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Supplementary Notes
Supplementary Note S1. Maximum groove width
The capillary suction in micro-porous media is governed by the interplay of the physicochemical properties
of the three phases present in the system: the solid porous matrix; a first fluid, generally gaseous (i.e. air);
a second fluid, generally a liquid (i.e. water). The balance of forces at the three-phases contact line produce
a curvature of the fluid-fluid interface, which generates a pressure difference ∆P across the interface itself
according to the Laplace’s equation [66]:


1
1
+
,
(S1)
∆P = γf,f
R1
R2
where γf,f is the fluid-fluid surface tension, R1 and R2 are the main radii of curvature of the fluid-fluid
interface, respectively. The shape of the interface, thus the sign of the curvatures, determines which fluid
wets the porous matrix, filling its pores. For the sake of simplicity, as the two fluids considered in this work
are air and water, the subscript f, f was dropped and the water-air surface tension was simply referred to
as γ.
Generally, due to the influence of gravity and the complex shape of the contact line, the radii of curvature
are not constant and must be described by second order differential equations. This makes the evaluation of
the Laplace’s over-pressure, and therefore of the capillary properties of the groove, rather complex. However,
gravity might be neglected in straight and small grooves and the water-air interface can be described by
a single and constant radius of curvature, while the meniscus can be considered as a cylinder-shaped [36].
The range of validity of these assumptions was investigated considering a tilted hydrophilic plate immersed
in water (see Supplementary Fig. S9A). Due to capillarity, the flat water surface bends to form a meniscus
which, at the equilibrium, rises up to ym and extends to xm , before merging with the unperturbed horizontal
surface. The shape of the meniscus in the V-shaped grooves is not affected by gravity if the width of the
groove w is small compared to 2xm [67]. Given the tilt angle α and the equilibrium water-plate contact
angle θe , Eq. S1 was integrated to evaluate xm .
For a flat plate, the radii of curvature are expressed in Cartesian coordinates as:
(1 + ẏ 2 )3/2
,
ÿ
R2 → ∞,
R1 = −

(S2)

where y = y(x) is the vertical coordinate and the negative sign is due to the concavity of the water meniscus.
Considering vertical capillary rise, Laplace’s under-pressure is continuously balanced by gravity, therefore
Eqs. S1 and S2 were combined as:
−3/2
γ ÿ 1 + ẏ 2
= ρgy,
(S3)
where ρ is the water density and g is the gravitational acceleration. The former equation was simplified
considering:
−1/2 
−3/2
d 
1
1 + ẏ 2
= −ÿ 1 + ẏ 2
ẏ ÿ = − 2 y ẏ,
(S4)
dx
lc
p
where lc = γ/(ρg) is the capillary length [66]. Eq. S4 was easily integrated by parts, yielding:
1 + ẏ 2

−1/2

= sin θ = −

1 2
y + c1 ,
2lc2

(S5)

where θ is the slope of s with respect to the vertical reference. The first equality in Eq. S5 was based
on simple geometrical arguments (see the inset in Supplementary Fig. S9A). Considering ẏ = y |x→∞ = 0
as boundary condition, the integration constant was evaluated as c1 = 1. Referring to the symbols of
Supplementary Fig. S9A, Eq. S5 was used to derive the maximum height reached by the meniscus ym :
θ |ym = π/2 − α + θe ,
p
ym = lc 2 (1 − cos(α − θe )) .
1

(S6)

Eq. S5 was integrated again considering Eq. S6 as boundary condition to obtain the implicit equation of
the height of the meniscus y for a given distance x from the wall [66, 68]:
s
!
  s
 
2
2lc
y2
ym
2lc
(S7)
x = lc acosh
− acosh
− 4− 2 + 4− 2 .
y
ym
lc
lc
Eq. S7 predicts y → 0 for x → ∞, thus xm was arbitrarily evaluated as the minimum distance to obtain
y ≤ 1 µm.
The water-plate contact angle θe and the plate tilt angle α significantly affect the shape of the water
meniscus (see Supplementary Fig. S9B), which has a steeper profile for higher values of α and lower values
of θe . Supplementary Fig. S9C shows the maximum height reached by the water meniscus (grey-scale map),
on the order of centimeters, scaled on the maximum height reached by the meniscus considering similar α
and θe = 0 (solid red line). This result was used to evaluate the maximum groove width w = 2xm (see
Supplementary Fig. S9D, blue-scale map), which is almost constant for the whole range of α and rapidly
decreases to zero as α → θe . Note that θe < α, which represents the necessary condition for the meniscus
formation, leading to a net ∆P and, therefore, capillary rise (see Eq. S6). The obtained values of the groove
maximum width w are in the order of centimetre, which justifies the assumption of a constant and circular
meniscus shape in micro-sized grooves.
Supplementary Note S2. Capillary pressure in micro-sized grooves
Justified by the results presented in section Supplementary Note S1, the effect of gravity on the meniscus
shape in sub-millimeter grooves was neglected and, thus, the radius of curvature R was considered constant.
As a consequence, Eq. S1 was rewritten as:
∆P = −γ

dθ
dθ
1
=γ
= γ sin(θ) ,
R
ds
dx

(S8)

where s is the planar curve describing the cylindrical water meniscus (see the inset in Supplementary Fig.
S10A). Being the radius of curvature R a constant (where the subscript 1 was dropped), Eq. S1 implies
constant ∆P . Therefore, Eq. S8 was integrated by separation of variables, leading to:
2γ
∆P = − cos(θ)
w

