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HIGHLIGHTS

o Numerical investigation of Marangoni effect to mitigate salt accumulation

e Marangoni effect leads up to 1000-fold mass transfer increase over diffusive flux.

e Accurate semi-empirical equation for mass transfer vs. Marangoni number is provided.
o Simulated time for passive brine disposal is less than 2 h.
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Amid escalating water scarcity and rising energy prices, the scientific community strives to propose innovative
and efficient water treatment solutions. In this context, solar passive technologies have attracted much attention.
Furthermore, recent studies have experimentally revealed that the Marangoni effect, when leveraged in well-
designed passive devices, may be a promising pathway towards long-term stable performance. This study pre-
sents a comprehensive numerical exploration of applying the Marangoni effect to mitigate salt accumulation, a
challenge in long-term system operation. Through an extensive sensitivity analysis, we evaluate the solute molar
outflow induced by the Marangoni effect, as different parameters vary. Specifically, the Marangoni effect induces
enhanced mass transport, outperforming pure diffusive flow by over three orders of magnitude, under nighttime
isothermal conditions. Furthermore, we provide a semi-empirical equation describing accurately the mass
transfer versus the Marangoni number. Hence, nighttime brine discharge simulations show rapid salt reduction
from the evaporator, reaching seawater-like salinity levels within two hours, setting stage for optimal daytime
performance. To the best of our knowledge, this discharge time is the lowest reported in the literature under
equivalent conditions. In conclusion we believe that the still poorly explored Marangoni effect may offer a du-
rable mean of providing freshwater, particularly in emergencies.

1. Introduction

Water scarcity poses a tremendous global challenge with complex
and multidimensional repercussions [1-4]. This pressing problem is
fueled by a convergence of interconnected factors, including climate
change, population growth and depletion of freshwater resources. As a
result, the crisis casts a pervasive shadow over the economic and social
landscape of societies worldwide. It is projected that by 2025, nearly
two-thirds of the global population will grapple with water scarcity

[1-4]. Moreover, around four billion people currently experience severe
water shortages for at least a month annually, with about half a billion
people affected year-round [1,3,4]. Cost-effective and sustainable solu-
tions to safeguard future generations’ welfare are strongly demanded. In
detail, areas like the Middle East, North Africa, and Sub-Saharan Africa,
bearing the brunt of severe water stress, often lack the necessary
financial resources to adopt expensive grid-connected desalination
plants. This underscores the need for advancing technological innova-
tion and implementation strategies towards more cost-effective
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solutions [5-7].

In this context, solar-driven passive desalination techniques, based
on interfacial evaporation [8-12], have been recognized as promising
due to their versatility, resilience, and efficacy. Lacking moving me-
chanical parts, these solutions prove particularly effective in emergency
scenarios and have come into the scientific spotlight [13,14]. Recent
studies focus on the use of advanced nanomaterials [15-20], carbon-
based materials [21-24], polymers [25,26], and three-dimensional
and/or multistage structures [9,27-31] to increase the solar-to-vapor
energy conversion. Moreover, emerging approaches encompass the use
of aerogels and tailored cellulose paper or cotton-based water channels
to simultaneously optimize fluidic transport and minimize heat disper-
sion [32-37].

Despite the recent abundant literature on the topic, several critical
aspects still remain to make such technology viable [38]. Among those
aspects, the challenge of efficient and/or spontaneous brine disposal
remains a formidable barrier to the large-scale adoption of passive
thermal desalination systems [32,39-41]. Various techniques and stra-
tegies have been proposed to tackle this problem. In detail, previous
studies have explored the effect of fluid flow engineering techniques to
mitigate salt accumulation occurring in the evaporator [42] through
guided crystallization and/or controlled salt re-circulation [43]. Guided
crystallization induces salt precipitation in specific areas [44,45], while
salt re-circulation attempts to prevent such precipitation. Both ap-
proaches present challenges, in particular with regard to the imple-
mentation of scalable systems able to guarantee long-term stable
performance and the manufacturing of materials with particular fea-
tures [46,47]. Some of the most representative works are briefly dis-
cussed here.

Shi and co-workers [48] proposed a three-dimensional solar evapo-
rator that separates the sunlight-absorbing surface from the salt crys-
tallization surface, preventing salt accumulation that could impede
evaporation. Concurrently, Ni and co-workers [49], taking a simplified
but effective route, developed a floating passive solar distiller with
optimized aspect ratio capable of complete salt removal within a few
hours. However, both these solutions have limitations concerning scal-
ability and thus distillate productivity. Then, Kashyap and co-workers
[50], also focused on the choice of materials, introduced a flexible,
anti-fouling structure by customising geometry, pore size and coating.
Although efficient, production costs might pose a hurdle in emergency
scenarios requiring cost-effective solutions. Others notable studies pro-
posed an hydrogel with anti-clogging features [51], wick-free structures
for efficient solar evaporation [42], and device with effective salt
rejection driven by thermohaline convection [52]. Notwithstanding
these promising and extremely relevant advances, none of these tech-
niques appear to be fully scalable and further efforts are underway.

