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Broader context

Solar passive distiller with high productivity and
Marangoni effect-driven salt rejectionf

Matteo Morciano, {2 2°¢ Matteo Fasano, {2 *®® Svetlana V. Boriskina, (2 ©
Eliodoro Chiavazzo () *® and Pietro Asinari () *

Inadequate water supply, sanitation and hygiene in remote locations, developing countries, and disaster
zones fuel the growing demand for efficient small-scale desalination technologies. The aim is to provide
high-quality freshwater to water-stressed and disaster-stricken communities even in the absence of
energy infrastructure. The major key drivers behind the development of these technologies are the low
cost of materials, the flexibility of the technology, the sustainability of the freshwater production, and
the long-term stability of the device performance. However, the main challenge is to achieve stable
performance by either preventing or mitigating salt accumulation during the desalination process. We
present a multistage passive solar distiller whose key-strength is an optimized geometry leading to
enhanced water yield (as compared to similar state of the art technologies) and spontaneous salt
rejection. A comprehensive theoretical study is conducted to explain the apparently paradoxical
experimental effective transport exceeding classical diffusion by two orders of magnitude. In our study,
the Marangoni effect is included at the water—air interface and it stems from spatial gradients of surface
tension. Interestingly, theoretical and experimental results demonstrate that the device is able to reject
overnight all the salt accumulated on each evaporator during daytime operation. Furthermore, under
realistic conditions, a distillate flow rate of almost 2 L m™2 h™! from seawater at less than one sun
ilumination has been experimentally observed. The reported mechanism of the enhanced salt rejection
process may have tremendous implications in the desalination field as it paves the way to the design of
a new generation of hydrophilic and porous materials for passive thermal desalination. We envision that
such a technology can help provide cheap drinking water, in a robust way, during emergency conditions,
while maintaining stable performance over a long time.

In the broad field of passive solar desalination, the Achilles’ heel of the technologies is crystallization of salt particles on the photothermal component and

device clogging. Addressing this issue is of primary importance to maintain uninterrupted operation with stable water evaporation rates. Recently, new
nanostructured materials with anti-clogging properties have been proposed to limit the salt accumulation. However, the high cost of the nanostructured

materials and the difficulty of scaling up the prototypes hindered their widespread adoption. Here, we investigated thoroughly the mechanisms underlying the
salt particles transport, with the aim to understand and improve the salt rejection processes. The main achievement of our research work lies in the

fundamental understanding of the relationship between the so-called Marangoni effect and the efficient and enhanced salt rejection. The role of Marangoni
effect in the salt rejection process taking place in passive desalination technologies has never been investigated before. Our experiments show that, as a result

of the Marangoni effect, a 75% salt concentration decrease is achieved after 2 hours. We suggest that this effect may have tremendous implications in the
design of a new generation of hydrophilic and porous material for desalination devices with enhanced and tailored salt rejection properties.
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Global warming and clean water scarcity are progressively
impacting economies and societies. International collaborative
efforts have taken place to limit global temperature rise and address
clean water scarcity in the most water-stressed areas, where nearly
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In this context, flexible (i.e. accessible to more people), robust,
efficient and stand-alone (where no moving parts are present)
desalination technologies able to operate even in emergency
conditions have been recently designed and studied in
literature.”" The attention has been mainly focused on the
study and design of new nano-structured materials and smart
structures able to improve the solar-to-vapour conversion and
the energy management."***° In 2018 some of the authors
proposed a solar passive and multistage distiller’ able to
achieve performance beyond the thermodynamic limit of a
single stage device, by recovering the latent heat of condensation.
The importance of recovering the latent heat of condensation in
passive distillation devices has been then extensively discussed
and emphasized by Wang and co-workers,*® and Pang and
co-workers.®® In both the article reviews, the authors state
that high-performance cannot be achieved without efficient
condensation, accompanied by the recovery of the latent heat
of condensation. Afterwards, Xu and co-workers™® proposed a
solution to optimize the overall heat and mass transfer in a
thermally localized multistage solar still. According to their
investigation, a 10-stage prototype achieved a solar-to-vapour
conversion efficiency of 385% relying on solar heat localization
and latent heat recycling. The solar heat localization and the
latent heat of condensation recovery have been also exploited to
prototype portable systems able to produce fresh water and
generate electricity simultaneously. In 2019, Wang and co-workers
proposed a photovoltaic-membrane multistage distillation device.'?
In detail, the PV panel - coupled with the distillation device — was
employed as both photovoltaic component for generating electricity
(efficiency higher than 11%, which is comparable with the one
achieved without the membrane distillation device installed at the
back side of the PV panel) and photothermal component for
producing freshwater. It is worth noting that this coupling can
be obtained by embedding the distillation device in already
existing electricity power plants, thus avoiding additional land
consumption.