π/2

,

(S9)

π/2−α+θe

where the second boundary condition was formulated considering symmetric grooves, namely θ x=w/2 = π/2 .
Eq. S9 was formulated neglecting the pinning of the water meniscus at the edges of the groove [36]. Being
the height of the groove hg = w tan(α)/2, Eq. S9 was used to obtain the radius of curvature:
R=

hg
.
tan(α) sin(α − θe )

(S10)

Eq. S10 was written assuming the groove to be entirely filled by water in the y direction, justified by the
results presented in section Supplementary Note S1 (see Supplementary Fig. S9C). However, considering a
system where gravity is actually negligible (e.g., in horizontal grooves), this assumption can be proved valid
by evaluating the derivative of the free energy E given with respect to the meniscus height h, namely dE/dh
(see Supplementary Fig. S10B). The free energy per unit length of a V-shaped groove immersed in air and
partially wetted by water was evaluated as:
E = (γs,l − γs,g )As,l + γAl,g =
= γ(Al,g − As,l cos(θe )) ,

2

(S11)

where γs,l and γs,g are the solid-liquid and solid-gas surface tensions, respectively, As,l and Al,g are the
solid-liquid and liquid-gas contact areas, respectively. The second equality was obtained considering the
Young-Dupré equation [66, 67], expressing the equilibrium at the three-phases contact line:
γs,l + γ cos θe = γs,g .

(S12)

The contact areas per unit length in the z direction were evaluated as (see Supplementary Fig. S10B):
As,l =

2h
,
sin(α)

Al,g = 2R(α − θe ) =

2h(α − θe )
,
tan(α) sin(α − θe )

(S13)

where, neglecting the effect of gravity, the radius of the water meniscus was expressed according to Eq. S10
for a generic height h. Thus, dE/dh was evaluated as:


dE
2(α − θe )
2 cos(θe )
=γ
−
.
(S14)
dh
tan(α) sin(α − θe )
sin(α)
Being θe < α the condition to have non-zero ∆P , it can be numerically verified that Eq. S14 is negative for
any tilt angle in the range 0 < α < 90, where the extremes of the boundary were willingly omitted.
Supplementary Note S3. Evaporation tests
The water reservoir was made from a polypropylene box (10 cm × 5 cm, 5 cm high) closed on the upper
side by a specifically thermo-formed plastic cover and sealed with silicone to reduce the evaporation losses.
A thin slit (12 mm × 3 mm) was hand-cut on the lid to dip the sample. The reservoir was placed on a high
precision balance (Radwag, PS1000 R2), which was used with a sampling frequency of 1 sample/s to assess
the evaporation rate. To ensure correct measurement of the evaporation rate, the tested sample and the
remaining equipment was placed on an external adjustable support, avoiding any contact with the reservoir
or the balance. The external support was composed by a vertical stage, insulating polystyrene foam, a thin
copper sheet, three electrical heaters, three 100-ohm PRTs and the tested sample. The polystyrene foam
was appropriately shaped and attached to the adjustable vertical stage, forming an insulating support for
the sample, the heaters and the PRTs. A thin copper sheet was opportunely cut and connected to the
polystyrene foam by double-sided tape. The tree electrical heating elements (Franco Corradi, (32±1) Ω),
connected in series, and two 100-ohm PRTs (RS PRO, tolerance class A) were attached to the copper plate
facing the insulating foam. The electrical heaters were connected to a power supplier (HQ power, PS 3003)
and to a high-precision amperemeter (Agilent, 34401 A). The tested sample was glued on the other side of
the copper sheet, facing the environment, by a thin layer of thermal grease (RS PRO, 3.4 W m−1 K−1 ) and
was then dipped in the reservoir for approximately 5 mm. An extra 100-ohm PRT was used to measure
the ambient temperature. The PRTs signals were acquired by a dedicated DAQ device (Pico Instruments,
PicoLog PT104).
Supplementary Note S4. Transition to volume averaged parameters
The dynamic imbibition of a single-phase fluid in a saturated, rigid porous matrix under isothermal
conditions can be modelled by combining the Darcy’s law and the continuity equation [4, 39]:


K
∇· −
(∇⟨p⟩ − ρg) = 0,
(S15)
ϕµ
where ϕ and K are respectively the effective porosity and absolute permeability of the porous matrix, ⟨p⟩
is the pore-averaged pressure of the fluid. Considering a wicking transient along the grooves axes (in the z
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direction for vertical wicking), K can be considered as a constant and Eq. S15 was used to derive a onedimensional equation for the front position Ht as a function of time. Considering the boundary conditions
[4]:
p
z=0