Recently, innovative studies have revealed the potential role of
Marangoni effect in the long-standing salt rejection issue [29,53-56].
These findings might have a profound impact on the future development
of such technologies [53]. Theoretical studies supported by experi-
mental evidence have elucidated the underlying mechanism and thus
the relationship between the Marangoni effect and the efficient salt
rejection. In detail, an advective mechanism may be induced by the
presence of a liquid-air interface and by local surface tension gradient
enabling significantly superior effective solute transport, i.e., two orders
of magnitude higher than traditional diffusion as already reported by
Morciano and co-workers [53]. Concurrently, Wu and co-workers [57]
proposed a bio-inspired structure (i.e., shaped by 3D-printed cones) with
salt rejection capabilities induced by Marangoni-effect driven advective
fluid flow. Further developments of this concept were reported by Zou
and co-workers, who studied a biomimetic 3D bridge-arch solar evap-
orator to induce Marangoni flow for long-term salt rejection [43].
Although the exploitation of the Marangoni effect has experimentally
proven to be effective in completely removing accumulated salt during
daytime operation [43,53], comprehensive theoretical and numerical
studies capable of assessing and detailing the influence of the various
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parameters determining the performance are yet necessary to gain a
thorough understanding and optimally design the systems.

Here, a numerical model based on finite element analysis was
developed to further explore advective-diffusive transport phenomena,
enhanced by the presence of a liquid-air interface. In detail, the solute
transport within the evaporator induced by the surface tension gradient
was investigated as a function of operating parameters, such as evapo-
rator geometry and solute concentration. The velocity profiles and the
solute outflows were analyzed and discussed in several scenarios. Our
work corroborates the effectiveness of the Marangoni effect in removing
brine more rapidly, revealing a significantly higher total molar flux
leaving the evaporator than that yielded by diffusive processes. Simu-
lations of purely diffusive transport emphasised the significant advan-
tages of the Marangoni effect, exhibiting an increase in the total molar
outflow from the evaporator of approximately three orders of magnitude
compared to the purely diffusive model.

2. Theoretical background and methods
2.1. Marangoni effect-driven salt rejection

The sandwich structure sketched in Fig. 1 a) is among the most
promising and widely investigated passive desalination system consid-
ered in the literature [31,38,53,58]. The sandwich structure consists
mainly of a solar absorber, an evaporator, and an air gap through which
the water vapor flow passes to reach the condensing layer. The thickness
of the air gap is usually optimized according to the boundary conditions
and energy sources at disposal to optimize mass transfer permeability
coefficient and thermal conductivity (see Fig. 1a). The focus of the
research is the investigation of mass transport in the evaporator
component, whose features considered are detailed below, of a passive
desalination system. The evaporator, accommodating the uniform thin
film of aqueous solution (here saltwater) to be thermally treated through
interfacial heat localization, is prone to potential salt crystallization
phenomena (see Fig. 1a). Indeed, the saltwater in the evaporator is
heated up by the incoming thermal energy (e.g., solar energy, absorbed
by means of highly selective coating) and a continuous evaporation
process takes place, together with concentration of the solute. Then, salt
concentration reaches high values in the central region of the evaporator
(indicated with dark blue in Fig. 1a), the latter being surrounded by
peripheral regions with gradually diminishing concentration (indicated
with cornflower blue in Fig. 1a). Such a reduction is due to the presence
of the cross sections which are in communication with the seawater
basin, through the vertical strips, and arising advective-diffusive phe-
nomena. In detail, the salt concentration gradient induces localized
viscous stresses because of the resulting asymmetric interactions expe-
rienced by the molecules at the interface. The presence of the liquid-air
interface at y =4, constitutes therefore one of the essential re-
quirements for activating the Marangoni effect. From an engineering
perspective, such an interface can be implemented through the use of
hydrophilic layers and high porous spacers or as recently proposed by
Elimelech and co-workers [59]. In Fig. 1b) a schematic representation of
the Marangoni effect-driven salt rejection process occurring in the
evaporator is reported. Note that in Fig. 1b), for simplicity of exposition,
the liquid-air interface is displayed at the top of the thin film while the
support at the bottom (in agreement with the reported Cartesian refer-
ence systems).

The state of the art counts a myriad of evaporator structures with
special designs and water transportation pathways. Capillary porous
wick architectures [14,49,53,60] and rigid and micro-structured capil-
lary layers etched with variously shaped grooves [58,61] are mostly
proposed and designed to host the saltwater thin film. However, in order
to investigate the potential of the Marangoni effect independently from
the particular practical implementation of the evaporator, we will focus
on the mass transport in the saltwater thin film disengaging from the
intricate details of the evaporator structure, while ensuring a more



G. Stincone et al.

a)

Structured 2L
capillary layer
evaporator

Vertical
feeding/rejecting
channels

Net seawater flux

¢ - Solute concentration; y = Surface tension

Support (i. e., Solar absorber)

Desalination 583 (2024) 117673

% Structured capillary
layer evaporator
Water vapor

Freshwater
(Condenser)

Condenser

V4

EHigh ¢ and y X
e
o %o

Solute L

Fig. 1. Illustrative picture of the (a) sandwich-like desalination unit, in which the evaporator component is prone to the phenomenon of passive interfacial thermal
evaporation, and (b) schematic representation of the Marangoni effect-driven salt rejection process occurring in the evaporator. The vertical extensions immersed in
seawater (see panel (a)) allow the supply of seawater (via capillary action, see cornflower blue arrows) and the evacuation of salt (see dark blue arrows). Note that, in
panel (b), only half (i.e., the right side) of the horizontal evaporator layer is reported due to symmetry. The portion reported in panel (b) represents the simulation
domain. The presence of the liquid-air interface at y = &, constitutes one of the essential requirements for activating the Marangoni effect. The Marangoni flow at the
liquid-air interface arises due to the surface tension (i.e., y) gradient resulting from the gradual reduction in salt concentration (i.e., ¢) from the left (area most prone
to crystallization) to the right boundary (where ¢ ~ c.q). Subsequently, the generated velocity field propagates throughout the entire evaporator thickness (i.e., 5,). It
is important to state that the salt rejection process was investigated under nighttime isothermal conditions.