Although interesting, most of these passive solutions are
still not able to ensure long-term stability of performance. In
fact, one of the major and unresolved issues affecting passive
desalination devices is the degradation of performance over
time due to salt accumulation and clogging. During operating
conditions, vaporization occurs and accumulated salt particles
have to be properly discharged to keep constant the distillate flow
rate.>>* To overcome this limit, a fouling mitigation strategy
based on rinsing procedure was suggested for the multistage
distiller in ref. 5, thus allowing to ensure durable distillation
performances that, after the first day of test, stabilized around a
limited 15% productivity reduction. Moreover, several prototypes
able to perform a directional salt crystallization have been recently
proposed in literature. In 2018, Shi and co-workers fabricated a 3D
cup shaped solar evaporator able to achieve Zero Liquid Discharge
(ZLD) desalination.*® The key idea is to rationally separate the solar
absorbing surface from the salt crystallization surface. In detail,
the lateral and vertical surfaces of the 3D cup are affected by the
salt accumulation; whilst, the horizontal evaporating surface at
the bottom of the cup remains free of accumulated salt particles.
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Therefore, the performance of the device did not experience a
noticeable decay with time. The reason is that different evaporation
rates take place, because of both the different humidity on the
surfaces of the cup and the vicinity to the water feeding channel.
The same year, also Xia and co-workers® addressed this challenge
by proposing a novel design through which the crystallisation sites
(edges of the structure) of the salt particles were spatially isolated
from the water evaporation surface, thus achieving continuous
vapour generation. In detail, the edge of the evaporating surface
showed higher concentration than the inner part, because of the
combined effect of the evaporation ability and the capillarity of the
hydrophilic component. In addition to this, the proposed device was
able to perform gravity-assisted salt harvesting.

Furthermore, Kashyap and co-workers proposed a new efficient
and flexible porous material with anti-clogging characteristics.*®
The anti-clogging property of the material was achieved through
tailored pore size and coating of poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT-PSS) on the surface where heat
localization occurs. However, the development of such materials
may not represent the optimal approach when dealing with
emergency conditions, since cost-effective solutions are required.
A significant advance in this direction was proposed by Ni and
co-workers,® where an easier and more efficient fouling mitigation
strategy was conceived and extensively studied. In detail, this work
proposed a passive floating solar still appropriately designed
to reject all the salt in few hours relying on an optimized ratio
between salt rejecting and evaporating areas, but limited
distillate productivity. However, no theoretical explanation was
reported and this prevents to rationalize and to generalize the
proposed solution.

In this work, for the first time, we rationalize the salt rejection
enhancement and we optimize both the distillate productivity and
the salt rejection in passive solar desalination systems, as con-
firmed also experimentally. Here, we suggest that the gradient of
the surface tension due to salinity concentration gradient at the
interface between saltwater and air represents an additional driving
force for moving solvent and salt particles.*® The gradient of the
surface tension along this interface creates tangential shear forces
and, as a result, a slip velocity appears. Therefore, the saltwater
solution is driven to flow from low surface tension towards higher
one. This phenomenon, called Marangoni effect,” which has been
previously observed in various processes like welding,*® electron
beam melting®® and crystal growth,® plays an important role in
the salt rejection mechanism observed in our experiments.
While this phenomenon is well-know and widely investigated in
literature,®**”*" the Marangoni effect has never been exploited so
far in the field of passive desalination. Moreover, the development
of the prototype has been carried out with attention to enhanced
yield and cost reduction for approaching practical applications.