= patm ,

p
z=Ht

(S16)
= patm − pc + ρgHt ,

where patm is the atmospheric pressure, pc ∼ ∆P is the capillary pressure and the averaging parentheses
were dropped for the sake of simplicity. Integration of Eq. S15 in one dimension subject to Eq. S16 leads
to:
ρ2 g 2 K
pc
− ρgHt =
t,
(S17)
pc ln
pc − ρgHt
ϕµ
which is indeed equivalent to Eq. S45. By similarity arguments and by defining the absolute porosity ϕ as
the ratio between the void and the total volume of material containing the grooves (see Supplementary Fig.
S10C), the following definitions hold:
hg
,
δ tan(α)
ϕh2g A∗
K=
,
8π
γP ∗
pc =
,
hg A∗

ϕ=

(S18)

where δ is the center-to-center distance between two adjacent grooves. Eq. S18 coherently links K and pc to
the geometry of the grooves, to the liquid-air surface tension γ and liquid-wall equilibrium contact angle θe ,
and can be used to compare the performances of different, common unstructured capillary materials (e.g.
woven or non-woven textiles, foams and hydrogels) to those of the proposed material.
Supplementary Note S5. Evaluation of the wicking parameters of the woven and non-woven textiles
The effective porosity ϕ and capillary pressure pc of the materials used as reference in Fig. 3C were
evaluated experimentally. To measure the effective porosity of the non-woven textiles (green and blue data
in Fig. 3C), a large textile sample was entirely submerged in a laboratory-grade graduated cylinder. The
volume of the porous matrix Vm was considered as equal to the volume of fluid displaced by the immersion
of the sample. An optical microscope (RS PRO) and an image post-processing tool were used to increase
the accuracy of the measurement. The total volume of each textile sample Vtot was evaluated by measuring
its thickness, length and width with a high-resolution caliper.s Thus, ϕ was defined as:
ϕ=1−

Vm
.
Vtot

(S19)

Differently, the porosity of the woven textile (red data in Fig. 3C) was measured by a high-resolution microcomputed tomography scanner (Zeiss Xradia 620 Versa). The complete description of the experimental and
numerical methodology used is described in Ref. [4]. The non-woven textile used by Chiavazzo et al. [13]
(green data) presents ϕ =(0.90±0.01), the one used by Morciano et al. [18] (blue data) presents a similar
porosity ϕ =(0.87±0.05). Differently, the porosity of the ordered woven fabric developed by Alberghini et
al. [4] (red data) is significantly lower, namely ϕ =(0.53±0.05).
The capillary pressure of the reference textiles was evaluated by means of capillary rise experiments. At
the equilibrium, the capillary pressure is balanced by the gravitational force, namely pc = ρgHt,m . For this
purpose, the setup used for the wicking experiments and described in the Methods section was employed.
An optical microscope, a ruler and a image post-processing tool were used to evaluate the height reached
by the water front. The steady state was considered reached when the measured Ht,m remained constant
within a discrepancy of 5%. The resulting values of pc are shown in Fig. 3D.
4

Supplementary Note S6. Combining evaporation and the wicking transient: dynamic capillary model
Water tends to evaporate whenever in direct contact with a mixture of gasses non-saturated by its
own vapour. Considering a porous medium partially immersed in a wetting fluid and exposed to air, the
evaporation rate from the porous surface is driven by the temperature of the two fluids (e.g. water and
air) and the content of the fluid vapour in the air. Consequently, evaporation affects the wicking transient
and determines the maximum height reached by the water front, which is related to the maximum size of
components relying on wicking and evaporation for their operation. Hence, it is essential to model the effect
of evaporation on the wicking transient to correctly design passive devices.
The total mass flow rate in the grooves Ṁ (z, t) (expressed in kg s−1 ) includes the mass flow rate needed
for the advancement of the water front at given time ṀHt (t), and the mass flow rate needed to balance the
fluid evaporating from the wet surface Ṁe (z, t) [40]. Therefore, it holds:
Ṁ (z, t) = ṀHt (t) + Ṁe (z, t).

(S20)

Ṁe (z, t) might be caused by one or more specific evaporation rates ṁtot
e,i ≥ 0, which were assumed as constant
over a portion of the sample surface. As an example, consider the simplified schematics reported in Fig.
S10D-E or Refs. [17, 18]: ṁtot
e,1 might be zero if the sample was insulated from the surrounding environment,
while ṁtot
might
be
governed
by membrane transport properties (see Supplementary Note S9) or by specific
e,2
ambient conditions (e.g., including solar irradiation). Being constants, each specific flux ṁtot
e,i assumes the
temperature of the evaporating surface to be locally homogeneous and to neglect the progressive build up
of vapour above the evaporating surface. The present work accounts for i = {1, 2} different fluxes; the
generalisation to i ≥ 3 is beyond the scopes of this work, as the applications considered usually are limited
to two zones subject to different conditions.
Referring to the symbols reported in Fig. S10E, the wet grooved aluminum sample is subject to two
specific evaporative fluxes:
(
ṁe1 = 2ṁtot
e1 hg /(δ tan(α)) if z ≤ z1
(S21)
ṁe (z) =
tot
ṁe2 = 2ṁe2 hg /(δ tan(α)) if z > z1 ,
where the coefficient 2hg /(δ tan(α)) was included to consider that, with respect to the sample surface, only
the planar projection of the grooves is wet and contributes to evaporation (see Fig. S10C). Considering the
height reached by the water front at a given time t, namely Ht , two possible cases must be considered: when
Ht ≤ z1 , the wet portion of the sample is only subject to ṁe,1 ; when Ht > z1 , the evaporative flux, thus
the mass flow within the grooves, depends on both ṁe,1 and ṁe,2 . For the sake of simplicity, the following
equations omit the explicit dependence of the various quantities on the considered time t.
Case 1: Ht ≤ z1 . The balance of the mass fluxes across an elementary sample volume is (see Fig. S10E):
Ṁ

