and bulk liquid below the critical micelle 
concentration (CMC), leading to two opposite Marangoni effects and a 
rapid decay in flow speed along the radial direction compared to a pure 
system without surfactants. Mandre [15] examined analytically and nu-
merically the spreading of surfactant from a single point source in an 
axisymmetric system. Sauleda et al. [16] conducted a numerical study 
on surfactant spreading behaviors for insoluble and soluble surfactants.

The vast majority of prior studies on Marangoni flows have mainly 
been concerned with a single type of surfactant and have not consid-
ered the impact of irreversible reactions and interactions between mul-
tiple constituents. It is only recently that people have started to look 
into how the interacting surfactants affect the Marangoni flows. For in-
stance, Hsieh et al. reported the effect of binary surfactant mixtures on 
Marangoni spreading, where the binary surfactants induce synergetic 
effects on lowering surface tension, and the degree of surface tension re-
duction was shown to be sensitive to interaction strength [12]. Nguind-
jel and Korevaar studied the self-sustained Marangoni flows driven by 
chemical reactions, where a photoreactive chemical process that con-
sumes surfactant at the interface was utilized to drive a long-lasting 
Marangoni flow [13].

In this study, we examine the effects of the interactions between 
cationic and anionic surfactants on Marangoni flows, where a strong 
ionic interaction between oppositely charged surfactants leads to the 
formation of irreversible complexation [17]. The surfactant complexa-
tion at relatively high surfactant concentrations can significantly alter 
the flow patterns, creating various non-monotonic flows. We rational-
ize our findings through high-speed flow visualization, surface tension 
and reaction kinetic measurements, and numerical simulations.

2. Experimental

2.1. Materials

Cetylpyridinium chloride (CPC), cetrimonium bromide (CTAB), 
sodium dodecylsulfate (SDS), and Triton X-100 were purchased from 
Sigma Aldrich. These surfactants were dissolved in deionized water to 
prepare surfactant solutions with concentrations ranging from 0.01 mM 
to 100 mM. Silver-coated hollow ceramic particles (diameter = 150 µm) 
for flow tracers were purchased from Cospheric.

2.2. Flow visualization

To capture the rapid movement of tracer particles, we utilized a high-
speed camera (Phantom V9.1), adjusting the frame rate accordingly for 
each experiment. The particle Stokes number was estimated to be much 
less than unity, indicating excellent flow tracing fidelity. More details 
regarding the estimation of the particles’ Stokes number can be found in 

Supporting Materials. After recording, we analyzed the videos using Im-
ageJ and MATLAB (PIVlab) to measure the flow field. A 10 µL droplet 
was gently transferred to the center of a Petri dish (diameter = 14 cm, 
depth = 1 cm) filled with aqueous surfactant solution and tracer parti-
cles using a micropipette.

2.3. Thermal imaging

We used an infrared thermal camera (E60, FLIR) to detect heat gen-
eration during the mixing of CPC and SDS (Fig. S3). To minimize dis-
turbances and ensure accurate readings, we placed Petri dish samples 
on a black blanket and adjusted the camera distance to match the focal 
point.

2.4. Surface tension measurement

The pendant drop method was used to measure the surface tension of 
CPC, SDS, and their mixture solutions using a camera (D3400, Nikon), 
syringe, blunt-tip needle, and an LED backlight (Phlox). An in-house 
MATLAB code was used to detect the droplet curvature and numerically 
solve the Young-Laplace equation to obtain the surface tension [18].

2.5. Reaction kinetic measurement

We employed a spectrophotometric approach to acquire kinetic con-
stants for various concentrations of surfactant mixtures [19,20]. The cu-
vettes were filled with a volume of 2 ml of surfactant solution, followed 
by the careful injection of the counterion surfactant using a syringe. The 
kinetic order and coefficients were determined by measuring the light 
transmittance (at 600 nm) over time using a dynamic light scattering 
instrument (Litesizer 500, Anton Paar).

