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MEMBRANE CONTACTORS are systems employed to “keep in contact” two phases. The membrane does not offer
any selectivity for a specific component, but simply sustains an interface where physical and/or chemical

equilibrium takes place.



DRIVING FORCE IN MEMBRANE DISTILLATION

Volatile components (typically water) evaporate at the
interface of a microporous hydrophobic membrane and
diffuse across the membrane

Transmembrane flux: J;

Driving force: difference of partial pressure at the membrane interface Ap;,

Aqueous
Feed solution

RAOULT’S LAW

pl a; = plpxi Vi
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pressure
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MEMBRANE DISTILLATION vs REVERSE OSMOSIS
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RO: sharp decrease of driving force due to
osmotic and concentration polarization
phenomena at higher solute concentration.
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MD: low sensitivity of driving force (vapor
pressure difference) to solute concentration
and consequent ability to achieve high
recovery.



e \Very high rejection of non-volatile solutes such as e Higher energy consumption with respect to pressure-
macromolecules, colloidal species, ions etc. driven membrane processes (estimated that the energy
requirement in MD is about 120-1700 kWh/m?3 compared

elLow sensitivity to osmotic and concentration to 2.5-7.0 KWh/m? for the RO process)

polarization phenomena: possibility to reach high recovery
factor e Energy efficiency limited by temperature polarization

e Moderate working temperatures (50-80°C) e Only a restricted class of polymeric materials
(inherently hydrophobic) offers a sufficient chemical

* Possibility to reuse efficiently low-grade or waste heat . . -
resistance and operational stability

streams, as well as alternative energy sources (solar, wind
or geothermal) — * Risk of wetting in presence of surfactants (e.g. humic

‘ :l acid)
- £

https://www.mediras.eu/index.php@id=117.html

e Reduction of corrosion problems due to the possibility to
use plastic equipment



BASIC MD CONFIGURATIONS

Depending on the method adopted to reduce the partial pressure of the transported component on the distillate
side, MD is classified in four basic configurations:

DCMD AGMD SGMD VMD

Air gap

vapour
vapour
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| vapour

| o,
vapour
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aoelins buljoon
Sweep gas

vapour

vapour
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Distillate
Distillate in liquid phase Distillate compbartment Distillate compartment Vacuum applied at the distillate side
contacting the consisting of apthin and flushed Yv'th an inert sweep at a level below the saturation
membrane and set at a “ta nantgair a0 and a gas which collects vapor pressure of water at the feed
lower temperature with gnantair gap molecules, whereas their temperature, whereas the vapor is
condensing cold surface condensation takes place in

respect to feed condensed in a subsequent step

a subsequent step



Advantages and disadvantages of the different MD configurations

MD configuration Advantages Drawbacks
- Technologically simple in design, easy
scale-up
DCMD - Moderate transmembrane flux - High thermal conductive loss

- Direct condensation of the distillate
inside the module

- Low thermal conductive lass

- Feed solution used as cooling - Low transmembrane flux due to
AGMD medium (pre-heating) additional mass transfer resistance
- Direct condensation of the distillate of the air gap
inside the module (heat recovery)
- Moderate transmembrane flux - High cost for condensing the
SGMD , L
- Low thermal conductive loss distillate
- High cost for vacuum
- High transmembrane flux - High cost for condensing the
VMD distillate

- Very low thermal conductive loss
- Higher risk of wetting




CIRCULAR WATER TECHNOLOGIES

CWT operates under a license from Scarab Development AB

Air Gap MD

https://circularwatertechnologies.com/

MEMSYS WATER TECHNOLOGIES GMBH

https://www.memsys.eu/
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MEMBRANES FOR MEMBRANE DISTILLATION

. . . . . https://doi.org/10.1016/j.desal.2016.04.006
* hydrophobic/non-wetting (to retain the liquid phase) https-//doi.org/ 10.1016/].memsci.2014.09.016

. . DOI: 10.1002/adfm.202301549
* microporous (for optimal vapor transport rate)

Surface Avg Thermal

Polymer energy conductivity Commercially available membranes
(*10 N m™) W m™ K1

— - Millipore GVHP (d,, = 0.22 pm, & = 110 pm,

'|: F|' € =75%, LEP =105 kPa)
PVDF 4+—c—c—+ 30.3 0.2 Millipore HVHP (d,, = 0.45 pm, & = 140 pm,
; |'4 e = 75%, LEP = 204 kPa)
— _ Gelman TF200 (d,,= 0.2 pm, 6 =178 pm,
||: ||: € =80%, LEP =282 kPa)
PTFE 4 c—c—+ 9-20 0.27
| |
= - Accurel PP (d,, = 0.2 pm, & = 91 ym, € = -,
'? C|3H3 LEP =-)
PP T 7 7 0 30 0.21




pressure

>90°

PVDF

Non Solvent
Induced Phase
Separation
(NIPS)

