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A B S T R A C T

The use of surfactants represents a viable strategy to boost the removal yield of Dense Non-Aqueous Phase
Liquids (DNAPLs) from groundwater and to shorten the operational timing of the remediation process.
Surfactants, in general, help in reducing the interfacial tension at the DNAPL/water interface and enhance
the solubility of the pollutant in the water phase through the formation of dispersed systems, such as micelles
and emulsions. In this paper, we show that a suitable choice of a surfactant, in this case belonging to the bio-
degradable class of ethoxylated alcohols, allows for the formation of hydrodynamic interfacial instabilities that
further enhances the dissolution rate of the organic pollutant into the water phase. In a stratified configuration
(denser organic phase at the bottom and lighter water phase on top), the instabilities appear as upward-
pointing fingers that originate from the inversion of the local density at the interface. This inversion stems
from the synergetic coupling of two effects promoted by the ethoxylated surfactant: i) the enhanced co-
solubility of the DNAPL into the water (and viceversa), and (ii) the differential diffusion of the DNAPL and
the surfactant in the aqueous phase. By dissolving into the DNAPL, the surfactant also reduces locally the
surface tension at the liquid–liquid interface, thereby inducing transversal Marangoni flows. In our work, we
carefully evaluated the effects of the concentration of different surfactants (two different ethoxylated alcohols,
sodium dodecylsulphate, cetyltrimethyl ammonium bromide, 𝑁-tetradecyl-𝑁 , 𝑁-dimethylamine oxide and
bis(2-ethylhexyl) sulfosuccinate sodium salt) on the onset of the instabilities in 3 different DNAPLs/water
stratifications, namely chloroform, trichloroethylene and tetrachloroethylene, with a special emphasis on the
trichloroethylene/water system. By means of a theoretical model and nonlinear simulations, supported by
surface tension, density and diffusivity measurements, we could provide a solid explanation to the observed
phenomena and we found that the type of the dispersed system, the solubility of the DNAPL into the water
phase, the solubility of the surfactant in the organic phase, as well as the relative diffusion and density of the
surfactant and the DNAPL in the aqueous phase, are all key parameters for the onset of the instabilities. These
results can be exploited in the most common remediation techniques.
1. Introduction

The remediation of sites polluted by Dense Non-Aqueous Phase
Liquids (DNAPLs) poses several technological and environmental chal-
lenges. Most DNAPLs are chemically inert and recalcitrant to bio-
logical attacks, thus in-situ transformation or mineralisation is not
easily achievable (Moccia et al., 2017; Hussain et al., 2022). For
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these reasons, the most important remediation strategies rely on the
removal of DNAPLs from the polluted site and their ex-situ chemical
destruction by means of thermal incineration, heterogeneous catalytic
mineralisation and advanced redox processes (Cucciniello et al., 2017;
Intiso et al., 2019; Ebrahimbabaie and Pichtel, 2021; Hussain et al.,
2022). However, even the removal itself is a demanding task; for
example, due to the scarce solubility of the DNAPLs in water and
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their high density, the classic pump and treat (P&T) technique is
not quite effective. To partially overcome the mobility issues of the
DNAPLs, P&T has been improved by adding surfactants, solvents and
co-solvents to the injected water phase (enhanced remediation or co-
olvent/surfactant flushing) (Huo et al., 2020). The presence of sur-
actants, in fact, lowers the interfacial tension between the DNAPLs
nd the aqueous phase and improves the solubility of the organic
ompounds in water, when the concentration of the surfactant is above
he Critical Micellar Concentration (CMC).

Many amphiphilic molecules have been tested in terms of the molar
olubilisation ratio (MSR) and a wide range of alternatives is nowadays
vailable for their employment in remediation processes. However, the
se of surfactants poses new problematics somehow overlooked in the
ast and related with their partitioning in the organic phase (Zim-
erman et al., 1999), such as their potential harmfulness in case of

ccidental release and the risk of causing a downward mobilisation of
NAPLs (Ramsburg and Pennell, 2002). To mitigate these drawbacks,
iodegradable surfactants can be harnessed and additional compounds
dded to the extracting solution thus modulating the density of the
NAPLs (Kibbey et al., 2002; Ramsburg and Pennell, 2002; Yang et al.,
022). Recently, we found that biodegradable ethoxylated alcohols
elonging to the Synperonic™ family are effective for increasing the
olubility of TCE in water (Intiso et al., 2018; Garza-Arévalo et al.,
019) and for accelerating the mass transfer during the dissolution
rocesses (Valletti et al., 2021).

In this paper, we report the effect of two nonionic surface-active
thoxylated alcohols (Synperonic™ 91/10 and Synperonic™ 91/5) in
nitially stable stratifications, where they are employed in aqueous solu-
ions layered on top of different DNAPL (chloroform, trichloroethylene
nd perchloroethylene). In particular their properties as solubility and
ensity modulators were investigated. The presence of the surfactant in
he less dense water phase at concentrations above 1×10−2 M, promoted
he onset of hydrodynamic instabilities in the form of upwards plumes,
hat enhance the mixing of the two phases and, in particular, the
NAPL dissolution. We conducted our experiments in a Hele-shaw cell,
hich represents a viable model for porous media (Saffman and Taylor,
958; Trevelyan et al., 2011), and we compared the results with surfac-
ants belonging to other classes (anionic, cationic and zwitterionic). In
ur interpretation, instabilities stemmed from the inversion of the local
ensity at the interface, due to the mutual solubilisation of the DNAPL
n the upper aqueous phase and the surfactant in the bottom DNAPL,
ombined to their differential diffusion in the aqueous phase.

Several model systems have been developed to explore the be-
aviour of DNAPLs in subsurface, both to understand how the DNAPLs
igrate into the soil or in the groundwater following a spillover, and/or

o characterise the mobilisation of the DNAPLs during the remediation
rocedures (Agaoglu et al., 2015; Engelmann et al., 2019). In gen-
ral, these multiphase flow models aim to predict the mass transfer
f DNAPLs in aqueous solutions as a function of the boundary and
nvironmental conditions (porosity, temperature etc.) and the most
nfluential parameters were found to be the flow velocity and the
ontact time between different phases. In the case of remediation
pplications, the lowering of the surface tension and the enhancement
f the DNAPL solubility, due to the presence of surfactants, also play
fundamental role. Most of the experimental models were devised

n pseudo 2-dimensional tank reactors where the mass transfer of the
NAPLs to the water compartments was characterised as a function
f the environmental conditions and of the relative flow-rate of the
iquids (Luciano et al., 2010, 2012, 2018; Liu et al., 2014; Colombano
t al., 2021; Wang et al., 2022).

However, in this work we did not consider the transversal flow
f the water phase at the interface; rather, we were interested in
nderstanding the spontaneous onset of the instabilities in static con-
itions. Therefore, we adopted a slightly different modelling approach
nd we framed the problem in the context of the convective dissolu-
2

ion between partially miscible or immiscible fluids. This aspect has t
een thoroughly investigated due to its relevance for many applied
rocesses, ranging from petroleum recovery and CO2 geologic seques-
ration to materials and pharmaceutical engineering. The generation
nd control of convective flows in such systems is of practical impor-
ance because hydrodynamics can sustain a mass transfer from one fluid
hase to the other much more intensively than molecular diffusion.
he theoretical models developed and optimised in this context rely
n the general Navier–Stokes equations (or related formulation like
arcy’s equations) coupled to Fickian diffusion and to chemical terms,

f any reaction is at play (Lappa et al., 2005; Bratsun and De Wit,
004; Budroni et al., 2014; Loodts et al., 2014; De Wit, 2016; Budroni
t al., 2017). Here we adopted this general framework which, supported
y experimental measurements of the fluid densities and species dif-
usivities, could provide a solid description and an explanation of the
ynamics observed.