2 Structure and design of the modular
solar distiller

The modular distiller is able to passively produce freshwater
from saltwater by exploiting thermal energy.” The working
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Illustrative 3-stage configuration device: working principle during daylight operating hours. (a) Isometric view and (b) detail of a section along the

lengthy side. Seawater (blue arrow) is provided to each stage of the device by capillary action exerted by the cyan hydrophilic layers (evaporators). After
that, solar radiation (yellow arrow) is converted into thermal energy by a aerosol-based absorber placed on top of the device. The thermal energy drives
multiple evaporation and condensation processes through each spacer and then it is rejected to the environment through the heat sink. Distilled water
(white arrow) condenses on each yellow hydrophilic layer (condenser) and it is collected in a basin by gravity. The gray arrow represents the Marangoni-
driven net salt flux, which is aided by the enhanced ratio between salt rejecting and evaporating areas. Note that, in the picture reported in panel a, for the
sake of clarity and simplicity, the hydrophilic layers (evaporator side) are hidden for half of their length.

principle discussed here is schematized in Fig. 1. Saltwater rises
through the hydrophilic layers (labeled as evaporators) because of
the capillary forces. Thus, no moving parts or active components are
installed. Solar radiation is absorbed on the top of the first stage of
the device by the black absorber, which heats the saltwater in the
evaporator (see Supplementary Note 1 and Fig. Sla, ESIt). A tem-
perature difference is thus established across an air gap created by a
spacer between the evaporator and another hydrophilic layer, which
is labeled as condenser (see Fig. S1b and c, ESI). Such temperature
difference provides a vapour pressure difference, thus driving a net
vapour flux from the evaporating to the condensing layer. The
distilled water accumulated in the condenser is discharged into a
distillate basin by gravity, through some protruding strips. The
vapour condensation on the hydrophilic layer releases latent heat,
which is employed to drive further distillation processes in the
successive stages. A heat sink is installed at the bottom of the
stack to reject the heat into the saltwater basin (see Fig. S1d,
ESIY). 1t is worth to point out that each vaporization/condensation
process occurs at ambient total pressure.

Each distillation stage is delimited by two aluminum plates
of 12 x 3.5 em’. Those aluminum plates (thickness ~ 1 mm) are
used for supporting the hydrophilic layers (namely evaporator and
condenser) and ensuring robustness. A thin plastic film (linear
low-density polyethylene — LLDPE) is interposed between each
hydrophilic layer containing saltwater and the aluminum plate, to
mitigate a possible crystallization of salt on the metal during
operations. The aluminum plates can efficiently recover the latent
heat of condensation because of their high thermal conductivity.

Seawater reaches the horizontal portion of each evaporator
via two sides, thus speeding up the feeding process and
increasing the section available for the salt rejection. The width
of the strips through which seawater is supplied by capillary

3648 | Energy Environ. Sci., 2020, 13, 3646—-3655

action to each evaporator is 12 cm; whereas, the horizontal
extension of the hydrophilic layers (evaporating portion) is
equal to the size of the aluminum plates, namely 3.5 cm.
Therefore, the longest path that the salt particles have to travel
to reach the border and flow back into the sea is half the width
of the evaporating surface, that is ~1.75 cm (see Supplementary
Note 2, ESIt). Note that input and output strips are not directly
exposed to air during experiments: each strip is covered by a
LLDPE film to suppress natural vaporization towards the
surrounding ambient (see Fig. S1, ESIT).

The hydrophilic layers (synthetic microfiber, see Supple-
mentary Note 3 for their experimental characterization, ESIT)
are separated by an air gap kept by a porous plexiglass frame.
The porous structure of this spacer is obtained using a laser
cutting machine. The thickness of this air gap (~1.65 mm) is
properly selected for increasing the distillate flow rate while
avoiding, at the same time, contamination between evaporator
and condenser (see Supplementary Note 3 for details, ESIT).
Further details on the experimental characterization of the solar
absorber and the heat sink are also reported in Supplementary
Note 3 (ESIT).