3. Results and discussion

3.1. Non-monotonic Marangoni flows induced by surfactant mixing

By introducing a minute droplet (volume = 10 µL) of cationic surfac-
tants (cetylpyridinium chloride, CPC) into a bath of anionic surfactants 
(sodium dodecylsulfate, SDS), and vice versa, we observe various flow 
patterns resulting from the reactive transport of cationic-anionic sur-
factant mixtures induced by surfactant-surfactant complexation. The 
high-speed imaging of the flow patterns visualized by the tracer par-
ticles (silver-coated hollow ceramic particles, diameter 𝑑𝑝 = 150 µm) is 
shown in Fig. 1a-d, with their accompanying kymographs presented in 
Fig. 1e-h.

In scenarios involving low SDS concentration in the bath (≤ 1 mM) 
with a wide range of CPC concentrations in the droplet (0.1-100 mM), an 
initial outward flow followed by a relatively fast inward flow is observed 
(outward-inward flow; OI) (Figs. 1a,e, Movie S1). The same OI behavior 
is observed for bath with low CPC concentrations (< 1 mM). For sys-
tems characterized by moderate-to-high CPC-SDS concentrations (SDS 
concentration of 2.5–100 mM and CPC concentration of 0.1–25 mM) 
exhibit an oscillatory flow (Figs. 1b,f, Movie S2). This flow was solely 
observed in the CPC bath with a similar flow behavior to OI (both expe-
rience outward flow then inward flow), albeit with the distinction that 
the outward flow undergoes an oscillatory flow at a frequency of about 
10 Hz. We note that this frequency is sensitive to the concentration and 
ratio of surfactants.

When highly concentrated surfactant droplets (> 25 mM) are de-
posited onto a bath of highly concentrated solution of oppositely 
charged surfactants, they induce an initial outward flow, followed by 
a rapid inward flow, and eventually transition into a gradual outward 
flow, showcasing an outward-inward-outward (OIO) flow pattern ac-
companied by visible surfactant precipitation (Figs. 1c,g, Movie S3). 
The presence of precipitation indicates a strong ionic reaction between 
the constituents at high surfactant concentrations [21].
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Fig. 1. Various Marangoni flow patterns observed upon introduction of a small drop of ionic surfactants to a bath of oppositely charged surfactants. (a-d) Image 
sequences and (e-h) corresponding kymographs taken along the radial direction (green lines in (a-d). The coordinate origin is located at the center of the droplet). 
Observed flow patterns are mainly categorized into four unique behaviors. These behaviors are (a,e) outward-inward (droplet = CPC, 10 mM, bath = SDS, 1 mM), 
(b,f) oscillation (droplet = SDS, 100 mM, bath = CPC, 1 mM), (c,g) outward-inward-outward (droplet = SDS, 100 mM, bath = CPC, 50 mM), and (d,h) only outward 
(droplet = CPC, 100 mM, bath = SDS, 1 mM). These observations are also available in Movies S1-S4 (Supporting Materials). The velocity vectors obtained from 
PIV measurements are partially overlaid on the images, where the blue arrows indicate radially outward flow and the red arrows show inward flow with the color 
variation representing the radial velocity component 𝑢𝑟. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

Lastly, when a droplet of moderate-to-high concentration of CPC 
(> 20 mM) is introduced into a bath of extremely low SDS concentra-
tion (< 1 mM) or pure water, only a rapid outward flow is observed 
(Figs. 1d,h, Movie S4), displaying a typical unidirectional Marangoni 
flow. The same behavior can also be observed for very low concentra-
tions of CPC in the bath.