general study. Thus, the simulation domain (indicated in Fig. 1b) is
representative of a saltwater thin film of a specified thickness (i.e., &)
and length (i.e., L). Note that L (here equal to 1.75 cm [53]) represents
only half (i.e., the right side, see Fig. 1a) of the horizontal portion of the
whole envisioned evaporator, because of the symmetry. It is worth
noting that, to reduce computational costs, the vertical extensions
immersed in seawater (see Fig. 1, panel (a)) allowing the supply of
seawater and the evacuation of salt were not simulated; rather, appro-
priate boundary conditions were applied. Therefore, the model can be
streamlined by invoking a 2D simulation domain. Indeed, density-driven
flow taking place in the vertical feeding/rejecting channels leads to a
faster equilibrium process with sea concentration (i.e., Cseq)-

2.2. Numerical simulations of the Marangoni effect

2.2.1. Involved physics

COMSOL Multiphysics® simulations were performed to investigate
both the purely diffusive and the advective-diffusive (i.e., the Mar-
angoni) phenomenon (see Fig. 1b). Therefore, the volume-averaged
Navier-Stokes equations and the transport of diluted species were
coupled and solved numerically. Specifically, mass conservation applied
to the structured capillary layer evaporator was expressed as:

e P 4V (pu) = 0 &)
ot

where p and u are the density and the volume-averaged velocity vector
of the fluid, respectively, ¢ is the porosity of the structured capillary
layer evaporator, which is considered constant in time and spatially
homogeneous, and t the time. Then, the momentum balance equation
for fluid flow in the structured capillary layer evaporator was expressed
as [62]:

P BL: + S-Vu} =V. {u(Vu +(Vu)") - %,u(Vu)I +
F (2
1

—Vp—e{E—&- \/I?/)|u|}u

where K and F, are the permeability and the geometric function of the
structured capillary layer evaporator, respectively (see Ref. [62] for
further details), which are considered spatially homogeneous. Then, p is
the volume-averaged pressure of fluid, ¢ the dynamic viscosity of the
fluid and I the identity matrix. In Eq. 2, the gravity term was neglected.
The transport of diluted species, which is governed by an advection-
diffusion equation, was modelled as:
dc;

e
SEJrV-(f;D[Vc;) +u-Ve; =R; 3)

where c; denotes the mass concentration of the i-th species (namely, ratio
between the mass of solute and the total mass of aqueous solution), and
D; the molecular isotropic diffusion coefficient of salt in water. Then, 7 is
the tortuosity [53] of the structured capillary layer evaporator. R; is the
reactive term, which was assumed to be zero based on the premise that
the salt remains chemically inert within this context. As extensively
discussed in Section 2.1, the porosity ¢ of the structured capillary layer
evaporator was considered equal to 1. This assumption will be applied to
Egs. 1, 2 and 3 and consistently maintained henceforth. In this study, the
main objective was indeed to explore the potential solute molar flux
induced by the Marangoni effect, while diverting attention from the
intricate complexity of the myriad of micro-structured capillary layers
with high porosity (i.e., > 0.9, as reported in Refs. [9, 53]), which
accommodate the simulated volume of saltwater. The density p and the
dynamic viscosity u of the fluid are solute concentration-dependent
properties, evaluated through empirical correlations [63]. In detail,
the expression for density was evaluated as follows:

p = po(1+pc) Q)
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where p, represents the density of freshwater at ambient temperature (i.
e., equal to 0.9982 kg L™1), and g is a fitting parameter (R-square ~
0.99) derived from the linear regression curve outlining the density
trend as a function of concentration [64]. For sodium chloride-based
aqueous solution f is equal to 6.46-10~* L g~1. The expression for dy-
namic viscosity was given by:

Hy
T 1-dc ®)
where y is the dynamic viscosity of pure water and has a value of
0.001 kg m~! s7!, while § is a fitting parameter (R-square ~ 0.99)
derived from the linear regression curve outlining the viscosity trend as
a function of concentration [64]. For sodium chloride-based aqueous
solution 6 is equal to 1.566-10* L g~ 1.
Finally, the total outgoing solute molar fluxes in the case when the
Marangoni effect is active and in the case of pure diffusion only were
evaluated by the following equations, respectively [53]:

Oy
NMnmngoni = / ( - D[VC[ + llC[)'Il dy (6)
0

By
Nplﬂum,g = / (7D,'VC,‘)'I1 dy (7)

0

where n represents the unit normal vector. Note that u appearing in Eq. 6
accounts for advective flow motion generated by the surface tension
gradient at the interface, which does not occur in purely diffusive flow
motion (see Eq. 7). The comparison of the effectiveness of transport
mechanisms due to the Marangoni effect and that of pure molecular
diffusion was accomplished by evaluating the ratio of the corresponding
stationary molar fluxes at the outlet section, as follows [53]:

jg" (=D:Vc¢; +uc;)n dy

= - 8
fg" (= D;Vci)n dy ®

Nutarangoni

R=
NDiffusiw'
It is worth pointing out that, henceforth, we considered sodium
chloride as the only species present in water. Thus, a value of 1.5-
107° m? s7! [53,65] was assigned to D;. Finally, it is worth mentioning
that in this study, the Marangoni effect is exclusively induced by con-
centration gradients. Specifically, our simulations aimed to investigate
the ability of the evaporator to re-establish the initial seawater con-
centration during the nighttime hours from high levels of salt concen-
tration throughout the domain, under isothermal conditions.