. Materials and methods

.1. Chemicals

Synperonic™ 91/5 (Syn 91/5, Polyoxyethylene(5) C9-C11 alcohol,
ensity 0.978 g cm−3) and Synperonic™ 91/10 (Syn 91/10, Poly-
xyethylene(10) C9-C11 alcohol, density 0.998 g cm−3) are biodegrad-
ble ethoxylated alcohols, provided by Croda International (UK). Syn-
eronic™ solutions at different concentrations were prepared by dilu-
ion from a stock solution having a concentration 1.00 M. The anionic
urfactant bis(2-ethylhexyl) sulfosuccinate sodium salt (AOT, 95% pu-
ity) was purchased from Sigma-Aldrich (St. Louis, MO, USA). The
ationic surfactant cetyltrimethylammonium bromide (CTAB 99% pu-
ity) was purchased from Acros Organic (New Jersey, USA). The zwit-
erionic N -tetradecyl-N,N -dimethylamine (C14-DMAO) was a gift of
rof. H. Hoffman (Bayreuth Center for Colloids & Interfaces). The
nionic surfactant sodium dodecyl sulfate (SDS 99% purity) was pur-
hased from BIOCHEM Chemopharma (Cosne sur loire, France). The
elevant properties of surfactants are given in Table 1 and the chemical
tructures are reported in Fig. 1(a). Surfactant solutions were prepared
ccording to their solubility in water. In particular, AOT was used in
he concentration range 0.01 M – 0.05 M, CTAB in the range 0.01 M –
.03 M, C14-DMAO in the range 0.05 M – 0.10 M and SDS in the range
.10 M – 1.00 M.

Three chlorinated organic compounds, trichloroethylene (TCE),
etrachloroethylene (PCE) and chloroform (CF) were used as repre-
entatives of the DNAPLs group. TCE (analytical grade > 99.5%) was
urchased from Sigma-Aldrich (St. Louis, MO, USA). PCE (analytical
rade > 98.5% purity) was purchased from Thermo Fisher Scientific
Waltham, MA, USA). CF (99.5% purity) was provided by Labscan
imited (Dublin, Ireland). The physical properties of TCE, PCE and CF
re reported in Table 2 and the chemical structures in Fig. 1(b).

All experiments were performed in ultra-pure water with resistivity
1 MΩ cm, at room temperature and all the compounds were used as

received.
All spectrophotometric measurements were carried out by using a

UV–VIS spectrophotometer (Agilent 8453, Agilent Technologies, Santa
Clara (CA), USA).

2.2. Monitoring of hydrodynamic instabilities

To study the interfacial dynamics between DNAPLs and surfactant
aqueous solutions, a quartz cuvette, having 1 mm thickness
(1 × 10 × 50 mm), was used as a Hele-Shaw cell. In a typical
xperiment, two equal volumes of solutions with different densities
ere layered in the cell, as sketched in Fig. 2. The bottom one consists
f the denser organic phase and the top one contains pure water or
urfactant aqueous solutions. All experiments were carried out at room

◦
emperature (∼ 25 C).
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Table 1
Properties of the surfactants tested (MW = molecular weight; CMC = critical micelle concentration; 𝐷𝑇

𝐵 =
diffusivity of the surfactant in the top aqueous phase; 𝐷𝐵

𝐵 = diffusivity of the surfactant in the bottom
organic phase; 𝜕𝐵𝜌𝑇 = density expansion coefficient of the surfactant in the aqueous phase; 𝜕𝐵𝜌𝐵 = density
expansion coefficient of the surfactant in the organic phase). MW and CMC were taken from: Rossi et al.
(2008) C14-DMAO, Apte (2016) SDS, CTAB, AOT, Garza-Arévalo et al. (2019) Syn 91/5, Syn 91/10; 𝐷𝑇

𝐵 ,
𝐷𝐵
𝐵 , 𝜕𝐵𝜌𝑇 , 𝜕𝐵𝜌𝐵 were measured in this work.

MW CMC 𝐷𝑇
𝐵 𝐷𝐵

𝐵 𝜕𝐵𝜌𝑇 𝜕𝐵𝜌𝐵

(g mol−1) (M) (cm2 s−1) (cm2 s−1) (g cm−3 M−1) (g cm−3 M−1)

C14-DMAO 257.50 1.60 × 10−4

SDS 288.38 8.25 × 10−3

CTAB 365.45 9.2 × 10−4

Syn 91/5 378.54 8.24 × 10−4

AOT 444.56 6.4 × 10−4

Syn 91/10 598.80 6.10 × 10−4 1.03 × 10−6 1.30 × 10−5 0.0365 −0.15
Table 2
Physical properties of the chlorinated organic compounds. 𝐷𝑇

𝐴 and 𝜕𝐵𝜌𝑇 were measured
in this work.

MW Density Water solubility 𝐷𝑇
𝐴 𝜕𝐵𝜌𝑇

(g mol−1) (g cm−3) (g L−1) (cm2 s−1) (g cm−3 M−1)

CF 119.38 1.49 8.09
TCE 131.4 1.46 1.28 8.60 × 10−6 0.0365
PCE 165.83 1.62 0.15

Fig. 1. Chemical structure of (a) the surfactants and (b) organic solvents tested.

The spatiotemporal dynamics around the interface between the
two layers were observed by using the schlieren technique (Joannes
et al., 2003) which makes visible changes of the refractive index and
gradients of density in otherwise colourless liquids. Our homemade
setup (see the scheme illustrated in the supplementary movie) did not
allow for quantitative measurements of the concentrations; however,
the contrast between areas having different compositions was found
qualitatively proportional to the difference of density, with darker
areas corresponding to denser regions (see section 9 and Figure S9
in the SI). Images of the interface instabilities have been acquired
through a CMOS camera (Imaging Source GmbH, Bremen, Germany)
at 1–30 fps. Collected images were analysed by using the ImageJ
software (Schneider et al., 2012).

To understand the role of the intermediate phase (M-phase), which
forms across the layer interface by diffusive mixing of the aqueous and
organic components before the onset of the instabilities, we performed
some experiments by stratifying water solutions directly on top of the
M-phase, poured in the Hele-Shaw cell in the place of the pure DNAPL.
3

Table 3
Maximal solubility of TCE in Syn 91/10 solutions,
𝐶𝑇𝐶𝐸
𝑠 , at ∼25 ◦C.

Syn 91/10 (M) 𝐶𝑇𝐶𝐸
𝑠 (M)

1 × 10−4 9.74 × 10−3

1 × 10−3 0.011
0.01 0.04
0.05 0.15
0.08 0.26
0.10 0.33
0.15 0.45
0.20 0.64

M-phase was prepared by layering 1 mL of [Syn 91/10] = 0.08 M on
top of 1 mL of pure TCE followed by vigorous stirring for 1 h, finally the
supernatant (M-phase) was transferred into a vial and used for analysis.

2.3. Solubility

The maximal solubility of PCE (𝐶𝑃𝐶𝐸𝑠 ) in Syn 91/10 solutions was
determined through the progressive addition of known amounts of
PCE to water solutions at a given concentration of surfactant, followed
by vigorous shaking, until a macroscopic phase-demixing took place
(cloudy solutions). The last volumetric addition before the demixing
process was used to calculate 𝐶𝑃𝐶𝐸𝑠 . More details can be found in Intiso
et al. (2018), Garza-Arévalo et al. (2019), where the same technique
was employed to measure the maximum solubility of TCE (𝐶𝑇𝐶𝐸𝑠 ) in
Syn 91/5 and Syn 91/10 aqueous solutions, respectively (𝐶𝑇𝐶𝐸𝑠 for Syn
91/10 systems is reported in Table 3).