Dissolved in dipolar aprotic,
high boiling point solvents
(NMP, DMA, DMF)

Pore formers: LiCl, PVP, PEG

> 2.0 bar >70%

Sfretching

Processability  challenges
reluctance of non-polar
most solvents

0.1-0.8 um

due to
polymers to

100-150 pm

Induced Phase
Separation
(TIPS)

Dissolved in non-polar
solvents (e.g. Xylene,
Decalin) at elevated
temperature



LIQUID ENTRY PRESSURE
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K. Schneider, W. Holz, R. Wollbeck, J. Membrane Sci. 39 (1988) 25-42



YOUNG EQUATION
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ENHANCING MEMBRANE STABILITY

ENHANCING
HYDROPHOBICITY

REDUCING SENSITIVITY
TO FOULING

OMNIPHOBICITY

e Direct membrane . .
. L . * [Ar, air, N,] plasma-activated
_ _ functionalization via eaftin of  hvdrophobic
Casting, s'pra.ycoatlng, : !; tetrafluoromethane (CF4) fluoroaglk silane (Iz/AS)p
eIectros;_Jl.nnmg ! plasma modification y
hydrophilic polymers

e (Casting PVA hydrogel

e Surface texture: use NPs
functionalized with fluorinated

. o compounds to increase
Plasma-lnduceq graft polymerization roughness (Wenzel, Cassie-
of hydrophylic monomers (e.g. Baxter)

acrylic acid), zwitterions ...

v

Wenzel state Cassie-Baxter state




MASS TRANSFER IN MEMBRANE DISTILLATION

Mass transport for MD process can be conveniently described in terms of serial
resistances upon the transfer between the bulks of two phases contacting the
membrane

FEED DISTILLATE

No Poiseuille flow (liquid does not penetrate through membrane)

KNUDSEN RES. MOLECULAR RES. ‘

. Surface diffusion negligible in MD

BOUNDARY LAYER
RESISTANCE

BOUNDARY LAYER
RESISTANCE

Absent in DCMD (only pure
water) and in VMD (vacuum)




MASS TRANSFER WITHIN THE POROUS MEMBRANE

mean free path 1 of diffusing molecules

KNUDSEN NUMBER (Kn) =

A

Kn> mean pore size of the membrane

7/‘/\// Dt - 267 [8RT

Ljw= Coexhistence of

Knudsen Diffusion and
Molecular Diffusion

membrane walls

72'(((7W +c7a)/ 2)2P \/1+(MW/ Ma)

For an average temperature = 60°C,
the mean free path of water in air is

)

Kn<1 0.11 ym
7 ; 7 p: partial pressure
/ ] / g P: total pressure
/ -~ / D0 = — PDO Negligible in VMD M: molecular weight
/ / 1je T 1] (pores are de-airated) r: pore radius
_ o _ €. porosity
7 7 p]] p ]] Vp T: tortuosity
MOLECULAR DIFFUSION DUSTY GAS MODEL + Z J: transmembrane
Pfeizgve noe ¢ If 'I' j=1#i diffusive flux




BOUNDARY LAYER RESISTANCE

When solvent molecules are transferred through the membrane, the retained solute tends to accumulate at the
membrane surface where its concentration gradually increases.

-

CONCENTRATION POLARIZATION (negative impact on activity of the evaporating compound)

. Empirical expressions based on dimensionless numbers are

generally used:

_ k.d
Sh, Sherwood number ~ Sh = ="
o D
. . Dittus-Boelter equation (d,: hydraulic diameter, D: diffusion coefficient)
< - P
Sh = Reﬂ SCy Re, Reynolds number Re = pY dh
5 7,
c (p: fluid density, v: fluid velocity, u: fluid viscosity)
m
] = kx lTlC— lu
b Sc, Schmidt number SC=—"—
t o D

Mass transfer coefficient



Examples of specific predictive equations for mass transfer coefficients in MD

Correlation

Comment

Reference

k (105 m/s)