2.2.2. Initial and boundary conditions

A Dirichlet condition was applied to the left boundary of the control
volume (i.e., x = 0 and Vy, see Fig. 1b) to fix the maximum concentra-
tion value (i.e., cmax). The cpax value, determining the driving force of
the process, was varied from 700 to 3400 mol m~3 (namely up to
200 g L7!, being the molecular weight of sodium chloride equal to
585 ¢ mol~!, which is typical value of brine [42,53]). These values
were intended to mimic different scenarios and thus varying levels of
salt accumulation on the evaporator layer, which depend on the evap-
oration rate and thus the intensity of solar radiation or thermal energy
absorbed during daily operation. As an example, considering a typical
thermal efficiency of around 75 % for the interfacial passive thermal
evaporation process, consistent with experimental findings reported in
the comprehensive review paper published by Tao and co-workers [10],
along with a solar irradiation of 1000 W m~2 and 6, equal to 1 mm, a
concentration of 200 g L~! would be attained within approximately
1.5 h of operation. Whilst, when considering &, equal to 5 mm,
achieving the same concentration of 200 g L~! would require approx-
imately 8 h of operation. These time-dependent concentration values
were estimated using the analytical approach detailed in Ref. [66]. On
the other hand, the open boundary condition was applied to the right
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boundary of the control volume (i.e., x = 0 and VYy, see Fig. 1b), namely:

if un>0

—n-(—DVc) =0
{ if un<o0 ©

€ = Csea

This condition ensures that when the velocity vector u is directed
outwards, there is no diffusive mass transfer normal to the boundary.
However, when the velocity vector u is directed inwards, the concen-
tration c is set to a fixed value, namely the concentration of the seawater
Csea» Which is equal to 600 mol m~3 (i.e., 35 g L™!). Moreover, a step
function was used to define the initial volume concentration profile in
the evaporator and thus smooth the transition from c,—¢ to ¢,—;. This
approach is useful to prevent potential convergence issues of the simu-
lation in the first time steps due to steep gradients. Then, no normal mass
fluxes were considered through the upper and lower boundaries (i.e.,
y =6, and y = 0, respectively and Vx, see Fig. 1b), which are therefore
impermeable:

—npu=0 (10)

—n:(—DVc) =0 an

The Marangoni effect was included into the model through a slip
condition applied to the upper boundary (i.e., y =6, and Vx, see
Fig. 1b). This boundary condition is key to reproduce the velocity at the
liquid-air interface under the existence of surface tension gradient, and
can be articulated, in case of ¢ = 1, as follows:

—pl+pu(Vu+ (VU)T) 7§ﬂ(v-u)l n=oVc 12)

where ¢ stands for the derivative of the surface tension y with respect to
the concentration, denoted as ¢ = % Here, 6 was equal to 1.76-

10 % [53]. Clearly, when studying the purely diffusive mass
transport, the slip boundary condition was removed from the model.
Instead, no slip boundary condition was applied to the lower boundary
(i.e.,y = 0 and Vx, see Fig. 1b), because of the contact of the fluid with a
not moving wall, namely the support.

The presence of high concentration gradients within the solution
sometimes increased the susceptibility to numerical errors, primarily
due to the dominant advective transport phenomena. Consequently,
attention was given to optimize the model setup, particularly by fine-
tuning solver parameters such as the relative error tolerance, which
ranged between 10~2 and 1073,

Moreover, to ensure consistent and reliable results across different
levels of mesh refinement, a mesh independence study was conducted.
The convergence criterion established involved systematically varying
the mesh size and assessing the impact on the simulation results. In
detail, it requires that the outgoing solute molar flux trend tends to a
plateau in the convergence plot, which suggests that additional refine-
ment does not significantly affect the results. In all cases the outgoing
solute molar flux variation remained consistently below 15 % against a
mesh element number variation of at least 35 %, depending on the
specific case under consideration. It is worth noting that 15 % represents
the maximum accepted deviation, which was encountered in a mere 10
% of simulated cases.

2.3. Salt discharge during nighttime

For the sake of completeness, additional simulation was performed
to investigate a complete discharge process and the related time needed.
In detail, the simulation aimed to further explore the ability of the
evaporator to restore, during the nighttime, the initial salt concentration
of the sea starting from higher values over the entire domain. In this
way, long-term stable performance can be ensured. The simulation was
based on the same physical models described in the previous section.
Adjustments were then introduced to remove the Dirichlet condition
previously applied to the left boundary (i.e., cx—0 = Cmax), Which
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imposed a constant concentration gradient during the simulation. Then,
a uniform initial concentration profile was introduced throughout the
domain (i.e., ¢(x,y,t = 0) = cmax = 200 g L™1) to replicate the most
challenging salt removal scenario after daily operation of the desalina-
tion system. The transient study was conducted for a duration of 6 h. The
aim of the simulation is to provide valuable insights into the dynamics of
salt rejection process (e.g., during nighttime) and to offer a compre-
hensive understanding of the ability of the evaporator to recover and
maintain optimal performance, even under challenging operational
conditions. It is worth mentioning that the transient model was previ-
ously employed and validated experimentally in Ref. [53].