Note that, contrarily to traditional solar stills where the
optical transmittance of the transparent cover may be reduced
by condensed water drops, here the condensation process does
not affect the optical performance of the device.

3 Results and discussion
3.1 Rejecting the salt

The salt rejection process is investigated by means of extensive
experimental campaigns and numerical simulations. This study

This journal is © The Royal Society of Chemistry 2020
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is referred to dark conditions, i.e. without considering the solar
irradiance and evaporation, since the salt rejection takes place
mainly during nighttime. In fact, during daytime the saltwater
solution goes from the saltwater basin to each evaporator
because of the evaporation process, which drives the capillary
flow. At the same time, the vapour generation from saltwater
leads to salt accumulation in the hydrophilic layers used as
evaporators. However, we did not observe the formation of any
salt crust layer during the 8 hours tests of evaporation, which
mimic a typical daylight duration. During these tests, the observed
experimental performance already considers salt accumulation
and its possible detrimental effect on evaporation; however, no
appreciable decay in the evaporation rate has been noticed during
the 8 hours of test (see Supplementary Note 4, ESIT).

Based on the achieved results, we propose that Marangoni
effect is responsible of the observed enhanced salt flow. This
effect results from a gradient of surface tension at the interface
between two phases. The surface tension typically changes due
to variations in solute concentration, surfactant concentration,
or temperature along the interface. When the concentration is
responsible for variation of the surface tension, this effect is
also know as soluto-capillary effect, whilst in cases where the
surface tension varies with the temperature, it is called thermo-
capillary effect.*’ Both effects can take place simultaneously.
Here, the surface tension gradient is associated to a salt con-
centration gradient. It induces localized viscous stresses because
of the resulting asymmetric interactions experienced by the
molecules at the interface. Then, an interfacial flow, directed
from the lower surface tension regions to the higher ones, takes
place (see Supplementary Note 5, ESI{).>®

3.1.1 Experimental procedure. An experimental campaign
focused on the ability of the device to reject the salt accumulated
in the hydrophilic evaporator during the distillation process is
performed. The fluid flow and solute transport in the hydrophilic
layer (evaporator side) is investigated by monitoring the salt
concentration in the porous medium over time.

First, a concentrated NaCl solution (200 g 17") is injected in
the horizontal portion of the evaporator in Fig. 2a. Then, the
vertical strips able to transport seawater to the evaporator are
immersed in a basin filled with a solution mimicking seawater
(salinity of the NaCl solution 35 g 17"). As a result, the salt
particles tend to diffuse back from the evaporator to the basin,
similarly to the nighttime conditions of the distillation proto-
type. During the salt-rejection tests, the hydrophilic layer is
supported by a plastic box, which is not represented in Fig. 2a
for clarity.

A precision pipette and a digital refractometer are used to
monitor the salt concentration in the porous medium with
time. Three samples of solution ¢(t), ¢(f) and c5(¢) are extracted
from the main axis of the layer, which represents the most
unfavorable area for the salt rejection mechanism (see Fig. 2a).
The values c4(), ¢,(t) and c(t) are then averaged as ¢(f) = [¢4(¢) + ¢,() +
¢c5(¢))/3. This process is carried out for ten consecutive hours, with
sampling every 1 hour. Note that the sampling could influence the
evolution of the concentration profiles over time, therefore one
single extraction is performed each time step. Then, to ensure

This journal is © The Royal Society of Chemistry 2020
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repeatability and consistency of the results, the experiments (with
the same initial and boundary conditions) are repeated five times
over different days, and results averaged. Moreover, we highlight
that the sample volume required by the refractometer to quantify
the salinity can be as small as 2 metric drops (100 pl namely 0.1 g).
Considering that each hydrophilic layer contains approximately
15 g of water (evaluated by considering the sizes and the
porosity of the hydrophilic sample), this means that each extraction
accounts for less than 0.7% of the total mass contained in the
hydrophilic layer.

The obtained experimental measures are shown in Fig. 2b
(see red circles, where the average c(¢) in the hydrophilic layer is
reported vs. the duration of the salt-rejection test). The bars
reported for each point show the minimum and maximum of
the experimental measurements among the five repetitions.
A 75% concentration decrease is experimentally observed after
2 hours; whilst, after x4 hours, the device is able to passively
reject the salt accumulated during the daytime operations and
to reach the equilibrium with seawater.