The non-monotonic flows (OI, OIO, and oscillation) observed in 
Figs. 1a-c exhibit inward flows, which demonstrate the potential role of 
surfactant complexation present at elevated concentrations in the emer-
gence of complex Marangoni patterns. The observed flow patterns can 
be attained over various ranges of surfactant concentrations and mix-
ing ratios for both SDS and CPC baths, as shown in the phase diagrams 
in Fig. 2. The phase diagrams indicate that different surfactant types 
present in both the bath and the droplet have a substantial effect on 
the flow characteristics. For instance, the deposition of a droplet with 
a concentration of 50 mM SDS onto a bath containing 50 mM CPC re-
sults in an OIO flow pattern. However, the reverse scenario, where a 
droplet with a concentration of 50 mM CPC is deposited into a bath of 
50 mM SDS, does not exhibit the same behavior. As shown in Fig. 2, “no 
flow” behavior is observed over a broader range of bath concentrations 
when filled with CPC compared to SDS. This is due to the CPC generally 
causing lower surface tension compared to SDS across a broader range 
of concentrations [22]. Consequently, a higher concentration of SDS is 
required within the droplet to establish a surface tension gradient that 
generates an initial outward flow.

3.2. Surface tension and reaction kinetics of SDS/CPC mixtures

The phase diagrams in Fig. 2 show that the flow behaviors are not 
only dependent on the concentration but also the composition ratio. 
For instance, by maintaining a constant droplet concentration and al-
tering the bath concentration or vice versa, distinct flow patterns can 
be attained. This indicates that in some cases, despite the surfactant 
concentration being above the CMC, where the surface tension is nearly 
independent of the surfactant concentrations, variations in the flow pat-
terns can still be accomplished. These observations suggest that the 
surfactant mixture involves reactive interactions that affect the surface 
tension. Moreover, as illustrated in Fig. 1, the observed spatiotemporal 
shifts in the flow direction during OIO, OI, or oscillation imply the oc-
currence of dynamic, localized changes in the concentrations of SDS and 
CPC during the progression of the interaction between SDS and CPC, and 
thus the surface tension.

In this regard, we performed surface tension measurements using the 
pendant drop method for varied concentrations and ratios of SDS/CPC, 
where the measurement results are presented in Fig. 3 [18]. As ex-
pected, the surface tension generally goes down with increasing surfac-
tant amount. The surface tension does, however, exhibit multiple local 
maxima at around equimolar mixture ratio at which precipitation can 
also be seen. This behavior is a direct indication that the surfactant re-
actions impact the surface tension, where the production of precipitate 
results in a decrease in the concentration of SDS and CPC monomers, 
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Table 1
Kinetic coefficients at different surfactant concentrations.
Kinetic type Very low concentration 

(𝑐 ≤ 1 mM)
Low concentration 
(1 < 𝑐 ≤ 10 mM)

Intermediate concentration 
(10 < 𝑐 ≤ 25 mM)

High concentration 
(𝑐 > 25 mM)

𝑣𝑚 𝑘 𝑣𝑚 𝑘 𝑣𝑚 𝑘 𝑣𝑚 𝑘

Slowa 0.775 0.794 1.21 1.47 2.77 11.1 3.80 9.23
Fastb 1.10 2.58 31.0 5.07 125 75.0 419 6.59
Combinedc - - 5.55 1.49 5.58 21.3 6.89 20.5
a Reaction rate changes slowly (rate taken from the slope of the reaction curve at the lower asymptote).
b Reaction rate changes abruptly (upper asymptote of the reaction curve).
c All data points are taken into account.

Fig. 2. Phase diagrams revealing various modes of Marangoni flows triggered 
by surfactant mixing at varying concentrations. (a) CPC bath and SDS droplet. 
(b) SDS bath and CPC droplet.

Fig. 3. Surface tension measurements of water-air interface in the presence of 
SDS and CPC mixture at varying concentrations and mixture ratios.

thereby leading to elevated surface tension [23,24]. This observation 
contrasts with the synergistic reduction in the surface tension observed 
in non-reacting binary surfactant mixtures without the formation of pre-
cipitation, as reported in the recent study by Hsieh et al. [12].