3. Results and discussions
3.1. Optimizing the Marangoni effect

First, a study was performed to quantify the impact of the concen-
tration gradient on mass transport within the saltwater thin film. To this
purpose, the velocity fields and the resulting outgoing solute molar flows
induced by the Marangoni effect were thoroughly analyzed and dis-
cussed (see Fig. 2). The concentration gradient throughout the evapo-
rator, and consequently the surface tension gradient that is established
at the liquid-air interface (i.e., at y = §,), was fine-tuned and imposed
by maintaining a constant concentration value at the section commu-
nicating with the sea (i.e., cx_; = 600 mol m~%) and varying the con-
centration value at x = 0, where the concentration is expected to reach
its maximum value at the end of the daily operating cycle.

Results reported in Fig. 2 refer to &, equal to 1 mm. In detail, the
steady-state velocity profiles generated along the y direction and at x =
L are shown in Fig. 2a) for various concentration gradients. Here, c,—o
was varied from 700 to 3400 mol m~2. The resulting pressure difference
at the liquid-air interface ranged from approximately 0.01 Pa to 0.28 Pa,
being ¢ equal to 1.76-107° ni"ol% At higher c,_o values, the surface
tension gradient at the liquid-air interface increases, affecting the fluid
shear flow and leading to enhanced advective motion throughout the
saltwater layer. As a result, enhanced salt evacuation from the control
volume occurs.

The observed reverse flow was the result of the slip condition at the
liquid-air interface (i.e., at y = &,) and the no-slip condition applied to
the lower boundary (i.e., y = 0). In detail, the velocity field assumed
negative values in the upper part of the control volume, bounded by a
y-value equal to ~ 2 5, and the interface. Indeed, at the interface, par-

1
a)
0.8r
— 067
£
=041 700 [mol m~3]
---- 1000 [mol m~?]
- - 1500 [mol m~?]
0.2 2000 [mol m~3]
—-=- 2500 [mol m~?]
— 3400 [mol m ™3]
0 T T L
-1.5 -1 -0.5 0 0.5 1

Up—r, [mm s~

Fig. 2. Salt rejection performance under varying concentration gradient (i.e.,
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ticles are transported from the lower to the higher concentration region
due to tangential viscous actions. This process establishes internal re-
circulation, allowing effective dilution of the higher concentration
phase. Furthermore, results demonstrate that with an increasing con-
centration gradient, a gradual augmentation in the magnitude of both
positive and negative velocity components is observed.

The salt rejection capacity, as quantified by the net outgoing solute
molar flux, is closely related to the direction and magnitude of velocity
components developed in the domain. In detail, as the concentration
gradient increases, the net outgoing solute molar flux increases. In
Fig. 2b), the corresponding net molar fluxes (driven by the Marangoni
effect and evaluated by Eq. 6) were reported as a function of time. These
outgoing fluxes were calculated at the section communicating with the
sea (i.e., at x =L, see Fig. 1), which acts as the outlet section for the salt
ions. After a short transient period, the molar fluxes reached a steady-
state condition in all scenarios.

We then extended this study to different values of §,. Indeed, un-
derstanding how the thickness of the saltwater film may affect salt
rejection process, and thus the mass transport within the control vol-
ume, becomes paramount to proceed with optimization of the device
design. To this purpose, sensitivity analyses of the velocity profiles and
the corresponding molar fluxes were performed varying §,, from 0.5 to 5
mm. The choice of such values for solar and passive systems lies in
manufacturing considerations. Evaporators with a thickness of less than
0.5 mm would be difficult to manufacture and manage; on the other
hand, a thickness higher than 5 mm would result in a reduced locali-
zation of thermal energy [8] (e.g. solar energy) and higher heat capacity.
Results were summarized in Fig. 3.

In detail, Fig. 3a) showcases the influence of 6, on the steady-state
velocity profiles, in case of wall at x = 0. Here, c,_o was set equal to
1000 mol m~3 as an exemplificative case study. From the reported
trend, it may be inferred that increasing &, causes a reduction in the
magnitude of the maximum velocities in the x — direction along the y —
axis. This is due to a re-mixing of the moving water layer at the surface
into a larger volume as thickness increases, and thus fulfilling continuity
equation. Therefore, the benefit of increasing the evaporator thickness
due to the larger solute discharge cross-section was mitigated by
generating a flatter flow field. Furthermore, it is essential to emphasize
that the reverse flow induced by the Marangoni effect invariably arose at
y~2 5y, with a discrepancy of 6 % at most. This condition may be
demonstrated through a simplified analytical formulation based on the

assumption that ux% is much smaller than j}—"’;y“; (i.e., %«‘L“;{BL) and
g X 10™ ‘ ‘ ‘ ‘
b) Cmaz
700 [mol m 3]
=6 ---- 1000 [mol m~?]||
| —
n - - 1500 [mol m~3]
T 2000 [mol m~3
= -3
= --=- 2500 [mol m™?]
o4 _311]
g l,‘ — 3400 [mol m™]
S20
=N
0 |~\ ----------------------
0 200 400 600 800 1000