3.1.2 Numerical simulations. In parallel with the experimental
campaign, COMSOL Multiphysics simulations are performed to
interpret the experimental results (see Fig. 2c and Supplementary
Note 6 for further details, ESIT).

The procedure consists of two steps: (i) simulating the
Marangoni flow and the purely diffusive flow separately, to
quantify the effective diffusion coefficient by difference, (ii) using
this value and the Darcy equation to reproduce the salt transport
in the porous media, which is the hydrophilic layer.

First, the Navier-Stokes equations and the transport of
diluted species are coupled and solved numerically to investigate
the advection-diffusion phenomenon in presence of an interface
with varying salt concentration gradient. The Navier-Stokes
momentum equation is expressed as

Jdpu

E+U~V(pu): —V,U+

5 ey
v- (M(Vu + (Vu)T) — §u(v . u)I),
where p is the fluid density, which varies linearly with the
solute concentration (see Supplementary Note 6, ESI{); u is
the velocity vector of the fluid; p and p the pressure and the
viscosity, respectively. The transport of diluted species is instead
modelled as

dc;

2 V- (=DV¢j)+u-Ve; =0, (2)
where c; is the mass concentration of species i (namely, the mass
of solute with respect to the total mass of solution) and D; the
molecular diffusion coefficient.

The simulation domain consists of a saltwater thin film of
thickness equal to 1 mm (namely the thickness of the hydrophilic
layer, ;) and length (L) equal to 17.5 mm (namely half of the
horizontal portion of the evaporator, because of the symmetry).
When the Marangoni effect is considered, a slip condition is
applied at the top boundary of the domain to take into account the
velocity of the solution at the liquid-air interface, which arises from

Energy Environ. Sci., 2020, 13, 3646-3655 | 3649
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Fig. 2 Salt rejection performance. (a) Experimental setup for measuring the concentration profile over time. Black dots indicate the positions where the
salt concentration is monitored. (b) Salt concentration over time. Red circles represent the experimental results, whilst the black dashed line represents
the simulation results. The bars reported for each point show the minimum and maximum of the experimental measurements among the five repetitions.
(c) Transient concentration surface plots. Left side: Classical molecular diffusion (D = 1.5 x 1072 m? s~1#%) Right side: |
(d) Stationary velocity profiles at the outlet of the domain (x = L) and in presence of an interface are reported in case of 0.1 (ie. Ac = 57.5g ™)) and 0.2
(ile.Ac=115g 7Y Pa. (e) Ratio between the outgoing molar flux in case of slip (Ng;p, Marangoni effect) and no slip boundary condition (Npesiip). as function
of the driving force AyL™%. The resulting trend can be well fitted (R-square = 0.99) by the power function y = ax” + ¢ (black line), being a = —50.01,
b = —0.16, ¢ = 169.10 the fitting parameters. The units of measure of x and y are reported in (e).

the existence of a surface tension gradient.>® This condition can be
written as:
2
—pl+ u(Vu+ (Va)") — gu(v -u)l| -n=0aVe, 3)

where n is the unit normal vector and ¢ is the concentration
9
dc
107 N m~! (mol m‘3)71.42'43 On the other hand, when the

derivative of the surface tension y, namely ¢ = -~ 1.76x

3650 | Energy Environ. Sci., 2020, 13, 3646-3655

ncluding Marangoni effect.

purely diffusive flow is considered, a no-slip boundary condition
is applied in place of eqn (3). In both cases, a Dirichlet boundary
condition is applied at the left side of the simulation domain to
reproduce a fixed arbitrary concentration of NaCl and the initial
concentration of the entire domain is set to ¢, equal to 35 g 1"
(namely the seawater concentration). Details on the boundary
conditions are reported in Supplementary Note 6 (ESIt).