This interaction has a direct effect on the surface tension and, as 
a result, plays a crucial role in modifying the direction and the magni-
tude of the Marangoni stress at the interface. To quantify the interaction 
between the surfactants, we measured the reaction kinetics using spec-
trophotometry. Assuming that our system follows the Michaelis-Menten 
kinetics due to the asymmetry in the amount of surfactants between the 
bath and the droplet [19,20,25], the reaction rate reads

𝑅𝑐 =
𝑣𝑚𝑐
𝑘+ 𝑐

, (1)

where 𝑐 is the surfactant concentration of the droplet, 𝑣𝑚 is the max-
imum reaction rate, and 𝑘 is the Michaelis coefficient. The measured 
coefficients are tabulated in Table 1 for different surfactant concentra-
tions. Our kinetic measurements show that the interaction between CPC 
and SDS occurs at two distinct rates (fast and slow). When a droplet of 
surfactant solution is added to the bath of counterion surfactants, the 
reaction proceeds at a rapid rate at high concentrations and then grad-
ually slows down, as indicated by the large difference in the reaction 
rate 𝑣𝑚. On the other hand, this distinct rate change cannot be seen at 
very low surfactant concentrations as 𝑣𝑚 are measured to be relatively 
similar (e.g., 0.78 for slow and 1.1 for fast kinetics). With increasing 
surfactant concentrations, 𝑣𝑚 rises from 0.78 to 3.8 for slow kinetics 
and 1.1 to 419 for fast kinetics, indicating stronger ionic interactions 
at higher concentrations. The rapid, strong surfactant reactions at high 
concentrations alter the local surfactant concentration gradients, lead-
ing to non-monotonic Marangoni patterns such as OIO, OI, or oscillatory 
flows.

3.3. Reactive transport of surfactant mixtures

To gain a detailed picture of reactive surfactant transport, we con-
ducted numerical simulations of surfactant transport that incorporate 
the measured reaction kinetic and surface tension data as input parame-
ters. We solve Navier-Stokes and advection-diffusion-reaction equations 
to model the observed phenomena, which builds on the previous works 
by Mandre [15] and Hsieh et al. [12]. More details regarding the numer-
ical simulations are provided in the Supporting Materials. We compare 
the flow velocity at the interface obtained by using particle image ve-
locimetry (PIV) and the numerical simulations at three distinct time 
points for OIO and OI flows, as shown in Fig. 4. Without the use of 
any free parameters, we obtain a reasonable agreement in terms of pre-
dicting the non-monotonic flow reversals and the velocity magnitude 
between the data obtained from simulations and the measurements ac-
quired using PIV. The observed flow behaviors are essentially contingent 
upon the interaction of the constituents, leading to diverse flow behav-
ior at different concentrations and mixing ratios.

The surfactant transport and the resulting surface tension distri-
bution for OIO and OI flows are shown in Fig. 5. For the OIO case 
(Figs. 5a,b; Movie S5,6), upon the introduction of a 50 mM SDS droplet 
onto a 50 mM CPC bath, a surface tension gradient is established near 
the central region (𝑟 → 0), initiating the outward flow (𝑡 = 50 ms). 
Soon after (500 ms), the rapid interaction between SDS and CPC at 
high concentration triggers inward Marangoni flow. This interaction, 
characterized by a relatively large reaction rate (𝑣𝑚 = 419), represents 
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Fig. 4. Comparison of PIV measurements and numerical simulations for the radial flow velocity 𝑢𝑟 for two different flow modes; (a) outward-inward-outward flow 
(droplet = SDS, 50 mM; bath = CPC, 50 mM) and (b) outward-inward flow (droplet = CPC, 10 mM; bath = SDS, 2 mM).

strong irreversible interactions between the surfactants at high concen-
trations, which leads to rapid reduction in the SDS concentration. This 
will, in turn, cause an increase in the surface tension near the central re-
gion, leading to inward flow. Then, the reaction gradually slows down 
(𝑣𝑚 = 3.8) with reduced SDS at the interface. Subsequently, this inward 
flow brings unreacted SDS and CPC from the periphery to the center, 
which again results in a slight decrease in the surface tension near the 
center. Such a slight change in the surface tension creates a weak out-
ward flow (800 ms). We note that during the inward flow, weak outward 
flow concurrently exists at the outer region, as shown in both the PIV 
measurement and the numerical simulations (black arrows in Fig. 5b 
at 500 ms). This is attributed to the localized, non-monotonic surface 
tension gradients established by the concentration-dependent reaction 
rates.