&=0-¢=l) (a) Steady-state velocity profiles and (b) time-dependent net outgoing
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Marangoni-driven solute molar flux, evaluated at x = L. The results were achieved by varying the value of the salt concentration at x = 0, from 700 and

3400 mol m~3, and considering c,_;, constant and equal to ¢y, (i.e., 600 mol m~3 or 35 g L~!). The results refer to &, equal to 1 mm.
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Fig. 3. Salt rejection performance under varying &, values. (a) Steady-state velocity profiles and b) time-dependent net outgoing Marangoni-driven solute molar flux,
evaluated at x = L. The results were achieved by varying the &, value from 0.5 and 5 mm. The results refer to c,_¢ equal to 1000 mol m~3.

imposing equal to zero the average velocity over the saltwater thin film
cross-section (i.e., imposing the continuity equation). The streamlined
analytical formulation implies indeed the following parabolic velocity

profile u, =y% % (2% - 1), as reported in Ref. [53]. Interestingly, for

Sy values higher than 3 mm, see purple line in Fig. 3a, negative velocity
values may also be observed at the outlet cross-section even approaching
the boundary where the no-slip condition was applied. This may be due
to the reduced velocity in the x-direction at the outlet section. In
Fig. 3b), the corresponding net molar fluxes driven by the Marangoni
effect and evaluated by Eq. 6 were reported as a function of time. Dis-
regarding the short transient phase, which may sometimes exhibit un-
avoidable numerical instabilities, the focus was turned to the
dependence of the steady-state molar outflow on the thickness and
imposed concentration gradient. In the Fig. 4, the steady-state net molar
fluxes driven by the Marangoni effect as a function of §,, were plotted
under varying concentration difference (i.e., Ac = cy—0— Cx-1)
Considering the case study analyzed in Fig. 3 (i.e., cx—o equal to
1000 mol m~3), the results (see blue circles in Fig. 4) illustrated a po-
tential 590 % increase in total molar outflow by varying §,, from 0.5 mm

10°° ‘ ‘ ‘ ‘
|
T 10 .
= 107 F
D ’ S
@I
E ¢ ——— Case study - Fig. 3
[} A
E10°) o
g
:
s —w—Ac = 100 [mol m~?
5 1 0»6 L —@-Ac =400 [mol m~?]
2 4 Ac =900 [mol m~3
Ac = 1400 [mol m~]
Ac = 1900 [mol m~3]
Ac = 2800 [mol m~9]
107 ) ‘ ‘ ‘
0 1 2 3 4 5
0y [mm]

Fig. 4. Steady-state net molar fluxes driven by the Marangoni effect as a
function of §,, were plotted under varying concentration difference (i.e., Ac =
Cx—0 — Cx—1 ). Four different §,, values were considered, i.e., 0.5, 1, 3 and 5 mm.
Moreover, the cmax value, determining the driving force of the process, was
varied from 700 to 3400 mol m~3.

to 5 mm. However, Fig. 4 clearly reveals the asymptotic behaviour of the
thickness-dependent Nygrangoni OWing to the flatter flow field yielded by
the increase in §,,. Moreover, as Ac increases (see lighter blue curves),
the relative Nygrangon: increases due to 6, drops. In particular, a potential
350 % increase in total molar outflow was observed for Ac equal to
2800 mol m~3, by varying &, from 0.5 mm to 5 mm.

For completeness and for clearer insights at local level, the surface
plots related to the steady-state concentration distribution in the control
volume were reported in Fig. 5, for different §,, values. The knowledge of
the concentration value reached locally in the device is crucial to carry
out a geometry design process that rules out possible stagnation zones
and thus assess whether or not the device may be partially affected by
drops in productivity during the day. Indeed, the evaporation rate
strongly depends on the local value of solute concentration present in
the aqueous solution.

Determining the optimal setup may be accomplished by examining
both the absolute and relative capacities of the Marangoni effect,
comparing it, e.g., with a purely diffusive transport case where no liquid-
air interface is available. Therefore, with the aim of emphasizing the

0.5 mm[ — ST,
R .
3 mm
5 mm

| ‘
600 700 800 900

¢ [mol m~3]

1000

Fig. 5. Steady-state concentration surface plots, including the Marangoni ef-
fect. The results refer to c,_o equal to 1000 mol m~2 and c,_; equal to csq. Four
different 5,, values were considered, i.e., 0.5, 1, 3 and 5 mm; whilst L is constant
and equal to 1.75 cm.
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possible advantage provided by the Marangoni effect compared to the
simple case of pure diffusion, the latter was also simulated and the re-
sults compared. Specifically, in Fig. 6, the steady-state net outgoing
molar flux in case of a) Marangoni effect and b) classical molecular
diffusion (wWhere D is equal to 1.5 x 10~° m? s~! [65]) were reported as
a function of the concentration difference (i.e., Ac = ¢cy—o — Cx—1). TO
simultaneously highlight the differences due to the simulation domain
dimensions, the calculations were performed for each &, value proposed
in this work.

In the case of purely diffusive regimes (see Fig. 6b), the molar flux
under steady-state conditions obviously exhibits a linear dependence on
the concentration gradient and the thickness of the domain. In contrast,
the molar flux determined by the Marangoni effect (see Fig. 6a) exhibits
a trend with an increasing steepness moving from lower to higher con-
centration gradients. Furthermore, the potential for increasing the ab-
solute salt rejection capacity by using a larger evacuation surface area (i.
e., 8y) is evident with all concentration gradients analyzed. Then, in
Fig. 7a the ratio between the outgoing molar fluxes R (see Eq. 8) was
analyzed and reported as a function of the driving force.