By applying the same procedure, the maximum solubility of pure
Syn 91/10 (𝐶𝑆𝑦𝑛91∕10𝑠 ) and Syn 91/5 (𝐶𝑆𝑦𝑛91∕5𝑠 ) in the three chlorinated
compounds was also assessed (see Table S7 in the SI).

2.4. Density

A thorough characterisation of the TCE/Syn 91/10 system density
(𝜌) was conducted for all the concentrations explored in the Hele-
Shaw experiments. The measurements were carried out at 25 ◦C by
using a high precision (± 5 × 10−6 g cm−3) Anton-Paar c⃝ DMA 5000
density meter. Solutions were prepared just before analysis to avoid
TCE evaporation. The density of water and TCE solutions of Syn 91/10
were analysed in the concentration range 0.01–0.20 M, whilst the
density of the ternary system (water/TCE/Syn 91/10) was determined
at every 𝐶𝑇𝐶𝐸𝑠 for each concentration of Syn 91/10 (see Table 3 and
SI).

In diluted solutions, the density shows a linear relationship with
the concentration of a varied species, [I], and the slope of this lin-
ear trend, 𝜕𝐼𝜌, identifies the contribution of that species to the solu-
tion density. The solutal expansion coefficients 𝜕𝐼𝜌 allow us to recon-
struct the global density of a multicomponent system through the state
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Fig. 2. (a) Sketch of the initial configuration in the Hele-Shaw experiments. W is the top aqueous surfactant solution, O is the bottom organic (DNAPL) phase with 𝜌𝐎 > 𝜌𝐖.
(b) Basic features of the model for simulating the dissolution of a DNAPL (TCE, 𝐴) in an aqueous layer containing a surfactant (Syn 91/10, 𝐵). The aqueous solution of 𝐵 with
concentration 𝐵0, initial density 𝜌𝑇 and dynamic viscosity 𝜇𝑇 , is layered on top of the pure 𝐴 (with concentration 𝐴𝑝, density 𝜌𝐵 > 𝜌𝑇 and dynamic viscosity 𝜇𝐵 = 1

2
𝜇𝑇 ) which

dissolves with constant concentration 𝐴0 into the top phase. The surfactant 𝐵 diffuses faster in the organic bottom phase than in the top aqueous phase (𝐷𝑇
𝐵 ∼ 0.08𝐷𝐵

𝐵 ) and is
slower than aqueous TCE in the top layer (𝐷𝑇

𝐵 ∼ 0.12𝐷𝑇
𝐴). (c) Representative profiles of the dimensionless concentration of the chemical species 𝐴 and 𝐵 along the gravitational.
equation (Almarcha et al., 2011; Lemaigre et al., 2013)

𝜌 = 𝜌0

(

1 + 1
𝜌0

∑

𝐼
𝐼 𝜕𝐼𝜌

)

∀𝐼-th solute , (1)

𝜌0 being the solvent density. The density profiles along the gravitational
axis can be used to interpret possible sources of buoyancy-driven con-
vection (see Section 4) and, thus, 𝜕𝐼𝜌 are key parameters for the system
modelling. 𝜕𝐼𝜌 for the main species used in the Hele-Shaw experiments
are summarised in Tables 1 and 2.

2.5. Taylor dispersion analysis

Mutual diffusion coefficients 𝐷 (cm2 s−1) of Syn 91/10 in pure
TCE and water were measured by using the Taylor dispersion tech-
nique (Taylor, 1953; Alizadeh et al., 1980). A HPLC apparatus equipped
with a refractive index detector (Infinity 1260 series, Agilent Technolo-
gies, Santa Clara (CA), USA) was adapted for the Taylor dispersion
experiments (Vanag et al., 2008; Rossi et al., 2010, 2011). A 15 m silica
glass capillary (inner radius 𝑅0 = 0.016 ± 0.002 cm), coiled in a 30 cm
diameter helix, was used as the dispersion column. The capillary was
placed in a thermostatted water-bath (Julabo ME-16G, Julabo GmbH,
Seelbach, Germany), between the manual injector (Rheodyne 7125,
IDEX, Lake Forest (IL), USA) and the thermostatted refractive index
detector (Infinity 1260 series, Agilent Technologies, Santa Clara (CA),
USA). Samples were injected by using a 20 𝜇L sample loop every 25 min
to avoid the overlapping of the peaks, being the retention time of the
dispersion process ∼ 15 min, at constant flow = 0.1 mL min−1. To
determine the diffusivity of Syn 91/10 in water, 𝐷𝑇

𝐵 , aqueous surfactant
solutions with a [Syn 91/10]= 0.08 M and 0.07 M were injected in
an eluent with [Syn 91/10] = 0.05 M. To measure the diffusivity
of Syn 91/10 in TCE, 𝐷𝐵

𝐵 , solutions of the surfactant at different
concentrations (1 × 10−3 M<[Syn 91/10]<0.1 M) were prepared in pure
TCE. The eluent was pure TCE. The distribution of concentration was
monitored by a Refractive Index Detector (RID, Agilent G1362 A) and
data were stored in a PC for analysis. For 2-component systems, the
mutual coefficient 𝐷 can be determined by fitting RID experimental
signals with the following equation (Callendar and Leaist, 2006; Valletti
et al., 2022):

𝑆(𝑡) = 𝑆0 + 𝑆1𝑡 + 𝑆𝑚𝑎𝑥

√

𝑡𝑟 𝑒𝑥𝑝
[

−12𝐷(𝑡 − 𝑡𝑟)2
2

]

(2)
4

𝑡 𝑅0𝑡
where 𝑆(𝑡) (R.I.U. units) is the experimental refractive index signal, 𝑆0
(R.I.U. units) and 𝑆1 (R.I.U. units) are the intercept and the slope of the
linear baseline, respectively, 𝑆𝑚𝑎𝑥 (R.I.U. units) is the peak height, 𝑡𝑟 (s)
is the retention time, 𝑅0 (cm) is the inner capillary radius and 𝑡 (s) is
the time. Multiple experimental peaks were simultaneously fitted using
Levenberg–Marquardt algorithm (Marquardt, 1963; Levenberg, 1944)
to Eq. (2). The measurements of the surfactant diffusivity in water and
in the organic phase (TCE) are further described and reported in the SI.

2.6. Interfacial tension

The interfacial tension analysis was carried out using the pendant
drop method (OCA 15 PLUS by DataPhysics). The aqueous solutions
of the surfactants were analysed in a concentration range of 0.0001–
0.0250 M for Synperonic™ 91/10. The measurements were carried out
by producing a drop of chloroform (as an example of DNAPL) in a Syn
91/10 solution and getting measurements until equilibrium at 25 ◦C
using a 0.51 mm diameter capillary.

2.7. Model

We consider a two-dimensional two-phase system of length 𝐿𝑋 and
height 𝐿𝑍 in a (𝑋,𝑍) reference frame, where the 𝑍 axis is oriented
vertically against the gravitational acceleration 𝐠 = (0,−𝑔). The system
is supposed to be in isothermal conditions. The denser organic layer
with the pure DNAPL (TCE, 𝐴) is in the bottom (B) while the less dense
aqueous phase containing the surfactant (Syn 91/10, 𝐵) is stratified
on top (T) as sketched in Fig. 2(b) and specified by the initial spatial
distribution of the species concentrations

(𝐴,𝐵) = (𝐴𝑝, 0) for 𝑍 < 𝑍0 = 𝐿𝑍∕2 ∀𝑋

(𝐴,𝐵) = (0, 𝐵0) for 𝑍 > 𝑍0 ∀𝑋 ,

(𝐴,𝐵) = (𝐴0, 0) for 𝑍 = 𝑍0 ∀𝑋

(𝐴,𝐵) = (𝐴𝑝, 𝐵0) for 𝑍 = 𝑍−
0 ∀𝑋

i.e. just below the interface , (3)

𝐴𝑝 is the concentration of the pure TCE and 𝐴0 represents the saturation
concentration of TCE in an aqueous layer containing the surfactant with
concentration 𝐵 . From Table 3, the empirical relation 𝐴 ∼ 𝐵 ∕3 can
0 0 0
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be inferred. In our model, we keep 𝐴0 constant at the interface between
the two phases to mimic the constant amount of TCE coming from the
solubilisation of the pure bottom phase which, under the hypothesis
of local equilibrium, rapidly attains the saturation value (Loodts et al.,
2014; Budroni et al., 2014, 2017).