A comparable transport pattern can also be discerned in the case of 
OI, despite the absence of a secondary outward flow (Figs. 5c,d; Movie 
S7,8). When a droplet of 10 mM CPC is introduced to a bath containing 
2 mM SDS, the sharp reduction in the surface tension near the center 
results in a rapid outward flow, which facilitates the transport of un-
reacted CPC away from the center. As the chemical reaction proceeds 
and the concentration of CPC decreases in the central region, there is a 
steady increase in the surface tension, leading to the flow returning to-
wards the center, as seen by the flow field in Fig. 5d at 500 ms. In the 
long run, the inward flow gradually weakens, which contrasts with the 
observations shown in Figs. 5a,b where the inward flow is followed by 
a rather weak outward flow due to the remaining unreacted surfactant 
species.

The discrepancy between the two flow modes is mainly attributed to 
the variation in the reaction rate. The kinetic data provided in Table 1
demonstrates a large disparity in 𝑣𝑚 between the slow and fast reaction 
kinetics for both high- and low-concentration scenarios. At early times 
(< 500 ms), the significant reduction in maximum droplet concentration 
from 50 to 13 mM in the OIO instance, and from 10 mM to 0.9 mM in 
the OI case, is attributed to initially fast reaction kinetics. At later times 
(> 500 ms), in the OI scenario, the kinetic state remains fast, leading 
to a nearly complete depletion of surfactant (maximum concentration: 
0.9 mM → 0.12 mM), whereas in the OIO case reaction slows down so 
that the reduction in the surfactant concentration is weaker (maximum 

concentration: 13 mM → 10 mM). Variations in the reaction rate and the 
distinct surface tension of SDS/CPC mixtures at elevated concentrations 
lead to the difference between these two cases.

The reactive origin of the OI and OIO flows suggests that Damköhler 
number may be used to properly characterize the flow modes. While it 
is difficult to define a single Damköhler number in our system as the 
flow and the reactions are rapidly changing in time and space, using 
the simulation data we may define an instantaneous, spatially averaged 
Damköhler number as

Da(𝑡) =
⟨ 𝑅𝑐(𝑟, 𝑡)𝓁∥
𝑢𝑟(𝑟, 𝑡)𝑐(𝑟, 𝑡)

⟩
, (2)

where 𝓁∥ is the characteristic length scale of the flow in the horizontal 
direction and ⟨⋅⟩ is the spatial average in the horizontal direction over 
𝓁∥ along the air-water interface. In Fig. 6, we plot Da over the course of 
simulations (up to 3 seconds), for which we identify distinct ranges of 
Da for different flow modes. As shown, the Da is significantly larger for 
OIO, OI, suggesting that the flow patterns are predominantly influenced 
by the surfactant reaction. On the other hand, for a low surfactant con-
centration or in pure water, Da≪ 1, indicating that reactive transport is 
negligible. The ranges in which Da less than unity in OIO and OI flows 
correspond to the second outward flow in OIO or the late stages of the 
inward flow of OI, both of which exhibit weakened reactions.