The presence of a surface tension gradient adds a preponderant
contribution to mass transport, compared with the case of purely
diffusive transport. This effect becomes increasingly significant as the
concentration gradient increases. However, it is worth observing that R
exhibits an asymptotic trend with respect to the driving force. This
phenomenon can be explained by considering the significant influence
of the fluid’s viscosity on advective motion. In the presence of sharp
saline gradients, the resistance imposed by viscosity increases with a
non-linear behaviour, constraining the fluid’s response to tension gra-
dients associated with the Marangoni effect. Thus, even as the driving
force increases with higher concentration differences, the viscous effect
prevents a proportional rise in the advective salt flux, leading to an
asymptotic trend. On the other hand, in the context of diffusive trans-
port, the flux increases linearly with the concentration gradient and
remains unaffected by the fluid’s viscosity. Another key insight is
characterized by the fact that this saturation propensity is more pro-
nounced in the case of higher thicknesses. This is due to higher velocity
values (see Fig. 3a) established with lower &,. As a result, for larger
thicknesses, the Marangoni effect will progressively exert less influence
on the increase in molar flux prompted by the increase in the concen-
tration gradient. As evident in Fig. 7a, the total molar flux obtained in
the presence of the Marangoni effect may reach values generally 2 or-
ders of magnitude higher than the purely diffusive one. For thicknesses
of less than 1 mm, even 3 orders of magnitude differences were reached.
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From an engineering perspective, exploring the outgoing molar flux
augmentation trend as a function of the dimensionless driving force
would be interesting and helpful. In order to eventually generalise the
phenomenon under investigation, the results presented in Fig. 7a were
thus adimensionalised and regrouped in Fig. 7b. To this purpose, the
well-known Marangoni number (i.e., Ma = %), the parameter R
(defined by Eq. 8) and the layer thickness (i.e., §,) normalised with
respect to the length L were introduced. Interestingly, the trend
describing the outgoing molar flux enhancement due to the Marangoni
effect as a function of the driving force can be well fitted (R-square =
0.977) by a semi-empirical, unique and simple equation, namely R
(%)" = b Md". In detail, the y-axis of Fig. 7b shows the values of R

scaled by (‘%W)a, being a = 5.156 x 1072 a fitting parameter. This scaling
is employed to account for the varying volume and hence viscous
stresses involved while simulating different §,,, and thus to re-scale the R
increase as Ma increases. While the x-axis shows Ma elevated to the
fitting parameter ¢ = 7.685 x 107!, the whole multiplied by a fitting
parameter b = 5.254 x 10~!. Similar correlations involving Marangoni
number and induced convective mass transfer are reported in the liter-
ature [67]. The symbols represented in Fig. 7b refer to all the configu-
rations tested in this paper.

3.2. Simulated salt discharge during nighttime

Finally, in Fig. 8a, the time-dependent salt concentration within the
layer was reported. The aim was to investigate a complete discharge
process and the related time needed, testing the ability of the evaporator
to restore the initial salt concentration of the sea during the nighttime.
The concentration values were obtained as an average over the control
volume. Specifically, 5, was assumed to be equal to 5 mm, thus
considering a more design-friendly geometry as well as the case where
higher Nuarangoni OCCULS.

Starting from a concentration value equal to 3400 mol m~2 (i.e.,
200 g L1, which is typical value of brine) over the entire control
volume, the concentration of the aqueous solution rapidly decreases
within the first 30 min. Subsequently, the considerable reduction in the
concentration gradient led to a dampening effect on the salt evacuation
rate, in any case reaching a concentration of 600 mol m~3 (i.e., Ceq) in
less than 2 h. Therefore, the device would be able to passively reject 100
% of salt accumulated during daytime operations and reach equilibrium
with seawater well within the nighttime. The solution investigated in
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Fig. 6. Steady-state net outgoing molar flux in case of a) Marangoni effect and of b) classical molecular diffusion, under varying concentration difference (i.e., Ac =
Cx—0 — Cx—1). Four &, values were considered. Results refer to Egs. 6 and 7, respectively. In case of purely diffusive flow, the slip boundary condition at the upper
boundary was replaced with a no-slip condition. Moreover, the simulation time of the diffusive flow was augmented up to t = 40 h to ensure steady-state conditions

for all simulated cases.
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Fig. 7. a) Ratio between the steady-state outgoing molar flux in case of Marangoni effect and purely molecular diffusion (defined by Eq. 8), under varying con-
centration difference (i.e., Ac = cx_¢ — Cx—1). Different domain thicknesses are shown. b) Relationship between the ratio R between the steady-state outgoing molar
flux in case of Marangoni effect and purely molecular diffusion (defined by Eq. 8) and the Marangoni number (i.e., Ma). Symbols refer to all configurations tested in
this paper. The resulting trend can be well fitted (R-square = 0.977) by the power function R (‘%W)a =b Mda* (dot-dashed black line), being a = 5.156 x 1072, b =
5.254 x 1071, ¢ = 7.685 x 10! the fitting parameters. Note that the y-axis is on a logarithmic scale.
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Fig. 8. Simulated salt discharge from the evaporator during nighttime. a) Time evolution of the average salt concentration over the entire control volume and b)
transient concentration surface plots, in case of §,, equal to 5 mm. The initial salt concentration over the entire domain was set to 3400 mol m~3.

this study therefore turned out to be highly promising towards real
applications. Indeed, a faster discharge process may result in faster
production of fresh water, making the technology more practical for
dealing with water shortages and emergency situations. It is worth
mentioning that, in our previous study [53], a 75 % concentration
decrease was observed after 2 h; whilst, the device was able to passively
reject 100 % of the salt accumulated during the daytime operations after
~ 4 h. This suggests yet again the importance of carrying out optimi-
zation studies of the poorly explored Marangoni effect.