The simulation results, after 5 seconds, 5 minutes and at
stationary conditions are reported in Fig. 2c. The concentration

This journal is © The Royal Society of Chemistry 2020
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surface plots in case of classic diffusion mechanisms and
Marangoni effect are shown on the left and right side of the
sub-panel, respectively. In Fig. 2d, the stationary velocity profiles
that occur in the saltwater thin film at the outlet section (see
Fig. 2d) are reported. Without loosing generality, the velocity
profiles in case of AyL™" equal to 0.1 and 0.2 Pa are shown (see
also Supplementary Note 6, ESIT).

The results show a faster mass transport process when the
Marangoni effect is included in the model. In detail, the
following ratio has been estimated by analysing the outgoing
molar fluxes in the simulations:

sy (4)
-ndy '

Nslip _ jgl (—D,'VC[ + llCl')
Nuosip [N (=D;Ve,)

no slip

where N and Nygip represent the outgoing molar fluxes in case of
Marangoni effect and a purely diffusive flow, respectively. In Fig. 2e,
this ratio is reported as function of the driving force, namely AyL ™",
being L the length of the hydrophilic layer. The simulation results
show that the outgoing molar flux obtained considering the Mar-
angoni effect is more than 2 orders of magnitude larger with respect
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N, slip

no slip

N 110

no slip

to the purely diffusive case (D¢ = D, where

and D=1.5 x 10°° m> s~ **).

This effective diffusion coefficient is then used to simulate
the salt rejection process actually observed in the experiments,
namely through a porous medium affected by gravity for the
vertical portion of domain (see geometry represented in
Fig. 2a). In detail, the continuity equation applied to the porous
medium (with porosity ¢) is written as

I(ep)
ot

+ V- (pu) = 0; (5)

whilst, the momentum balance equation for variable density
fluid flow in a porous medium, namely the Darcy’s equation,
can be written as

k
u=—(Vp-pg), (6)
U
where k is the permeability (1 x 107'° m?) of the porous
medium measured experimentally by the procedure described
in Supplementary Note 3 (ESIf) and p is the pressure.

Q
(o3

T Ar———— '

& | L__Model

'c 3/ @ Experiments __--~
=

22 77 é et
= il _—

D 1 Ll

S 1 L

=R

O T

S L

o

1 2 3 4 5

(7]

¢
()

N
(6)]

0O 1 2 3 4 5 6 7
Time [h]

1—'_‘ 2.5 T i
= [ IDistiller
2 2/ _JRef.[5] y—F '
=15 * |
Py
= 17
S
305
o
o 0.0
1 3
N° of stages [-]
55 N = 3 ,
45 |

0 1 2 3 4 5 6 7
Time [h]

Fig. 3 Desalination performance of the modular distiller under the sun simulator. (a) The experimental performance of the device (red circles) are obtained
under laboratory conditions, with 950 W m™2 input thermal energy. The model prediction and uncertainty are represented by the grey band (see Supplementary
Note 8, ESIt). (b) Comparison between experimental desalination performance with different numbers of stages. The distillate productivity indicates the litres of
distilled water produced per kWh of solar energy input. Blue and red columns are referred to ref. 5 and the here proposed distiller, respectively. The error bars
depict £1 s.d. (c) Temperature profiles during laboratory testing of the 1- and (d) 3-stage distiller, respectively. Red, black, green and blue lines refer to the top
black coating, last-stage condenser, ambient and seawater basin temperatures, respectively. The color bands represent +1 s.d.
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The gravity vector is g = (0, —g). The transport of diluted species
in a porous medium is governed by the following advection-
diffusion equation:

Jc; (_SDi,eff

e&—+ V.

% Vc,-) +u- Ve =0, (7)

Twick

where D; ¢ is the effective diffusion coefficient in presence of
an interface, ¢ is the porosity of the porous medium (the
experimental procedure for evaluating this parameter is
reported in Supplementary Note 3, ESIT) and 7y, the tortuosity.
The simulation results (see black dashed line in Fig. 2b) show
consistency with the experimental ones.

It is worth pointing out that, in the tested modular device,
the salt accumulation does not affect the solar absorption since
it does not affect the reflection. In fact, salt deposition even-
tually occurs in the device without interacting with the solar
beam, contrarily to what occurs in the solar vaporization
structures,® where the evaporating and the solar absorption
area coincide. In addition, no fouling or crystallization had ever
encountered during experiments.