Similarly, as the surfactant is highly soluble in TCE, we assume that
the organic phase acts as a sink for the surfactant whose concentrations
go locally to zero at 𝑍 = 𝑍0 and to 𝐵0 in the organic layer, just
below the interface at 𝑍 = 𝑍−

0 (see Fig. 2(c)). As the upward drifting
of the interface is negligible within the hydrodynamic time scale and
the surface tension along the contact line between the two layers is
assumed to be high enough to render negligible any deformation of
the interface and the layer frames are kept fixed.

The dynamics around the interface was investigated numerically by
solving the sets of dimensionless diffusion–convection (DC) equations
which describe the two coupled phases (Bratsun and De Wit, 2004;
Lemaigre et al., 2013; Budroni et al., 2014, 2021):

(Top layer)

𝜕𝑡𝑎
𝑇 +

(

𝜕𝑧𝜓
𝑇 ) 𝜕𝑥𝑎

𝑇 −
(

𝜕𝑥𝜓
𝑇 ) 𝜕𝑧𝑎

𝑇 = ∇2𝑎𝑇 , (4)

𝜕𝑡𝑏
𝑇 +

(

𝜕𝑧𝜓
𝑇 ) 𝜕𝑥𝑏

𝑇 −
(

𝜕𝑥𝜓
𝑇 ) 𝜕𝑧𝑏

𝑇 = 𝛿𝑇𝑏 ∇
2𝑏𝑇 , (5)

𝜕𝑡𝜔
𝑇 +

(

𝜕𝑧𝜓
𝑇 ) 𝜕𝑥𝜔

𝑇 −
(

𝜕𝑥𝜓
𝑇 ) 𝜕𝑧𝜔

𝑇 = (6)

𝑆𝑇𝑐

(

∇2𝜔𝑇 −
∑

𝑖=𝑎,𝑏
𝑅𝑇𝑖 𝜕𝑥𝑖

𝑇

)

∇2𝜓𝑇 = −𝜔𝑇 , (7)

(Bottom layer)

𝜕𝑡𝑏
𝐵 +

(

𝜕𝑧𝜓
𝐵) 𝜕𝑥𝑏

𝐵 −
(

𝜕𝑥𝜓
𝐵) 𝜕𝑧𝑏

𝐵 = 𝛿𝐵𝑏 ∇
2𝑏𝐵 , (8)

𝜕𝑡𝜔
𝐵 +

(

𝜕𝑧𝜓
𝐵) 𝜕𝑥𝜔

𝐵 −
(

𝜕𝑥𝜓
𝐵) 𝜕𝑧𝜔

𝐵 = (9)
𝑆𝐵𝑐

(

∇2𝜔𝐵 − 𝑅𝐵𝑏 𝜕𝑥𝑏
𝐵)

∇2𝜓𝐵 = −𝜔𝐵 . (10)

Here 𝑖 = 𝑎, 𝑏 represent the dimensionless concentrations of the chemical
species 𝐴 and 𝐵, scaled by the saturation concentration of TCE in the
surfactant aqueous solution, 𝐴0. The evolution of the chemical fields
described by Eq. (4)–(5) and (8) are coupled to Fickian diffusion and
to incompressible Navier–Stokes Eqs. (6)–(7) and (9)–(10) written in
the stream function–vorticity (𝜓 − 𝜔) form according to the Boussinesq
approximation. The vorticity and the stream function describe the
hydrodynamics of the system being related to the velocity field 𝐯 = (𝑢, 𝑣)
via 𝜔 = ∇ × 𝐯 and 𝑢 = 𝜕𝑧𝜓 and 𝑣 = −𝜕𝑥𝜓 , respectively.

No-flux boundary conditions and no-slip conditions are used for the
chemical concentrations and the stream function at the rigid boundaries
of the reactor, respectively. At the interface between the two phases
(i.e. 𝑧 = 𝑧0) we consider

𝑎𝑇 = 𝐴∕𝐴0 = 1 , (11)
𝑏𝑇 = 0 , (12)
𝜓𝑇 = 𝜓𝐵 = 0 , (13)

𝑏𝐵(𝑧−0 ) = 𝑏𝑇 (𝑧+0 ) and the Marangoni boundary condition 𝜂𝜔𝑇 = 𝜔𝐵 =
∑

𝑖=𝑎,𝑏𝑀𝑖 𝜕𝑥𝑖𝐵𝑠 (where 𝑖𝑠 are the concentrations of the chemical species
𝑎 and 𝑏 at 𝑧 = 𝑧−0 , and 𝜂 = 𝜇𝑇 ∕𝜇𝐵 , with 𝜇𝑇 and 𝜇𝐵 representing the
dynamic viscosity of the aqueous and organic phases, respectively).

This condition couples the hydrodynamics between the two phases
and, along with the gravitational force terms ∑

𝑖=𝑎,𝑏 𝑅
𝑇
𝑖 𝜕𝑥𝑖

𝑇 and
𝑅𝑇𝑏 𝜕𝑥𝑏

𝐵 , relates the evolution of the chemical fields to the vorticity
and the stream function.

Key parameters to control the onset of convective instabilities and
related impact in the dissolution dynamics are the solutal Rayleigh
numbers of the 𝐼–th species, defined as

𝑅𝑇𝑖 =
𝜕𝐼𝜌𝑇 𝐴0𝑔𝐿3

0 , 𝑖 = 𝑎, 𝑏 , (14)
5

𝐷𝐴𝜇𝑇
n the top layer, and

𝐵
𝑖 =

𝜕𝐼𝜌𝐵 𝐴0𝑔𝐿3
0

𝐷𝐴𝜇𝐵
, 𝑖 = 𝑎, 𝑏 , (15)

in the bottom phase.
These parameters weight the specific contribution of each species

concentration to the local dimensionless densities, �̃�𝑇 =
∑

𝑖=𝑎,𝑏 𝑅
𝑇
𝑖 𝑖

and �̃�𝐵 = 𝑅𝐵𝑏 𝑏. The Rayleigh numbers control the onset and entity
of buoyancy-driven convection in response to chemical concentration
gradients. Since in the bottom phase we have TCE as a pure liquid,
the Rayleigh number for this species can be only defined in the top
phase and the DC equation for 𝑎 is only considered for that layer. 𝐿0
is the characteristic spatial scale of the system, here corresponding to
the width of the Hele-Shaw cell used in the experiments (𝐿0 = 1 cm);
the coefficients 𝜕𝐼𝜌𝑇 and 𝜕𝐼𝜌𝐵 measure the density change due to small
variations in the concentration of the 𝐼–th species in the top and the
bottom layer, respectively. 𝐷𝐴 is the diffusion coefficient of TCE in the
upper phase and can be used to define the time scale of the system,
𝑡0 = 𝐿2

0∕𝐷𝐴. 𝛿𝑇𝑏 = 𝐷𝑇
𝐵∕𝐷𝐴 and 𝛿𝐵𝑏 = 𝐷𝐵

𝐵∕𝐷𝐴 are the dimensionless
relative diffusivities of the surfactant in the top and bottom layers,
respectively.