To conclude, the proposed model allows for a local and accurate
assessment of salt rejection times, and thus provides a time- and space-
dependent assessment of solute concentration (i.e., c(x,t)). This is
extremely useful at the design stage. At the same time, conducting
experimental studies to measure the salinity of water in such a devices
(e.g., steam generators, interfacial evaporators, and desalination de-
vices) during their operation posed more than significant challenges. To
date, most of the experimental work on this topic, although offering a
significant contribution to this area, was performed with non-

quantitative and/or destructive techniques, which have limitations. In
this regard, the research works discussed in the introduction, demon-
strating the potential of the Marangoni effect to induce enhanced re-
circulation of brine or guided crystallization of salt, were summarized
in Table 1, for the sake of compactness. As detailed, Refs. [29, 54-57]
rely on indirect method to evaluate the solute concentration, where the
dynamics of salt distribution/accumulation inside the evaporator and
diffusion processes were studied only by image analysis. In detail, the
concentration and any salt crystallization on photothermal surfaces was
monitored using digital photos. This demonstrates the importance to
analyze systematically, theoretically and numerically, solute transport
as a function of time.

4. Conclusions
Our research optimizes the potential of the Marangoni effect in

generating enhanced mass transport, thus providing a highly effective
solution to the salt accumulation issue. Continuum fluid dynamics
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Table 1

Recent research papers demonstrating the potential of the Marangoni effect to
induce enhanced re-circulation of brine or guided crystallization of salt. Mate-
rials used, concentration evaluation method (indicated by CEM), the type of
research (i.e., experimental and/or numerical research), and year of publication
were indicated. c(x, t) refers to time- and space-dependent solute concentration.
PS/LC stands for polystyrene/lignocellulose.

Salt rejection Material CEM Research Ref.
strategy
Enhanced re- Low-cost wick Direct Exp./ 2020
circulation [c(x,t)] Num. [53]
Guided 3D printed Indirect Exp. 2020
crystallization nanocomposite [57]
Enhanced re- Coated hydrophilicPS/  Indirect Exp. 2021
circulation LC skeleton [56]
Enhanced re- Composite resin Direct Exp./ 2021
circulation [c(x)] Num. [43]
Guided Fabric decorated with Indirect Exp. 2022
crystallization MXene [29]
Guided Wood shell and Indirect Exp./ 2023
crystallization hydrogel Num. [54]
Enhanced re- Coated copper mesh Indirect Exp./ 2023
circulation Num. [55]
Enhanced re- Low-cost wick Direct Num. This
circulation [c(x,t)] work

simulations were performed. In detail, the Navier-Stokes equations and
the transport of diluted species were coupled and solved numerically to
investigate the advection-diffusion phenomenon in presence of a liquid-
air interface. A detailed analysis of the characteristics of the velocity
field driven by the surface tension gradient and the advective-diffusive
flow of species was performed to identify the key parameters that in-
fluence the transport mechanisms. Sensitivity analyses have elucidated
the influences of salt concentration gradient and evaporator thickness on
salt transport capacities. In the case presented, it was found that the
molar flux associated with advective-diffusive phenomena is directly
proportional to the thickness of the evaporation layer and the concen-
tration gradient in the solution. Indeed, simulation results demonstrated
the potential of the Marangoni effect to enable a mass transport process
that is significantly faster than in the case of pure molecular diffusion.
Simulating the two cases distinctly, the comparison was carried out by
evaluating the relationship between the respective molar fluxes under
steady-state conditions. Our results revealed that the Marangoni effect
may increase mass transport capabilities, significantly exceeding pure
diffusive flux by more than three orders of magnitude. Furthermore, we
explored potential self-similar solutions characterizing the Marangoni
phenomenon. Notably, a semi-empirical, dimensionless fitting equation
able to predict the augmented mass transport as the Marangoni number
varies was obtained and proposed. Finally, the complete salt-discharge
process was studied. Results revealed a rapid decrease in salt concen-
tration in the control volume, reaching seawater salinity levels in less
than two hours. This time scale, which is less than the overnight time of
natural inactivity for solar distillation devices, ensures stable perfor-
mance over time.

Understanding the impact of the Marangoni effect on salt rejection is
crucial for leveraging and engineering this phenomenon effectively.
Precise evaluation of rejection times enables optimization of system
design and operational parameters, enhancing energy efficiency and
cost-effectiveness of desalination devices. In perspective, it would be
interesting to integrate the Navier-Stokes equations and the transport of
diluted species with the energy balance equation, thus exploring the
potential impact of any thermophoresis effects, and to explore the effect
of the porosity of the structured capillary layer evaporator on the salt
rejection performance. Moreover, shorter salt-rejecting times are
particularly vital for prompt access to clean water in disaster areas,
enabling better resource planning, and reducing environmental impact.
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