(2]

400
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150 ' : : '
0 1 2 3 4 5
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3.2 Distillate productivity

Once proven the effectiveness of the salt removal process, the
distillate productivity of the device has been evaluated under
different operating conditions and configurations. The experi-
mental setup used for testing the distiller is described in Supple-
mentary Note 7 (ESIt).

3.2.1 Laboratory conditions. The device, fed with artificial
seawater (water/NaCl solution at 35 g L"), is tested by exploiting
a solar simulator with solar flux set to 950 W m™~>.

Two configurations characterized by a different number of
distillation stages (1- and 3-stages configuration device) are
assembled and tested, and the experimental performance are
shown in Fig. 3 together with the model predictions (see Supple-
mentary Note 8, ESIT for details on the theoretical model). The
measured specific mass flow rates (J) are 0.745 + 0.053 L m >h ™"
and 1.904 & 0.219 L m > h™" (mean value +1 s.d.) in case of 1-and
3-stages configuration device, respectively (red circles in Fig. 3).
In detail, four different experiments are performed over up to
8 hours (see Supplementary Note 4, ESIt) for each configuration,
to ensure repeatability.
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Fig. 4 Outdoor (roof) testing of the modular distiller. (a) The following components were present in the experimental tests performed on the roof of
Department of Energy (Politecnico di Torino, Torino — ltaly): (1) the modular distiller, (2) an output basin for the distilled water, (3) an input basin for the
saltwater, (4) a scale for distillate mass measurement, (5) a laptop for data storage and elaboration, (6) a data acquisition board, (7) a pyranometer for solar
irradiance measurement, (8) a digital refractometer for salinity measurement (see Supplementary Note 7, ESIT). (b) Distillate productivity under outdoor
conditions (October 24th 2018, 45°03'43.0” N 7°39'35.7" E Torino - ltaly). Error bars represent +1 s.d. (c) Solar irradiance and (d) temperature profiles
(October 24th 2018, 45°03'43.0” N 7°39'35.7" E Torino — Italy) during outdoor tests. Red, black, blue and green lines represent the black absorber (top
side of distiller), last stage condenser (bottom side of distiller), seawater basin and ambient temperatures, respectively.
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In Fig. 3b, these experimental productivities are expressed in
terms of L kWh ™" (normalization of the distillate production by
the incoming solar flux). The proposed device presents a distillate
productivity enhancement of 42% in case of 1-stage configuration
and 23% in case of 3-stage configuration with respect to a previous
implementation of multistage passive distiller,> because of the
optimized thickness of the air gap (see Supplementary Note 3,
ESIt), while relying on a more robust and cheaper setup (see
Supplementary Note 9, ESITt for further details on the costs). The
GOR index (namely gained output ratio, which is defined as
J AhLv)45

Gsolar

In these experiments, the ambient temperature is set to
25 °C, while the temperature measured across the distiller
ranges from 42.69 £ 1.27 °C at the top side of the evaporator,
to 29.48 £ 1.41 °C at the bottom side of the condenser (1-stage
setup, see Fig. 3c). In the 3-stage setup, the temperature ranges
from 47.32 + 2.63 °C at the top side of evaporator in the first
stage, to 27.04 £ 0.21 °C at the bottom side of condenser in the
third stage (see Fig. 3d).

3.2.2 Field tests. The 3-stage device is also tested under
outdoor conditions on the roof of the Department of Energy at
Politecnico di Torino (Italy). The measurements, carried out in
October 24th 2018 with clear sky conditions for 5 consecutive
hours, are shown in Fig. 4. An average ggojar = 483 & 94 W m >
(mean value +1 s.d.) is measured during the test.

The produced distillate mass is gathered in a basin and
monitored using a balance. Salt contamination was not observed
during all the experiments. When exposed to direct sunlight, the
3-stage distiller produced 0.595 L m~> h™" in average (R-square
equal to 0.905) namely 1.25 + 0.25 L kWh ™', which means a
distillate productivity enhancement of 25% with respect to the
value reported in ref. 5.