Another important parameter is the solutal Marangoni number

𝑀𝑖 = −
𝐴0𝐿0

𝜇𝐵𝐷𝐴
𝜕𝐼 𝛾 , (16)

which quantifies the specific contribution of the 𝐼–th species to the
dimensionless surface tension �̃� = −

∑

𝑖=𝑎,𝑏𝑀𝑖 𝑖𝑠 and controls the entity
of transversal flows at the partially miscible interface due to the transfer
of chemical species from one phase to the other. In our simulations
we assume that the surfactant plays the main role in surface tension
changes, i.e we considered 𝑀𝑎 = 0 and 𝑀𝑏 > 0, as 𝑏 is supposed to
decrease the surface tension.

We also run check simulations by applying no-slip boundary condi-
tions to the vorticity and 𝜓-function at the interface in order to have
a reference case where surface tension stresses are not at play and
evaluate their actual weight in the global dynamics.

The coupled systems of DC Eqs. (4)–(7) and (8)–(10) are solved
numerically by using the Alternating Direction Implicit Method (ADI)
(Peaceman and Rachford, 1955) over the spatial domain of length
𝐿𝑥 = 30𝐿0 and height 𝐿𝑧 = 2𝐿𝑥 (i.e. aspect ratio 2), by using a space
meshing ℎ𝑥 = ℎ𝑧 = 0.1 and the integration time step ℎ𝑡 = 1 × 10−4.

The numerical algorithm is particularly stable for 2-dimensional
problems and squared meshings. It consists of solving explicitly the
derivatives along one spatial dimension (for instance along the 𝑥-axis)
nd implicitly in the second one (𝑧). The direction along which the
mplicit and the explicit descriptions are employed is alternated during
ach successive iteration, which corresponds to one-half time step. At
ny given iteration, the unknowns of each single equation are the
mplicitly calculated variables, solved as a function of the explicitly
alculated terms. To solve the hydrodynamic field, an iterative proce-
ure checks the convergence of 𝜔 and 𝜓 over the entire spatial domain,
equiring the error between the stream function at the (𝑛 − 1)-th and

(𝑛)-th iterations to be lower than 1 × 10−5.

3. Results

To mimic a stratification of an aqueous solution over a denser
organic solvent in a porous medium, we employed a vertical Hele-
Shaw cell arranged as in Fig. 2a. In a series of experiments, the DNAPL
was poured at the bottom of the cell and a less dense water solution,
containing an increasing amount of surfactant, was gently poured on
top of it. In general, the presence of the surfactant at a concentration
larger than the CMC increases the solubility of the DNAPL in the upper
aqueous layer (Table 3 and Table S6 in the SI) and, at the same time,
decreases the interfacial tension (Table S8 and Figure S11 in the SI).
For the sake of simplicity, in this section, we will focus on the system
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TCE/Syn 91/10, but similar results, though for a slightly different
interval of concentrations, were obtained for the system TCE/Syn 91/5.

Given the low reciprocal solubility of the two liquids and the surface
tension between the two liquids, this density stratification is expected
to be statically stable in the gravity field. In fact, up to a threshold
concentration of [SYN 91/10] = 1 × 10−2 M the interface remained
nperturbed and the mass transfer of the TCE to the aqueous layer
ook place by diffusion only. Interestingly, in experiments where the
oncentration of SYN 91/10 was higher than 1 × 10−2 M, ascending
lumes of TCE developed despite the fact that the initial density of the
op layer was lower than that of the bottom one.

These scenarios are illustrated in Fig. 3 which shows the experimen-
al schlieren images of systems where Syn 91/10 aqueous solutions at
ifferent concentrations are layered on top of pure TCE. In the case
f [Syn 91/10] = 1 × 10−3 M (bottom panels in Fig. 3), the interface
emained stable for the entire course of the experiment and the appear-
nce of some blurred dark areas, above and below the interface, could
e noticed. The schlieren technique allows to enhance the contrast
f transparent fluids according to their refractive index (and hence
ensity), therefore the darkening of the liquids around the interface
racks the displacement of the chemical species across the contact line
etween the two phases with a consequent change of the local density.
he timescale characterising the thickening of the interface (an average
isplacement of ∼ 2 mm in 3000 s can be measured from the bottom
anels of Fig. 3) allows to ascribe to Fickian diffusion the mixing
n these experimental conditions (𝑡 = 𝑑2∕2𝐷, where 𝑑 is the mean
quare displacement and 𝐷 is the diffusion coefficient, which for small
olecules in liquids is generally of the order of 10−6–10−5 cm2/s).

When the concentration of Syn 91/10 in the water phase was larger
han ∼ 1 × 10−2 M, hydrodynamic instabilities appeared just below
nd above the liquid–liquid interface after a few minutes from the
eginning of the experiment. The top and the central panels of Fig. 3
how the formation of TCE plumes developing in the less dense water
hase and displacing at a constant speed. As typically happens in
ingering instabilities (Lemaigre et al., 2013; Budroni et al., 2017),
lumes grew linearly in time and the related displacement speed (𝑉𝑚)
ould be calculated from experimental Space-Time (ST) plots according
o the procedure reported in Section 10 of the SI. The averaged value
f 𝑉𝑚 for each system has been reported in Fig. 4 (a) (and in Table S1
f the SI) as a function of [Syn 91/10]. Interestingly, 𝑉𝑚 also showed a
inear dependence on the concentration of the surfactant in the water
hase (𝑉𝑚 = 𝑚[Syn 91/10] + 𝑞, 𝑚 = 0.15 ± 0.01 (mm M−1 s−1), 𝑞 =

9.47 ± 0.9 × 10−3 (mm s−1) and R2= 0.97608). By comparing the speed
at which fingers grew from the organic into the aqueous phase, the
mixing rate resulted from 10 to 40 times – depending on [Syn 91/10]
– faster than that due to the Fickian diffusion (average displacement of
TCE molecules ∼ 8 × 10−4 mm/s).

In general plumes and fingering instabilities around an initially sta-
le stratified liquid–liquid interface are due to an inversion of the local
ensity (Almarcha et al., 2011; Trevelian et al., 2011; Budroni et al.,
014) and we will discuss the mechanism in more details in the next
ection. It has to be noted that, in the TCE/Syn 91/10 system, the devel-
pment of the plumes was accompanied by periodic pulsations which
ook place just below the interface and originated from a Marangoni-
ype instability sustained by surfactant-induced gradients in the surface
ension. Fig. 4b (and the supplementary movie) shows the development
f a pulsation in a TCE/Syn 91/10 system where [Syn 91/10] = 0.08 M.
he pulse nucleated from the sides of the Hele-Shaw cell and developed
orizontally towards the centre. Similar dynamics have been observed
t the interface of partially miscible stratifications of alkyl-formates
ayered on top of aqueous solutions (Budroni et al., 2014, 2017). The
ark colour was certainly due to the surfactant (and possibly some
ater) which was partitioned in the DNAPL phase. Marangoni pulses

howed a quite regular dynamics with a characteristic period of ∼ 500
, as shown in the time-series reported in Fig. 4c. The synergy between
6

he plumes and the Marangoni pulses transiently favoured the mixing f
of the two phases resulting in an enhanced dissolution of the DNAPL
in the aqueous layer.

In all the systems where instabilities occurred, the formation of a
new surfactant-rich-middle-phase (M-phase) at the contact zone be-
tween the water and the DNAPL was observed just before the ap-
pearance of the instabilities (dark interfacial area at𝑡 = 1000 s in the
top and middle panels of Fig. 3). The M-phase appeared milky and
with a high turbidity and it was characterised as a thermodynamically
unstable macroemulsion (Winsor type III system) (Kang et al., 2019;
Lagzi, 2015). The M-phase and its role in the onset of the instability
have been extensively discussed in the section S7 of the SI.

The convective stability of aqueous surfactant solutions stratified on
top of a DNAPL was further investigated by changing the organic liquid.
When chloroform was employed, hydrodynamic patterns similar to the
TCE case were obtained. By contrast, statically stable stratifications
were found for PCE at all the concentrations of surfactant monitored
(see Figure S4 in the SI).