= Ṁ
z

z+dz

+ ṁe,1 w dz,

(S22)

where w is the width of the sample. At the inlet, namely at z = 0, the total mass flux includes the flux
needed for advancing the water front ṀHt , and for the flux needed to compensate the evaporation from the
whole wet surface Ṁe = ṁe,1 wHt [40]. Integrating Eq. S22 from the inlet to a generic height z, it holds:
Z

Ṁz

Z
dṀ = −

ṀHt +Ṁe

z

ṁe,1 w dz,

(S23)

0

which can be solved to evaluate the mass flux at a given height z < Ht , namely:


z
.
Ṁz = ṀHt + ṁe,1 wHt 1 −
Ht

(S24)

Consequently, Ṁz is linear and has its maximum value at the inlet and decreases as z increases. In general,
mass flow rate can be defined in terms of flow velocity v and cross section as Ṁ = vϕhg wρ, where ϕhg w is
5

the cross section of the equivalent porous medium and its thickness was assumed to be equal to the height
of the grooves hg (see section Supplementary Note S4 and Fig. S10C). The former relation can be used to
define the speed of the evaporating mass flux, namely:


ṁe,1 Ht
z
=
1−
.
(S25)
ve
ϕhg ρ
Ht
Ht ≤z1
Eq. S22 can be reformulated in terms of the fluid velocity:



= ϕhg ρw vHt
ϕhg ρw vHt + ve
z



z+dz

z

+ ve

z+dz

+ ṁe,1 w dz,

(S26)

which, considering the definition of ve given in Eq. S25, can be rearranged as:
ϕhg ρw

vHt |z+dz − vHt |z
= 0.
dz

(S27)

Eq. S27 is analogous to the continuity of ṀHt , namely:
∇ · (vHt ) = 0

(S28)

Case 2: Ht > z1 . Following the same procedure, substituting Eq. S21 in Eq. S22 and integrating from the
inlet to a generic height z, Eq. S24 becomes:




ṀHt + w ṁe,2 (Ht − h1 ) + ṁe,1 h1 1 − z
if z ≤ z1
z1


Ṁz =
(S29)
z
ṀHt + ṁe,2 wHt 1 −
if z > z1 .
Ht
Recalling the definition of mass flux, Eq. S29 can be used to derive the velocity of the fluid flux needed to
balance the effect of evaporation:



 ṁe,2 (Ht − h1 ) + ṁe,1 h1 1 − z
/(ϕhg ρ) if z ≤ z1
z
1


ve
=
(S30)
ṁe,2 Ht 1 − z /(ϕhg ρ)
Ht >z1
if z > z1 .
Ht
Similarly to the previous case, it’s easy to show that the substitution of Eq. S30 in S26 leads to Eqs.
S27-S28.
Time-discretization. Consider that the water front has reached the height Ht at time t. Therefore, Eqs.
S25, S28 and S30 can be used to determine the velocity vHt of the advancing water front, which can be used
to evaluate Ht+dt = Ht + vHt dt at time t + dt. The procedure can be iterated to evaluate the curve (H, t)
for different grooves shapes and evaporation rates.
For this purpose, Darcy’s law was combined with Eq. S28 to evaluate the pressure field of the mass flux
ṀHt at the time t:
∇2 pt = 0,
(S31)
where the permeability and porosity of the material were assumed as constants. Eq. S31 was solved with
a finite differences scheme for each time t by applying proper boundary conditions: in addition to those
reported in Eq. S16, an extra pressure drop due to Ṁe was included [40]. Considering the velocity of the
evaporating flux ve , the Darcy’s law was used to evaluate the related pressure drop ∆pe for Ht ≤ z1 :
∆pe

Ht ≤z1

=

µϕ
K

Z

Ht

ve dz =
0

6

µ
ṁe,1 Ht2 ,
2Khg ρ

(S32)

while Eq. S30 was used for the case Ht > z1 :
!
Z Ht
Z z1
µϕ
ve
=
+
=
ve
∆pe
K
z>z1
z≤z1
Ht >z1
z1
0
 


µ
1
1
=
z1 ṁe,2 (Ht − z1 ) + ṁe,1 z1 + ṁe,2 (Ht − z1 )2 .
Khg ρ
2
2

(S33)

Eqs. S32 and S33 were used to reformulate appropriately Eq. S16 to account for evaporation:
= patm ,
(
patm − pc + ρgHt + ∆pe |Ht ≤z1
=
p
z=Ht
patm − pc + ρgz1 + ∆pe |Ht >z1
p

z=0

if Ht ≤ z1
if Ht > z1 .