The experimental performance of the passive distiller tested
under field conditions are also within the calculated uncertainties
of the theoretical model, which depend on the variability of the
outdoor conditions. In detail, the mismatch between the pre-
diction of the theoretical model (evaluated using the mean
value of each parameter reported in Table S4, ESIT) and the
experimental one is equal to 13%.

achieves 1.35 in case of 3-stage configuration.

4 Conclusions

Salt management remains a non-trivial issue in desalination
technologies for long-term operations. Suitable strategies
should be proposed to mitigate the clogging that affects the
long-term stability of the current devices, thus limiting future
practical applications of the technology. Furthermore, as far as
passive desalination technologies are concerned, a deep under-
standing of the salt rejection phenomenon is extremely important to
propose and develop future materials with tailored characteristics.
Here, we proposed a passive and modular distiller able to
exploit the latent heat of condensation several times® and char-
acterized by a smart design to minimize salt accumulation,®
taking advantage of a novel understanding of the relationship

This journal is © The Royal Society of Chemistry 2020
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between the salt removal process and the Marangoni effect in
the desalination field. In detail, a passive rejection of the salt
accumulated in the evaporator during operating conditions is
obtained. The main achievement of this research work is
represented by the full understanding of the phenomenon that
determines these enhanced salt rejection capabilities. This
phenomenon is the Marangoni effect*® and, as far as we know,
it has never been resorted and exploited to investigate the salt
rejection process occurring in passive desalination technologies
before.

Experiments and simulations are conducted to characterize
the performance in terms of salt rejection and distillate mass
flow rates. First, the salt rejection from the hydrophilic evaporator
after a typical daytime distillate production is addressed and
solved by optimizing the geometry of the inlet hydrophilic strips
immersed in the seawater basin. In detail, the width of the
hydrophilic layer is designed to increase the ratio between the
discharging area, used for evacuating the salt, and the evaporating
area. Noteworthy, experimental results on the salt rejection process
imply that the effective diffusion coefficient is more than
2 orders of magnitude larger with respect to the classic diffusion
coefficient. This mismatch is explained by resorting to the
Marangoni effect at the water-air interface, which originates
from the spatial gradient of the salt concentration causing the
surface tension gradient. This effect speeds up the discharging
process of NaCl solute. The experimental campaign demon-
strates that a 75% salt concentration decrease is achieved after
2 hours.

Then, an improved stratigraphy configuration is proposed
for the multistage distiller, implemented and experimentally
tested. In detail, a theoretical model is used for designing the
optimal thickness of the air gap which separates the evaporator
from the condenser. The previously used hydrophobic micro-
porous membranes are substituted with a simple and cheaper
plastic spacer. The prototype is tested both in laboratory and
under field conditions. The results confirmed a 42% and 23%
increase of the produced distillate with respect to previous
investigation in case of 1- and 3-stage configuration device,
respectively. Considering the 3-stage configuration, it experimentally
reaches a productivity, in terms of distillate flow rate, of almost
2 L m~2?h™'. Parallel to this, a 80% cost reduction is achieved,
mainly due to the replacement of the expensive membrane with
the air gap. The total estimated cost is 1.3 USD for a 12 x
3.5 cm? device. Considering the predicted productivity (namely
6 L m > h™' in case of 10-stage configuration device and two
years lifetime), the estimated total cost of the produced water is
around 12 USD m 3, not far from the one of active desalination
technologies driven by renewable energy.*®

The high distillate yield, which is due to the ability of
reusing the harvested solar energy, and the passive and efficient
salt rejection, which ensures long-term stability of the perfor-
mance, may lead to near-term deployment of market-ready
passive desalination devices.

Further research has to be oriented towards optimized
hydrophilic materials with anti-fouling properties and tailored
capillary action to (i) feed a larger number of distillation stages

Energy Environ. Sci., 2020, 13, 3646-3655 | 3653
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with saltwater and (ii) guarantee an increased and optimal
Marangoni-driven flow. In this way, it would be possible to further
increase the productivity and to lower the cost of the desalinated
water, thus increasing the competitiveness of the solar passive
desalination device with respect to active technologies.
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