3.4. Oscillatory flows

The underlying mechanisms that drive OI and OIO Marangoni flows 
have been fully elucidated through experimental measurements and nu-
merical modeling. Based on the similarities in how the flow behaves, we 
believe that the Damköhler number for the oscillatory flow should also 
lie within a similar range to what has been observed in the OIO and 
OI scenarios. Nevertheless, the current numerical simulations were not 
able to predict the occurrence of oscillatory flow patterns because the 
simulations do not account for the solid precipitation layer on the liquid 
interface. Hence, we speculated that, in addition to the non-monotonic 
surface tension and reaction kinetics, more factors would be involved in 
the manifestation of the observed oscillatory flows. Upon further inspec-
tion of the flow oscillation via image analysis and PIV measurements, 
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Fig. 5. Numerical simulations of surfactant transport for (a,b) OIO (droplet = SDS, 50 mM; bath = CPC, 50 mM) and (c,d) OI (droplet = CPC, 10 mM; bath = 
SDS, 2 mM) flows. (a,c) Profiles for the surface tension (solid blue curve), concentration of surfactants from the droplet (dotted red curve), and concentration of 
surfactants from the bath (dashed red curve) along the air-water interface (𝑧 = 0 mm) for (a) OIO and (b) OI flows. (b,d) Droplet surfactant concentration plot for 
(b) OIO and (d) OI flows. Black arrows represent the direction of fluid flow at the interface. The plots are extracted from Movies S5-S8 (Supporting Materials).

Fig. 6. Spatially averaged Damköhler number obtained from the simulations for 
various flow patterns.

we hypothesized that this flow is attributed to the interplay between 
the Marangoni stress and the dissipation of elastic energy from the solid 
precipitation layer. This finding closely aligns with the recent observa-

tions made by Yano et al. involving insoluble surfactants and alcohol 
molecules [26].

As shown in Fig. 7 (Movie S9), the initial outward Marangoni flow is 
accompanied by the formation of a solid layer of precipitates resulting 
from the complexation of oppositely charged surfactants. The precipita-
tion layer darkens over time, indicating a gradual increase in the film 
thickness. The outward Marangoni flow exhibits an outward stress that 
is strong enough to cause the precipitation layer to break apart (383 ms, 
green fragment). This film breakage exposes the unreacted surfactants 
from the bath to the free surface, which shortly after undergoes reac-
tion with the residual surfactants from the droplet, thus increasing the 
surface tension and giving rise to reversed Marangoni flow, as shown by 
red arrows at 416 ms.

The initial outward Marangoni flow has not yet lessened; as soon as 
the newly created free surface is covered with a new layer of precipi-
tates, the inward flow weakens, enabling the outward flow to prevail 
once again. Subsequently, the new precipitation layer undergoes disin-
tegration (shown by the yellow fragment at 483 ms in Fig. 7), repeating 
this cycle until the outward Marangoni flow weakens.

Over time, as the reaction progresses, the fragmented precipitation 
layer undergoes an expansion in size and thickness, and as a conse-
quence, the surface tension gradient is expected to decrease, which 
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Fig. 7. Image sequence of oscillatory flow resulting from the dynamic interplay between outward and inward Marangoni flows and breakage of solid precipitation 
film. Droplet = SDS, 25 mM; bath = CPC, 25 mM. Blue arrows indicate radially outward flow (u𝑟 > 0) while red arrows indicate inward flow (u𝑟 < 0). Each breakage 
of the precipitation film is false-colored for better visualization. u𝑖𝑟 represents the maximum and minimum radial velocity at each instance. The video is shown in 
Movie S9 (Supporting Materials).

should result in a weaker Marangoni flow. Nevertheless, this behavior is 
not observed through the PIV analysis at later times, as depicted in Fig. 7
(≥ 541 ms), which shows a sudden burst of a strong outward flow. The 
increased outward flow observed at subsequent times can be explained 
by the fact that the elastic energy released within the larger fragmented 
layer upon breakage (shown by the brown fragment at 541 ms) has 
enough strength to overcome the retraction of the layer through the 
inward Marangoni stress. The outward movement of the large brown 
fragment and the inward movement of the small blue fragment are 
attributed to the size-dependent elastic stress within different precip-
itation fragments. In the case of the small blue fragment, the inward 
Marangoni stress is greater than the elastic stress, leading to inward 
flow, whereas the larger brown fragment experiences elastic stress that 
is strong enough to surpass the inward Marangoni flow.