_ _ . -5 _ . S. Bandini, C. Gostoli, G.C.
kX_BQY 402 10 038 35 76 St.lrred cell . . Sarti, J. Membrane Sci., 73
Q: volumetric feed flowrate (L/min) (1992) 217-229
M. Sudoh, K. Takuwa, H.
Stirred cell lizuka, K. Nagamatsuya. J.
2.0 0.48 0.33 Stirring rate: 200-800 rpm Membrane Sci., 131 (1997)
1-7
M. Tomaszewska, M. Gryta,
186 038 038 - . A.W. Morawski, J. Membrane
Hollow fibres Sci., 102 (1995) 113-122
Sh=a Re” Sc”
P : M.J. Costello, P.A. Hogan
096— 055 033 175 Gl hollt?w f!bres and A.G. Fane, Proc.
¢: angle of inclination E b .
0 45 uromembrane ‘97, 23-27
. (P Jun 1997, The Netherlands
0.023 0.33 0.33 6.6-7.4 KW. Lawson and D.R.

Tubular fibres

Lloyd. J. Membrane Sci., 120
(1996) 111-121




HEAT TRANSFER IN MEMBRANE DISTILLATION

occurring simultaneously with mass transfer

(T, — T3

FEED DISTILLATE

7
_

7

77
2222

AT
Heat flux across qm — —km— +]lﬂ'

the membrane

(W/m?) y L T
THERMAL embrane Latent heat
BOUNDARY LAYER thermal

RESISTANCE ..
conductivity

THERMAL
BOUNDARY LAYER
RESISTANCE

porosity

k,=\l-¢)k +¢ck,

q; = hf(To]; _ Tn];) qq = hg(T4 —T2) k, =272-10°T+7.77-10°T

Heat transfer coefficient



Nu, Nusselt number
_hD
k

Nu

Gr, Grashof number

or - D27 0pAT

2

y7i
Pr, Prandtl
C
pr=—2*
Kk

Gz, Graetz number

kL

Heatflux § = h AT

(W/m?2)

Equation

Comments

Nu =0.13Re"* Pr**

Laminar flow

Nu =0.097Re"” Pr’"

Laminar flow

d 0.33
Nu = 1.62(Re Pr(ZD

Laminar flow, tangential flux

0.14
Nu =0.023 Re"® Pro¥ (iJ
ﬂ“'

Turbulent liquid

0.067Gz

Nu =3.66+
1+0.04Gz***

Laminar flow, VMD

0.055
Nu =0.036Re"® Pr’¥ (%}

Turbulent flow




BOUNDARY LAYER RESISTANCE: TEMPERATURE POLARIZATION
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Direct Contact Membrane Distillation Feed temperature (°C)

O Temperature polarization (TP) intrinsically related to the removal of latent heat associated with water evaporation
Q TP is quantified by the temperature polarization coefficient (TPC):

f d
T, —T
Tpcz";—m
T, — TG

O TP decreases the thermal efficiency of MD operation



PHOTOTHERMAL MEMBRANE DISTILLATION (PhMD)

Photothermal nanoparticles
can efficiently release heat
under optical excitation.
The electromagnetic field
strongly  drives mobile
electrons, and the energy
gained turns into heat.

Heat generation IS
enhanced in regime of
plasmon resonance

involving a collective motion
of a large number of
electrons.

Thermoplasmonic

NPs e(w)~ —2¢,

Resonant
radiation

Unloaded PVDF
PVDF membrane
membrane with C-NPs

S. Santoro, A. H. Avci,a A. Politano, E. Curcio.
[ :
T (°C The advent of thermoplasmonic membrane
0 AT (°C) 55  gistillation. Chem. Soc. Rev. 2022,51, 6087

The immobilization of photothermal NPs in @ membrane guarantee high light-to-heat conversion



THE FIRST STEP: PhMD VIA Ag NPs

40

w
o

J AgNPs in DMF
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25% AgNPs in solvent | . gth (nm)
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Density function (%)
S
Absorbance (a.u.)
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o

12.5kV11.5

O Ag NPs with average diameter of 31 £ 4 nm dispersed in microporous PVDF membrane
0 Maximum absorbance intensity around 420 nm, corresponding to the wavelength of the plasmon resonance

of Ag NPs

A. Politano, P. Argurio, G. Di Profio, V. Sanna, A. Cupolillo, S. Chakraborty, H. A. Arafat, E. Curcio.
Photothermal Membrane Distillation for Seawater Desalination. Advanced Materials 29/2 (2017)
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PhMD VIA Ag NPs UNDER UV RADIATION

UV lamp on UV lamp on
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O Measured fluxes to pure water and 0.5M NaCl solution up to 9- and 11-fold higher than the corresponding
values for unloaded PVDF membranes, respectively

O Photothermal effect activated by UV radiation, insufficient photothermal efficacy in the visible

O High cost of Ag-based membrane



FROM UV TO SOLAR RADIATION:

NiSe AND CoSe TOPOLOGICAL NODAL LINE SEMIMETALS

Electronic band structure

2 _
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O
Ni/Co
()
Se

Se p Topological semimetals (TSM) are defined as systems where
Ni d the conduction and the valence bands cross each other in the
Brillouin zone (BZ
——Total (BZ) Insulator

LS|

Semimetal D U

Fermi level] - S

5 10 Metal I .