(S34)

Eq. S34 was formulated assuming a vertical capillary rise for z ≤ z1 and horizontal for z > z1 (see Fig.
S10E), coherently with the application investigated in this work. Once the new pressure field at time t + dt
was evaluated, the advancing front velocity was computed as:
vH t =

K pHt − p0
.
ϕµ
Ht

(S35)

The scheme was iterated until the target simulation time was reached. Being iterative, the procedure requires
an initial non-zero height of the water front, as the initial condition Ht |t=0 = 0 would not be coherent with
the model assumptions expressed in section Supplementary Note S8 and would result in an infinite pressure
gradient. Thus, being the time-step considered equal to dt = 0.1 s, the initial height of the water front
Ht |t=dt was evaluated as:
s
Ht

2Kpc
dt,
ϕµ

=
t=dt

(S36)

where the effects of gravity and of evaporation were neglected [39]. The proposed scheme was validated
against the analytical relation proposed by Fries et al. [40] for vertical capillary rise with a single specific
evaporation flux, obtaining excellent agreement.
Supplementary Note S7. Evaluation of the water-aluminium contact angle
Considering the surface of a spherical droplet and referring to the nomenclature reported in Supplementary Fig. S7A, it holds:
dx
ds =
= R dϕ,
(S37)
cos(ϕ)
where R is the radius of the spherical droplet. Thus, Ld can be evaluated by integrating Eq. S37:
Z Ld
Z θe
Ld =
dx =
R cos(ϕ)dϕ = R sin(θe ),
0

(S38)

0

where θe is the equilibrium contact angle. The radius of the droplet can be evaluated relying on simple
geometrical arguments:
L2 + h2d
.
(S39)
R= d
2hd
Substituting Eq. S39 in Eq. S38, θe can be evaluated as:
(

arcsin 2Ld hd /(L2d + h2d )
if R > hd

θe =
(S40)
2
2
π − arcsin 2Ld hd /(Ld + hd ) if R < hd ,
where the cases R > hd and R < hd refer to hydrophilic (see Supplementary Fig. S7B) and hydrophobic
(see Supplementary Fig. S7C) interactions, respectively.
7

Supplementary Note S8. Dynamic wicking model
The one-dimensional force balance along the z direction determining capillary rise can be expressed as:
Fc = Fµ + Fg ,

(S41)

where Fc is the capillary force, Fµ is the viscous force and Fg is the gravitational force. To solve Eq.
S41, some common simplifying assumptions were considered: as a first approximation, evaporation can be
neglected; the gas-liquid surface has a constant shape during imbibition and the height of water meniscus is
negligible with respect to the height the water front along the z axis, namely Ht [69]; the flow conditions in
the grooves are coherent with a Poiseuille flow, and the viscous losses are determined by the channel crosssection rather than by the shape of the liquid surface [36, 70]; the grooves are completely filled by water
and small enough to neglect the effect of gravity on the shape of the meniscus (see section Supplementary
Note S2). If these assumptions hold, it can be written:


cos(θe )
α − θe
dE
= hg γ2
−
= hg γP ∗ ,
Fc = −
dz
sin(α)
tan(α) sin(α − θe )
dz
(S42)
Fµ = 8πµz
,
dt



cos(α − θe )
α − θe
1
tan(α) +
−
= ρgzh2g A∗ ,
Fg = ρgzh2g
sin(α − θe )
tan2 (α)
sin2 (α − θe )
where µ is the dynamic viscosity of the wetting fluid. The free energy was evaluated from Eq. S11, and
the cross-sectional area of the channel, namely h2g A∗ , was evaluated by geometrical arguments from the
schematics shown in Supplementary Fig. S10A.
Substituting Eq. S42 in Eq. S41, the position of the water front is described by a first order differential
equation:
dz
hg γP ∗ = 8πµz
+ h2g A∗ ρgz,
(S43)
dt
which was re-arranged and integrated by separation of variables:

Z t
Z Ht
Z Ht 
z
1
A
1
dt =
dz =
−
−
dz,
(S44)
A − Bz
B(Bz − A) B
0
0
0 8πµ
where A = hg P ∗ γ and B = h2g A∗ ρg. The extremes of integration on the right-hand side were evaluated
assuming z |t=0 = 0 as initial condition, while the front height evaluated at the time t was referred to as
z |t = Ht . Solving Eq. S44, the following equation was obtained:
t
A
Ht
= − 2 ln(BHt − A) −
+ A ln(−A)/B 2 ,
8πµ
B
B