3.5. Attractive surfactant interaction drives non-monotonic Marangoni 
flows

To ensure that the flow reversal and oscillation stem from surfactant 
interactions, we conduct experiments on different surfactant combina-
tions, utilizing a non-ionic surfactant Triton X-100 (TX) and another 
cationic surfactant cetyltrimethylammonium bromide (CTAB), in addi-
tion to SDS and CPC. Fig. 8 displays the radial flow velocity profiles for 
the combinations of SDS/CPC and SDS/TX. Unlike the case of a CPC 
droplet in the SDS bath, which creates an inward Marangoni flow at 
later times (Fig. 8a), introducing a TX droplet onto a bath of either SDS 
or CPC did not result in any discernible inward flow, as depicted in 
Fig. 8b. In addition, a mixture of cationic surfactants, CPC and CTAB, 
did not induce any noticeable flows in the majority of instances.

Based on these observations, we postulate that the attractive coulom-
bic interactions between cationic and anionic surfactants, which exhibit 
a significant interaction strength, give rise to the formation of localized 
concentration gradients that facilitate the complex flow patterns. The 
interaction strength of surfactant mixtures can be quantified by the in-
teraction parameter 𝛽, which is defined as [27]

𝛽 = 1
(1−𝑋1)2

ln
(

𝑌1 CMC∗
𝑋1 CMC1

)
. (3)

𝑋1 is the mole fraction of surfactant 1 in the surfactant mixture, 𝑌1 is 
the mole fraction of surfactant 1 in mixed micelles, CMC1 is the critical 
micelle concentration of surfactant 1 in the solution that only consists of 

Fig. 8. Impact of surfactant combinations on flow behaviors (a) CPC droplet (10 
mM) in SDS bath (1 mM). (b) Triton X-100 droplet (0.25 mM) in SDS bath (1 
mM).

surfactant 1, and CMC∗ is the critical micelle concentration of the mixed 
surfactant solution. 𝛽 quantifies the interaction between two dissimilar 
surfactants relative to the self-interaction of the corresponding pure sur-
factants before mixing. Negative values indicate attractive interactions, 
whereas positive values indicate repulsive interactions. When weak in-
teractions occur or no interaction is present, the value falls close to zero 
[28].

The combination of SDS/CPC is reported to have a relatively large 
negative value (−15.9 < 𝛽 < −4.8) [23], indicating that the attractive in-
teractions are pronounced. On the other hand, TX/CPC mixture exhibits 
a significantly smaller 𝛽 value (𝛽 = −0.48) due to a lack of coulom-
bic interactions. Likewise, for CTAB/CPC mixture, the repulsive nature 
of their coulombic interaction results in mainly small positive 𝛽 value 
(−0.88 < 𝛽 < 2.2). The correlation between the interaction parameter 
𝛽 and the observed Marangoni flow patterns suggests the underlying 
cause of complex flow patterns is particularly due to the strong attrac-
tive interactions in anionic-cationic surfactant mixtures. This interaction 
results in distinct flow characteristics that are not observed in other non-
attractive surfactant combinations [29–31,12].

3.6. Negligible role of thermal Marangoni effect

Strong coulombic interactions between oppositely charged surfac-
tants can also result in a significant enthalpic change [32–34]. We note 
that our system may experience thermal Marangoni effect due to the 
change in the local fluid temperature upon the addition of a droplet to 
the bath. To ascertain the observed flow behaviors do not stem from 
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the thermal Marangoni effect, we performed thermal imaging to obtain 
the temperature change during surfactant complexation. We observed a 
maximum temperature change of about 1 ◦C upon introducing droplet 
to the bath (Fig. S3). With this temperature change, back-of-envelope 
calculations show that solutal Marangoni flow is dominant, whereas 
thermal Marangoni flow does not significantly contribute to the flow. 
For instance, balancing the stresses at the interface gives the solutal and 
thermal Marangoni velocity as, respectively,