Finally, the presence of plumes and fingers was further explored
for other classes of surfactants. We tested the anionic SDS and AOT,
the cationic CTAB and the zwitterionic C14DMAO, all of them (or very
similar molecules) were reported to enhance the solubility of DNAPLs
in water solutions (Harendra and Vipulanandan, 2011; Acosta and
Quraishi, 2014; Mao et al., 2015). The experimental setup was kept
fixed and we used TCE as the organic phase. Instabilities with a low
intensity were detected only when the water phase contained [AOT]
> 0.03 M (see Figure S5 in the SI), for the rest of the surfactants no
clear instabilities could be observed. Interestingly, the formation of an
M-phase was found also in the TCE/AOT system, though it was found
denser and less persistent with respect to the M-phase generated by the
exthoxylated surfactants.

4. Discussion

4.1. Interpretation of the hydrodynamic instability

The onset of the fingering instability stems from the inversion of the
local density just above the interface between the two layers. According
to the chemico-physical parameters measured for the species at play
(see details in the SI: section S2 for density, section S3 for diffusivity
and section S4 for solubility) we envisaged the following mechanism
(see also the supplementary movie).

First, plumes were always located in the top layer and must be
originated from a local density depletion just above the contact line
between the two phases. In principle, this could be provided by the
downward migration of the surfactant into the bottom organic layer
where it is highly soluble either in the form of micellar aggregates or in
the form of monomers. The chemical structure of ethoxylated alcohols
is, in fact, known to favour the partition of the surfactant in the DNAPL
phase (Zhu and Free, 2015) as a function of the number of ethylene
oxide (EO) units (Zimmerman et al., 1999). Both Syn 91/10 and Syn
91/5 were found to be largely soluble in TCE at 25 ◦C and miscible
in all proportions with it. The affinity of Syn 91/10 for TCE was also
confirmed by measuring the diffusivity of the surfactant in water and in
the organic phase: 𝐷𝑇

𝐵 (in the aqueous phase) was 1.03 × 10−6 cm2 s−1

nd 𝐷𝐵
𝐵 (in TCE) was 1.30 × 10−5 cm2 s−1, as determined by the Taylor

ispersion technique (see Section 2.5 and section S3 in the SI).
The organic phase acted thus as a sink for the surfactant (see the

ed profile in Fig. 2c, but the related density depletion was largely
ompensated by the counter dissolution of TCE. In fact, though 𝜕𝜌𝑇

𝜕[TCE] ∼
𝜕𝜌𝑇

𝜕[Syn 91/10] (see Tables 1, 2 and section 2 of the SI), TCE provided
larger contribution to the density according to Eq. (1) because its

queous concentration was higher than that of the surfactant (about
times), and this determined a stable downward increasing density

rofile of the type shown in the left panel of Fig. 5.
However, the local drop of the surfactant concentration at the inter-
ace created a concentration gradient which broke de facto the initial
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Fig. 3. Snapshots describing the development of the fingering instability in representative systems with different [Syn 91/10]. O, W, and M stand for the organic phase, water
solution and the middle-surfactant-rich-phase, respectively. The M-phase starts to form in the aqueous solution, above the interface. Instabilities generally start after ∼ 15 min
from the phases contact at [Syn 91/10] = 0.20 M and [Syn 91/10] = 0.08 M. The M-phase formation and the instabilities are absent at [Syn 91/10] = 1 × 10−3 M. Frame size is
10 × 12 mm2.
Fig. 4. (a) Speed of plumes growth (𝑉𝑚) at different [Syn 91/10]. The red line represents the best linear fitting of the experimental data (R2= 0.97608); (b) development of
a Marangoni pulse in the organic phase, just underneath the interface in a system containing [Syn 91/10] = 0.08 M in the water phase; (c) time-series reporting the periodic
Marangoni pulsations recorded by measuring the average pixel intensity in the area comprised by the yellow circle in panel (b). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
convective stability by starting a differential diffusive interplay in the
aqueous layer between the fast upwardly-diffusing TCE (𝐷𝐴 = 8.16 ×
10−6 cm2 s−1 (Rossi et al., 2015)) and the slow downward-diffusing
surfactant (𝐷𝑇

𝐵 = 1.03 × 10−6 cm2 s−1). In time, this developed a non-
monotonic density profile with a local density minimum as shown
7

in the right panel of Fig. 5, sustained by a delayed double-diffusive
mechanism (Trevelian et al., 2011).

Furthermore, the concurrent transfer of TCE and surfactant be-
tween the two phases modified the interfacial tension between the
two liquids and caused transversal Marangoni stresses (Sternling and
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Fig. 5. Comparison between the downward-increasing density profile of the top
aqueous layer (𝑧 ∈ [𝑧0 , 𝐿𝑧]) when 𝐷𝑇

𝐴 ∼ 𝐷𝑇
𝐵 (𝛿𝑇𝑏 = 1, left) and the non-monotonic

density profile developing in the presence of the double-diffusion scenario (𝐷𝑇
𝐴 > 𝐷𝑇

𝐵 ,
𝛿𝑇𝑏 = 0.12, right) characterising our experimental system. Density profiles, expressed
in dimensionless model units, are obtained by integrating Eqs. (4)–(10), taking
horizontally averaged (along 𝑥) profiles of the chemical concentrations and plugging
these into the density Eq. (1). These results are for 𝑡 = 40 time model units.

Scriven, 1959; Bratsun and De Wit, 2004), as manifested by the periodic
pulsations at the interface. The dissolution of the Syn 91/10 did not
create any buoyancy-driven instabilities in the lower organic layer
because it was characterised by a negative contribution to the density
( 𝜕𝜌𝐵

[Syn 91/10] ∼ −0.15 g cm−3 M−1).
Our interpretation based on the solubility of the surfactant and on

the DNAPL-surfactant differential diffusion, can explain the different
behaviours observed when other surfactants (SDS, AOT, CTAB and
C14DMAO) replaced the ethoxylated alcohols in the aqueous layer and
when other DNAPLs (CF and PCE) replaced the TCE.

In the case of alternative surfactants, instabilities were observed
for AOT only; this was due to the fact that AOT has a similar phase-
behaviour of Syn 91/10 and Syn 91/5, i.e. high solubility in the organic
phase and it is able to form microemulsion without the need of a co-
surfactant (Broze and Zoller, 1999; Mao et al., 2015). Moreover, the
other surfactants have a lower molecular weight than Syn 91/10 and
Syn 91/5 (see Table 1), which is reflected into a higher diffusivity in
water that suppressed the differential diffusion mechanism.

Concerning the experiments with alternative DNAPLs, instabilities
were found only for CF which, in contrast to PCE, has physico-chemical
characteristics similar to those of TCE (density and miscibility with
surfactants). PCE is, in fact, much denser and by far less miscible both
in water and in surfactant solutions than TCE (see Table 2 and Table
S6 in the SI for the saturation concentration of PCE, 𝐶𝑃𝐶𝐸𝑠 ).

We finally note that a fingering instability in analogous systems
could also be activated without differential diffusion if the contribution
to the density of the DNAPL in the aqueous phase, ( 𝜕𝜌𝑇

[DNAPL] ), would
be much lower than that of the surfactant at hands. Then a density
minimum would simply develop due to the surfactant solubilisation
into the underlying organic layer.

4.2. Nonlinear simulations

To support the mechanism proposed for the onset of hydrodynamic
instabilities, we run numerical simulations by feeding the theoretical
model described in Section 2.7 with the experimental chemico-physical
parameters measured in the experiments.
8

We set 𝑆𝑇𝑐 = 10000, which is compatible with the water kinematic
viscosity (𝜈𝑇 = 𝜇𝑇 ∕𝜌0 = 0.0089 cm2 s−1) and with the aqueous
diffusivity of TCE, while 𝑆𝐵𝑐 was fixed to 5000 as 𝜈𝐵 ≃ 0.5𝜈𝑇 .