(S45)

which is implicit with respect to Ht . Eq. S45 was made explicit with respect to Ht using the definition of
the main branch of the Lambert W function, namely W0 , which can be used to solve the family of equations
yey = x in the form y = W0 (x), being x ≥ 0 and y real numbers. Thus, Eq. S45 was rearranged as:




B2
BHt − A
BHt − A
− exp −1 −
t =
exp
,
(S46)
8πµA
A
A
which, given the definition of W0 , was used to derive the explicit equation of Ht as a function of the wicking
time t, namely:




A
B2
Ht =
1 + W0 − exp −1 −
t
.
(S47)
B
8πµA
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Supplementary Note S9. Mass transfer through a micro-porous membrane
The specific flow rate of water vapour through a micro-porous hydrophobic membrane is a complex
phenomenon, affected by the vapour chemical potential, the molecular interactions with the other gaseous
species (namely, the components of air) and with the porous matrix. This mass transfer of the i-th specie
of a mixture through a micro-porous membrane can be expressed by the combined Maxwell-Stefan and
dusty-gas models [71]:
χi Km τm dP
χi dζi
−
=
−
Rg T dy
µϕm Di,K dy



n
X
Ni τ
χj Ni − χi Nj
+
,
τ
ct Dij ϕm
ct ϕm Di,K

(S48)

j=1, j̸=i

where χi and ζi are the molar fraction and chemical potential of species i, Rg is the ideal gas constant,
T is the average temperature of the system, ct is the total molar concentration, Ni is the molar flux of
species i, n is the total number of components in the mixture, P is the bulk fluid pressure. Km , τm and
ϕm are respectively the absolute permeability, tortuosity and effective porosity of the membrane, which are
considered as constant. Dij is the diffusion coefficient of species i in species j and Di,K is the Knudsen
diffusion coefficient. Eq. S48 was written considering one-dimensional mass transfer, justified by the large
aspect ratio of the membrane. Eq. S48 was simplified and solved analytically by relying on some common
approximations: the non-condensable components of air were considered as a single gas, reducing the system
to only two components, namely water vapour and air; both components were considered as ideal gasses
[13, 17, 18], thus allowing to rewrite the chemical potential as: ζi = ζi,0 + Rg T ln(χi ), where ζi,0 is the
chemical potential of pure species i; the temperature and pressure gradients are negligible in the evaluation
of the chemical potential; the contribute of the viscous flow can be neglected [72]; the air in the membrane
can be considered as still, thus its molar flux was set to zero [13, 17, 18, 72]. Thus, Eq. S48 was rewritten
for the water vapour as:


τm Nw
Dwa
dχw
=
1 − χw +
,
(S49)
−
dy
ϕm ct Dwa
Dw,K
where the subscripts w and a refer to water vapour and air, respectively. Eq. S49 was integrated by
separation of variables across the thickness of the membrane dm :
Z χw,c
Z dm
dχw
τm Nw
−
=
dy,
(S50)
1
+
β
−
χ
ϕ
D
w
m ct Dwa
χw,e
0
where βD = Dwa /Dw,K . In Eq. S50, the molar fraction at the evaporator and at the condenser were
respectively evaluated by their partial pressure, namely:
χw |y=0 = χw,e = pew (Te )ae /P
χw |y=dm = χw,c = pew (Tc )ac /P ,

(S51)

where pew (Te ) and pew (Tc ) are respectively the temperature-dependent effective vapour pressure at the evaporator and at the condenser, ae and ac are the activity coefficients of the solutions at each end of the
membrane [17], which account for the presence of salt on the evaporator side.
Considering a flat liquid surface in equilibrium with the surrounding environment, the vapour pressure
pw , expressed in Pa, can be evaluated by the Antoine’s equation:
pw =

101.325 A−B/(C−T )
10
,
760

(S52)

where A = 8.07, B = 1730.63 and C = 233.42 are component-specific constants and T is the reference
temperature, expressed in degrees Celsius. To consider the effect of the meniscus curvature at the water-air
interface, the vapour pressure was corrected according to the Kelvin’s equation to the effective value pew :
 e

pw − pw − γ/R
,
(S53)
pew = pw exp
ρRg T
9

where pw is the equilibrium vapour pressure evaluated by Eq. S52, R is the meniscus curvature evaluated by
Eq. S10 (see Supplementary Note S2), γ is the liquid-air surface tension and T is the reference temperature,
expressed in Kelvin. Clearly, if the liquid-air interface is flat (namely R → ∞) Eq. S53 leads to pew → pw . Eq.
S53 is implicit, and was iteratively solved to evaluate the effective vapor pressure pew above the evaporating
meniscus and was used in Eq. S51 to evaluate the extremes of integration of Eq. S50. The activity
coefficients of water-salt solutions were estimated by the Raoult law for ideal mixtures, which is valid in the
limit of low concentrations:
1
,
(S54)
a≈
1 + mMw Ni
where m is the molality of the solution, Mw is the molar mass of water and Ni is the number of ions
composing the salt, assuming complete dissociation. Clearly, a = 1 for distilled water, while the activity
coefficient decreases at higher solute concentrations. Thus, the specific mass flow rate of water vapour Jw
was evaluated as:


pew (Tc )ac
ϕm ct Dwa Mw  1 − P (1+βD ) 
,
(S55)
J w = Nw M w =
ln
pe (Te )ae
τm dm
1 − Pw(1+β
D)
where Dwa and ct were assumed as constant in the interval of integration.
A possible configuration for membrane distillation devices include a porous spacer in series to the microporous hydrophobic membrane [17, 18]. Considering a plastic support with thickness ds , porosity ϕs and
unitary tortuosity (i.e., straight cylindrical pores), the molar fraction of the water vapour at the evaporator
side, at the interface between the membrane and the support, and at the condenser side were respectively
evaluated as:
χw |y=0 = χw,e = pew (Te )ae /P
χw |y=dm = χw,s = pw (Ts )as /P
χw |y=ds +dm = χw,c =

pew (Tc )ac /P

(S56)
,

where the activity coefficient at both ends of the spacer are unitary, as, thanks to the hydrophobic membrane,
for y > dm the water vapour only faces distilled water. Thus, the specific mass flux of water vapour Jw
flowing through the spacer was obtained by integrating Eq. S49 with the boundary conditions expressed in
Eq. S56, obtaining:
!
pe (T )
1 − wP c
ϕs ct Dwa Mw
Jw =
,
(S57)
ln
pe (T )
ds
1− w s
P

where the large and straight pores of the spacer allowed to assume βD ≈ 0 and τs ≈ 1, thus neglecting
Knudsen diffusion in the spacer.
If χw ≪ 1, Eqs. S57 and S55 can be linearised by a first-order Taylor series, leading to:
y=dm

ϕm Dwa Mw
1
(pw (Ts ) − ae pew (Te )) = C1 ∆Pm
y=0
τm dm Rg T̄m (1 + βD )
y=dm +ds
ϕs Dwa Mw e
(pw (Tc ) − pw (Ts )) = C2 ∆Ps ,
Jw
=
y=dm
ds Rg T̄s
Jw

=

(S58)

where the activity coefficients at y = dm and y = dm + ds were assumed as unitary, ∆Pm and ∆Ps are
respectively the pressure drops across the membrane and the spacer, T̄m and T̄s are respectively the average
temperature within the membrane and the spacer. Eq. S58 allows to interpret the fluxes of water vapour
with an electrical analogy, thus as driven by a pressure difference ∆Pi through a porous layer with resistance
Bi = 1/Ci . Therefore, relying on continuity:
y=dm +ds

Jw

y=0

= B (pew (Tc ) − ae pew (Te )) =
y=dm +ds

Jw

y=dm

(S59)
= C2 (pew (Tc ) − pw (Ts )) ,
10

where B = 1/C1 + 1/C2 is the total resistance opposed to the mass transport by the membrane and the
spacer, expressed as a series of resistances, namely:
dm τm Rg T̄m p̄a,m
dm τm Rg T̄m
da Rg T̄a p̄a,s
1
=
+
+
,
B
ϕm Dwa Mw P
ϕm Dw,K Mw
ϕa Dwa Mw P

(S60)

where the first and third term at the second member were corrected by the factor p̄a,m/s /P , being p̄a,m/s
the averaged partial pressure of air in the membrane or in the spacer, which has been used in several studies
to obtain a better approximation of experimental results [13].
Finally, Eqs. S59 and S60, obtained from the linearisation of the specific mass fluxes performed in Eq.
S58, can be used in the non-linearised equation of the specific water vapour flux through the membrane to
express pw (Ts ), obtaining a less crude approximation of Jw , namely:
!
1 − (pew (Tc ) − CB2 (pew (Tc ) − ae pew (Te ))/P (1 + βD )
ϕm Dwa Mw P
.
(S61)
Jw =
ln
1 − ae pew (Te )/(P (1 + βD ))
τm dm Rg T̄m
The parameter P Dwa in Eqs. S60 and S61 was evaluated from the empirical relation P Dwa = 1.19 ×
10−4 T 1.75 (expressed in Pa m2 s−1 ) [73], the Knudsen diffusion coefficient for water vapour at a reference
temperature is defined as [71]:
s
Dw,K =

ϕme dp
3τme

8Rg T̄
,
πMw

(S62)