𝑢𝑆 ≈
𝓁⟂𝜕𝑐𝜎

𝜇
∇𝑠𝑐, 𝑢𝑇 ≈

𝓁⟂𝜕𝑇 𝜎
𝜇

∇𝑠𝑇 , (4)

where 𝜇 is the fluid viscosity, ∇𝑠 is the gradient along the interface, 
and 𝜕{𝑐,𝑇 }𝜎 is the variation in the surface tension with respect to solute 
concentration (𝑐) or temperature (𝑇 ) change [35–37]. 𝓁⟂ is the mo-
mentum diffusion length, which scales as 𝓁⟂ ∼ (𝜇𝓁∥∕𝜌𝑓 𝑢)1∕2, where 𝜌𝑓
is the fluid density. Using the numerical simulation and thermal mea-
surement results for the concentration and temperature fields, we find 
the ratio between the thermal and solutal Marangoni flow as 𝑢𝑇 ∕𝑢𝑆 =(
𝜕𝑇 𝜎∇𝑠𝑇
𝜕𝑐𝜎∇𝑠𝑐

)2∕3
≈ 0.01. Thus, the solutal Marangoni effect is estimated to 

be two orders of magnitude stronger than the thermal Marangoni effect, 
confirming that thermal Marangoni flow is negligible in our system.

4. Conclusion

Prior studies on Marangoni flows have primarily focused on inves-
tigating a single type of surfactant and overlooked the examination of 
irreversible reactions and interactions among multicomponents, partic-
ularly at concentrations exceeding CMC, where precipitations and mi-
celles can be formed and alter Marangoni flows [10–14]. In this work, 
we demonstrated emergent Marangoni flows driven by ionic surfactant 
interactions. Complex, non-monotonic Marangoni flows found in this 
work are shown to be sensitive to the concentration and composition of 
the surfactant mixture, as well as the interaction strength of the surfac-
tant constituents. The surface tension measurements revealed that the 
mixture of cationic and anionic surfactants has a non-monotonic rela-
tionship with the concentration and mixing ratio of surfactants. Such 
non-linear surface tension is the main reason for the observed non-
monotonic Marangoni flows. Numerical simulations of reactive trans-
port complemented by reaction kinetic measurements provided further 
insights into the underlying mechanism of each flow pattern. We also 
demonstrated that the presence of a solid precipitation layer formed by 
surfactant complexation gives rise to oscillatory flow patterns, where 
the competing Marangoni stress and elastic stress released within the 
precipitation layer are expected to drive the oscillatory flows. Further 
experimental investigations, such as interfacial rheometry, are required 
to fully elucidate the underlying mechanism of the oscillatory flows.

Additional investigations on other factors that directly impact surfac-
tant reactions, e.g., salinity and temperature, will help to strengthen our 
understanding of the reaction-driven interfacial flows. Exploring these 
effects on the multicomponent Marangoni flows is critical, as variations 
in both the salinity and temperature can have a significant impact on 
CMC and surfactant precipitation [38,39]. Moreover, incorporating the 
formation of micelles and precipitates into numerical models, which has 
been neglected in the current study, will also provide a more robust 
understanding of the underlying dynamics of the observed oscillating 
flows.

The findings of the current study have the potential to offer valuable 
insights into more efficient oil recovery techniques where convective 
fluxes into confined pores can be induced by interfacial tension gra-
dients to improve the oil extraction [40,41,6]. Additional applications 
potentially enabled by the radially converging flows (inward flows) re-
ported in this study include the development of effective oil cleanup 
methods in situations where impaired water reservoirs contain various 
surfactants. Dispersed oil droplets and slicks may coalesce via the ini-
tial outward Marangoni flow, followed by gathering at the center via the 

subsequent inward flow to help clean the contaminated surface [11,42]. 
Ultimately, this understanding may also have implications for control-
ling the proliferation of waterborne pathogens in contaminated regions, 
where pathogens are dispersed via Marangoni flows [43,44].
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