As mentioned above, the coefficients 𝜕𝐼𝜌 of TCE and Syn 91/10 in
the aqueous phase, extrapolated as described in Section 2.4, presented
analogous values ( 𝜕𝜌𝑇

𝜕[TCE] ≃ 𝜕𝜌𝑇

𝜕[Syn 91/10] = 0.0365 g cm−3 M−1) such
that we could assume 𝑅𝑇𝑎 = 𝑅𝑇𝑏 . Realistic Rayleigh numbers (given
𝐴0 = 0.3 M, 𝐿0 = 1 cm and 𝐷𝐴 = 8.16 × 10−6 cm2 s−1, 𝑔 = 9.8
cm s−2) have an order of magnitude 106, which is consistent with
the appearance of short-wavelength convective fingering in the narrow
spatial domain used in the experiments, 1 cm × 2 cm, corresponding to
1 × 2 model space units (𝐿0). However, to avoid numerical divergence,
simulations with such high values would require an extremely refined
spatio-temporal solving grid and a sensitive reduction of the error
tolerance for the stream function computation (see Section 2.7), which
is critically demanding from the computational viewpoint. We thus
considered a spatial domain of 30 × 60 𝐿0, which, without loss of
generality, allowed reproducing convective patterns similar to those of
the experiments and to give a qualitatively consistent description of
these phenomena even using lower values of the Rayleigh numbers.
After a preliminary exploration, we fixed 𝑅𝑇𝑎 = 𝑅𝑇𝑏 = 100 and, since
in TCE 𝜕𝜌𝐵

𝜕[Syn 91/10] ∼ −0.15 g cm−3 M−1 and 𝜇𝐵 = 0.5𝜇𝑇 , we set
𝑅𝐵𝑏 = −1000 = −10𝑅𝑇𝑏 .

The measured values for 𝐷𝐴, 𝐷𝑇
𝐵 and 𝐷𝐵

𝐵 (see Tables 1 and 2 and
section 3 in the SI) were used to define the dimensionless relative
diffusivities of the surfactant in the top layer, 𝛿𝑇𝑏 = 0.12, and in the
bottom layer, 𝛿𝐵𝑏 = 1.51. We finally varied 𝑀𝑏 ∈ (0, 50000] to check the
relative importance of surface effects in the convective dissolution of
TCE.

In Fig. 6 (see also the supplementary movie), we illustrate a typical
spatio-temporal evolution of the dissolution-driven convective instabil-
ity obtained with the parameter set {𝑅𝑇𝑎 = 𝑅𝑇𝑏 = 100, 𝑅𝐵𝑏 = −10𝑅𝑇𝑏 =
−1000,𝑀𝑏 = 50000}. The snapshots show the vorticity in the top
phase and just below the interface at different times. After an initial
diffusive transient, plumes nucleated and grew upwardly above the
interface. Similarly to the experiments, the plumes underwent some
lateral merging, promoted by Marangoni flows below 𝑧0. The transfer
of surfactant between the two phases, in fact, generated surface-tension
driven instabilities in the form of transversal pulses at the interface,
which distorted the plumes in the top layer and could eventually
homogenise them. Successively, plumes formed and rised again affected
by surface tension-driven stresses. In particular, they formed at the
lateral border of the spatial domain, where horizontal short pulses and
drifting plumes were observed. These dynamics cannot be observed
if we run simulations with 𝛿𝑇𝑏 > 0.35, i.e. suppressing differential
diffusion.

An overview of the global dynamics could be captured by using the
ST plots (see section 10 of the SI) obtained by stacking as a function
of the time the transversal profile of the vorticity just above and below
the interface (white dashed lines in the first snapshot of the top panels
of Fig. 6). These plots, shown in bottom panels of Fig. 6, represent
the dynamics for 300 time units (thus dimension 𝐿𝑥 × 300 𝑡0) and
show the main features of the convective instability: plumes started
at 𝑡∗ ∼ 63 time units accompanied by Marangoni-driven horizontal
pulses. The latter flows may disrupt the growth of the plumes and
start pulsations towards the lateral borders of the spatial domain, as
described by local zig-zag patterns along the borders. The dynamics
below the interface was characterised by periodic pulsations, consistent
with the experimental observations.

ST plots allow a direct comparison of the characteristic wavelength
and onset time of the instability for different control parameters of the
system, as reported in section 8 of the SI.

To make a direct comparison with the experiments, we charac-
terised in Fig. 7 the speed of the fingering growth as a function of 𝐴0
which is related to the surfactant concentration 𝐵 as 𝐴 ∼ 𝐵 ∕3. 𝐴
0 0 0 0
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Fig. 6. (a) Snapshots describing the spatio-temporal evolution of the vorticity, 𝜔(𝐱, 𝑡), during the convective dissolution obtained with the parameter set {𝑅𝑇𝑎 = 𝑅𝑇𝑏 = 100, 𝑅𝐵𝑏 =
−10𝑅𝑇𝑏 = −1000,𝑀𝑏 = 50000}. Each snapshot frames the spatial domain 𝑥 ∈ [0, 𝐿𝑥]; 𝑧 ∈ [ 𝐿𝑧

4
, 𝐿𝑧] and the vorticity ranges between −5 and 5. (b) Spacetime plots (𝐿𝑥 × 300 𝑡0) of

the dynamics shown in (a) taken by staking as a function of the time the vorticity along the horizontal white lines shown in the first snapshot above and below 𝑧0. 𝑡∗ indicates
the initial diffusive transient before the onset of convective plumes. The red dashed line in the second snapshot of the top panel locates the vertical section through which the
fingering growth is followed and evaluated according to the procedure described in section 10 of the SI. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
also controls both the Rayleigh and the Marangoni numbers (see defini-
tions 14, 15, 16) and the impact of the initial surfactant concentration
explored in the experiments could thus be reproduced numerically by
changing proportionally 𝑅𝑇𝑖 , 𝑅𝐵𝑏 and 𝑀𝑏. The system specified by the
parameter set {𝑅𝑇𝑎 = 𝑅𝑇𝑏 = 100, 𝑅𝐵𝑏 = −10𝑅𝑇𝑏 = −1000,𝑀𝑏 = 50000}
was associated to a relative reference value 𝐴0 = 𝐴𝑟𝑒𝑓0 and compared
with dissolution-driven convective dynamics obtained with decreasing
fractions of these reference values. ST plots, built by following the
development of the fastest plumes along the vertical axis (see the
vertical dashed red line in the second snapshot of Fig. 6), showed that
the plumes grew linearly in time, with a speed, 𝑉𝑚, that relates linearly
with 𝐴0 and, in turn, with the surfactant concentration 𝐵0 (see Fig. 7a).
This compares favourably with experimental analysis (cfr. Fig. 4a.)

To analyse the impact of the different contributions to convective
flows in the dissolution of 𝐴, we also computed the mean flux 𝐽 through
𝑧 = 𝑧+0 , averaged over the horizontal dimension 𝑥 (Jotkar et al., 2019)

𝐽 = 1
𝐿𝑥 ∫

𝐿𝑥

𝑥=0

( 𝜕𝑎
𝜕𝑧

)

𝑧=𝑧+0
𝑑𝑥 , (17)

and we considered how this quantity varied as a function of the time for
different values of 𝐴0. In particular, in Fig. 7b, we report the temporal
profile of 𝛥𝐽 (𝑡), i.e. the difference between the flux obtained in systems
with convection (𝐽 (𝑡)) and the diffusive reference flux (𝐽diff(𝑡)). In
all cases, there was an initial spike due to the onset of convective
instabilities followed by a decline to a rather constant flux (around
0.008 ± 0.002) over which all curves converged and fluctuated. A
faster and stronger divergence from the purely diffusive dynamics
was obtained for 𝐴0 = 𝐴𝑟𝑒𝑓0 , and progressively smooth-down when
decreasing 𝐴0.