where dp is the average size of pores diameter and τme is the membrane tortuosity, which is correlated to
the membrane porosity through [74]:
2
(2 − ϕm )
τm =
.
(S63)
ϕm
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Supplementary Figure S1: Characterization of the as-received aluminium sheet. (A) Photograph and (B) SEM image
of the high-purity aluminium sheet (5 cm × 5 cm). (C) EDS spectroscopy of the as-received material. The tests show a high
presence of aluminum on the surface. However, the aluminum content on the sample is lower than the declared 99% and might
be responsible of the high measured value of the contact angle with water. Elements not shown in the legend were present in
a non-significant amount.
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Supplementary Figure S2: Cross-sectional images of the grooved aluminum sample. (A) Close-up and (B) full-scale
SEM images of the laser-etched material. See the Methods section for a description of the procedure used to obtain the images.
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Supplementary Figure S3: EDS spectroscopy of the laser-etched aluminum after the evaporation test. (A-B) SEM
and EDS spectroscopy images of the proposed capillary material after long-term exposure to micro-filtered water and 1000
W/m2 . The analyses show a high percentage of contaminants accumulated on the groove walls during the test. Note that the
untreated areas (spectra 2 and 4) have low concentrations of contaminants. Elements not shown in the legend were present in
a non-significant amount.
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Supplementary Figure S4: Theoretical modelling of the capillary properties. Theoretical predictions of (A) the capillary
pressure and (B) the absolute permeability for different values of groove height hg , tilt angle α and contact angle θe . The
modelling predictions were performed considering an ideally smooth V-shaped groove (see Methods).
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Supplementary Figure S5: Theoretical Prediction of the wicking performance with different evaporation rates.
Maximum height reached by the water front in vertical wicking test Ht,m evaluated for different evaporation rates ṁe and
geometrical grooves parameters, namely height hg and tilt angle α. The predictions were performed by a novel model employing
an explicit time discretization scheme to include the effect of evaporation rate in the wicking transient (see Supplementary
Note S6). The results show how the working conditions should be included in the optimization of the geometry, as different ṁe
result in different optimal values of hg . Furthermore, the predictions show how small variation of α may result in a dramatic
decrease of the resulting capillary properties.
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Supplementary Figure S6: Extrapolation of the performance of the desalination device. Modeling predictions of
the device productivity P achievable by employing two different materials as substrates in both evaporators and condensers:
nylon, with θe = 73.1◦ ; an ideally wettable aluminum sheet. Both materials were supposed as provided with optimal grooves,
which shape was evaluated via the presented capillary model. The simulations were performed considering a membrane-less
configuration. The color bar reports the maximum horizontal width achievable.
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Supplementary Figure S7: Experimental evaluation of the water-aluminium contact angle. (A) Schematics of two
water droplets under the assumption of negligible effect of gravity on a hydrophilic (left) and hydrophobic (right) surface.
(B-C) Millimetre-sized water droplets on a pristine aluminium plate. As it can be observed, the assumption of approximately
spherical shape holds both for contact angles lower (B) and greater (C) than π/2.
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Supplementary Figure S8: Experimental investigation of the wicking performance. (A) Schematics of the experimental
setup and procedure used to perform the vertical wicking experiments. An optical microscope was used to record the vertical
wicking experiment of a laser-etched sample hung from an adjustable support. (B-C) The images extracted from the video
were post-processed and converted to black/white images via the imbinarize routine (B) and were used to estimate the position
of the water front (C) by evaluating the percentage of white pixels in the x-axis direction.
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Supplementary Figure S9: Modelling the effects of gravity on the shape of the meniscus. (A) Schematics of the shape
of a meniscus facing an attractive plate tilted by an angle α. The system was supposed to have reached the equilibrium after
the plate was immersed in a large reservoir. The red quotes highlight the important quantities for the model: the maximum
height reached by the meniscus ym and the maximum extension of the meniscus from the wall xm , arbitrarily located where
the meniscus height is smaller than 1 µm. (B) Effects of the equilibrium contact angle θe and the plate tilt angle α on the
meniscus shape. Lower values of θe and higher values of α result in higher capillary rises. (C) Map showing the maximum
capillary rise ym on a tilted flat plate as a function of the tilt angle α and θe . The values reported in grey-scale were referred
to the maximum capillary rise obtained for θe = 0, namely ym |θe =0 (solid red line, referring to the right-hand side vertical
axis). (D) Map showing the maximum width of the V-shaped groove w = 2xm as a function of the tilt angle α and θe . The
values reported in blue-scale were referred to the maximum capillary rise obtained for θe = 0, namely w |θe =0 (solid red line,
referring to the right-hand side vertical axis). The solid black lines in panels (C) and (D) represent the theoretical limit of the
model θe = α, which relates to a flat meniscus and, thus, no capillary pressure.
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Supplementary Figure S10: Schematics of the capillary model. (A-B) Schematics of a sub-millimetre V-shaped groove
filled by water highlighting the main parameters in the proposed theoretical model: the groove tilt angle α, the water-grove
equilibrium contact angle θe and the height of the groove hg (see section Supplementary Note S1). The model neglects the effect
of gravity and the pinning of the meniscus at the edges of the groove. (C) Cross section of the laser-etched aluminium plate
highlighting the main geometrical features used to compute the flow parameters of an equivalent porous medium (see section
Supplementary Note S4). (D-E) Schematics of the vertical-horizontal imbibition setup including two different evaporation
rates. The setup mimics the typical layout of multistage passive desalination devices, where vertical sections (usually exposed
to the ambient or partially insulated) feed sea water to the horizontal stack by capillarity. For the sake of simplicity the
horizontal stack in panel (D), usually composed by evaporators, condensers, membranes and a solar absorber, was represented
as composed by the horizontal laser-etched aluminium sheet only. The model developed neglects the effect of the bend at z1
on the capillary action.
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