To disentangle the role of the main contributions to the flow
(i.e. buoyancy- vs Marangoni-driven flows), we characterised the in-
stabilities developing with different values of 𝑀𝑏 ∈ (0, 500000] (with
fixed 𝑅𝑎𝑇𝑖 = 100, 𝑅𝑎𝐵𝑏 = −10𝑅𝑎𝑇𝑖 , 𝑖 = 𝑎, 𝑏) and in the absence of
surface stresses at the contact line between the two phases. The results,
reported in section 8 of the SI, show that, while the density-driven
fingering always enhanced the dissolution process, Marangoni-driven
flows, due to their orthogonal orientation with respect to the dissolu-
tion direction, may play either a positive, neutral or even unfavourable
role with respect to the dissolution process. Indeed, Marangoni pulses
favoured an initial enhancement of the flux, but this was followed by
a drop due to the homogenising effect of these transverse flows which
9

suppressed the buoyancy-driven plumes. The successive formation of
new convective plumes reinforced the dissolution flux again.

In general, the most unstable systems from a convective viewpoint
which can be achieved by augmenting 𝐴0 may not necessarily enhance
the dissolution process as 𝐴0 increases all the contributions to the flow
unconditionally, including transversal flows. This information turns
useful to orient the choice and the concentration of the surfactant
to be employed. Similar conclusions were drawn in previous studies
on convective dissolution in binary systems with partially miscible
components (Lappa et al., 2005).

5. Conclusion

In this paper, we reported about hydrodynamic instabilities taking
place at the interface of an initially stable stratification of a water so-
lution on top of a denser pure DNAPL phase. In the case of pure water,
given the reciprocal low solubility of the two liquids, the stratification
was stable over time and the mixing between the two phases took
place by molecular diffusion until the saturation concentrations were
attained. This resemble the typical situation happening when a spill
of a DNAPL from the surface penetrates into the soil until it stratifies
below groundwaters to form a permanent source of pollution.

However, further investigations in a vertical Hele-shaw cell, re-
vealed that the presence of suitable surfactants promoted an inversion
of the local densities thus allowing for a faster mixing between the
two phases; in particular, surfactants induced a massive transport of
the DNAPL in the aqueous solution in the form of upward plumes and
fingers.

The surfactant had three main roles, (i) it promoted the solubil-
isation of the DNAPL by forming micelles and microemulsion, (ii)
it lowered the surface tension between the two phases to promote
Marangoni effects and (iii) it favoured the inversion of the local density
at the interface. The onset of the hydrodynamic instabilities was initi-
ated by the fast diffusion and the high solubility of the surfactant in
the organic phase which, combined to a double diffusion mechanism
between the surfactant itself and the fast-diffusive TCE, decreased
the density of the top aqueous layer in the proximity of the inter-
face. At the same time, the changes of the surface tension induced
periodic Marangoni pulsations in the DNAPL phase which interacted
with the density driven advective motion. We thoroughly characterised
the chemico-physical properties of the investigated systems (solubility,
density, diffusivity, etc.) and we employed these parameters to feed
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Fig. 7. Characterisation of the convective instability growth for different values of 𝐴0, referred to the relative value 𝐴𝑟𝑒𝑓0 corresponding to the parameter set {𝑅𝑇𝑎 = 𝑅𝑇𝑏 = 100, 𝑅𝐵𝑏 =
−10𝑅𝑇𝑏 = −1000,𝑀𝑏 = 50000}. Panel (a) provides a quantitative analysis of the finger speed, 𝑉𝑚 (expressed in dimensionless model units, m.u.), evaluated along the red dashed line
shown in the second snapshot of Fig. 6 with the procedure described in section 10 of the SI. The red line represents the best linear fitting of the simulations data (R2= 0.98824).
Panel (b) compares the differential fluxes 𝛥𝐽 of species 𝐴 (expressed in dimensionless model units, m.u.) across the line 𝑧 = 𝑧0 + ℎ𝑧 with respect to the diffusive dissolution for
different values of 𝐴0. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
a realistic theoretical model based on the Navier–Stokes equations.
The integration of the nonlinear model reproduced well the dynamical
behaviour of the experiments; in addition, the use of the measured
parameters allowed for a semi-quantitative interpretation of the chem-
istry and physics at play in the explored systems. The model was also
employed to decouple and study parametrically the relative influence
of the main contributions to the flow (buoyancy- vs Marangoni-driven
convection) through the characteristic numbers (𝑅𝑖 and 𝑀𝑖) directly
linked to the experimental conditions (surfactant concentration, density
of the DNAPL, etc.). To sum up, the proposed model catched all the
essential features of the experimental systems and suggested criteria to
optimise the interplay between buoyancy- and Marangoni-driven flows
to enhance the DNAPL dissolution process. The model can be further
refined to obtain more quantitative results by considering the complex
nature of the microemulsion systems and by including cross-diffusion
phenomena (Leaist and Hao, 1995; Vanag et al., 2008; Budroni et al.,
2015a,b; Budroni, 2015).

The experimental model system we devised represents a proof of
concept to demonstrate that the choice of a proper surfactant could
help in designing more effective remediation strategies based on the
co-solvent/surfactant flushing technology. Given the limitations of our
lab-scale setup, it is difficult to give reliable values for the removal effi-
ciency for in-field applications; however, we obtained an estimation of
the DNAPL transfer rate to the water phase, by measuring the lowering
of the liquid–liquid interface over time in the TCE/Syn 91/10 system.
The analysis of the experimental frames yielded, for example, a velocity
of transfer of 1.2 × 10−4 mm s−1 when [Syn 91/10] = 0.2 M, a value in
line with that found for the mass transfer coefficient determined for
spherical TCE droplets in surfactant solutions (Valletti et al., 2021). By
considering a flat interface, the calculated transfer velocity would allow
a theoretical removal rate of ∼ 10.5 L d−1 of DNAPL, in the case of
a contact area of 1 m2. If we take the TCE saturation concentration
𝐶𝑇𝐶𝐸𝑆 = 0.64 M at [Syn 91/10] = 0.2 M (Table 3), we can roughly
estimate a volume 1.8 × 104 L d−1 of the aqueous surfactant solution
employed. To have a comparison, Brown et al. (1999) described a
10
3-day remediation process of a DNAPL contaminated aquifer, where
∼ 5000 L of a DNAPL were removed by employing 1.5 × 109 L of an
aqueous solution with [SDS] = 0.26 M and [isopropanol] = 0.74 M.
In another study, Jawitz and coworkers (Jawitz et al., 2000) reported
a remediation case-study where ∼ 40 L of PCE were removed in 3
days by using ∼ 80000 L of 95% ethanol. In this study, we did not
consider the effect of a water flow at the interface that would be present
in real field applications for the delivery of the surfactant solution to
the remediation spot. However, based on our results, we can say that
the flow-rate of remediating solutions injected in flushing processes
should be modulated to make the contact time between the aqueous
and the DNAPL phases long enough to allow the onset of the fingering
instabilities. Thus, the hydraulic residence time of the injected solution
should be larger than the mixing time triggered by the hydrodynamic
flows. In kinetic terms, the reciprocal of the residence time has to be
of the order of 3.5 h−1.

In conclusion, our results indicate that hydrodynamic instabilities
can be successfully exploited, by selecting a suitable hydraulic res-
idence time, to improve the removal rate of DNAPLs from aquifers
and groundwater with a possible savings of additional compounds
(surfactant and/or co-surfactants).
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