DOS(states/eV) Intrinsic

: semiconductor
the number of different states at a
particular energy level that
electrons are allowed to occupy

U Hexagonal closed packing (hcp) structure

O Nearly flat bands around 1.0 eV below the Fermi level with corresponding peaks in
the density of states (DOS) that increase the probability of optical transitions

O The two bands near the Fermi level (in red) give rise to multiple Dirac nodal-line
structures

S. Abramovich, [...] E. Curcio, M. Sadan, A. Politano. NiSe and CoSe Topological Nodal-Line Semimetals: A Sustainable
Platform for Efficient Thermoplasmonics and Solar-Driven Photothermal Membrane Distillation. Small 18/31 (2022) 2201473



Dielectric function

Wavelength (um) Wavelength (um)
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, I ——— Imey Optimization of NPs size in
resonance (negative real —~10- incoming photons and
part) i Ree [ 10- increasing absorbance
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I
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The anisotropic dielectric properties of NiSe and CoSe NPs support multiple localized surface
plasmons in the optical range, resulting in a broadband matching with sunlight radiation spectrum



Preparation of composite membranes based on NiSe and CoSe

Spray Coating
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PVDF support coated with a thin porous polydimethylsiloxane

(C,HsOSi),, (PDMS) layer embedding NiSe or CoSe NPs: increases the
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Photothermal Materials for efficient PhMD

75

Evaporation rate Latent heat of vaporization

m(AH, + H,)«—Sensible heat
P
Efficiency T
l Irradiance

Efficiency (%)

25

1 1.0 Cost ( € /g) 1(.)0 1000

O Composite membranes to reduce the cost of the membrane and localize the light-to-heat
conversion on membrane surface
O Development of photothermal membranes able to exploit the solar radiation




Dimensionally controlled graphene-based surfaces for
Photothermal Membrane Distillation-Crystallization

O Three dimensional vertically orientated graphene sheet arrays (3D-G)
O Two-dimensional graphene thin films (2D-G)

Near-100% light absorption across the entire UV-Vis-NIR

Incident light
100 ) )
3D Graphene
90 - g
9 .
L 80 4 850
c = ®
|E 540 @ 3G
e 70- g S 25
Graphene o) an
* é 60 L
60 2D Graphene ™™ ™"
40 -
3D-G interconnected graphene SR T S
. . . 500 1000 1500 2000 2500
flakes promoting light trapping Wavelenath
effects avelength (nm)

S. Santoro, M. Aquino, D. H. Seo, T. van Der Laan, M. Lee, J. S. Yun, M. J. Park, A. Bendavid, H. K. Shon, A. H. Avci, E. Curcio. Dimensionally controlled graphene-based
surfaces for photothermal membrane crystallization. Journal of Colloid and Interface Science 623 (2022) 607



Concentration

FROM MEMBRANE DISTILLATION TO MEMBRANE CRYSTALLIZATION

Temperature

The solution IS progressively
concentrated up to supersaturation by
evaporating the solvent through
microporous hydrophobic membranes.

{ CRYSTALLIZATION J

DRIVING FORCE

[ SUPERSATURATION J




MEMBRANE CRYSTALLIZATION OF INORGANIC SALTS

1 1 1
NaCl KCl
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SOLAR EVAPORATION PONDS - amtc = |uversiTA
Vi
N
M Evaporated
P T T ——————— water L
Salt lake Feed brlne e .
— o < - LS " «a-' Concentrated -
- — = = ey ¢ brine e » -
= = S pp— - - Poor ‘-
- - o - |_|_ca Mg**, CF, B, To LCE
w . Na Ca ? ‘? ‘# ? Li (19.0-6.0 wt%) processing
Mg* 30‘ plant
/ // -
o . 7 NaGl'h, 4 NaCEli) ) /Kel .
— % [L|+]2005-02 wt% ; :"Casoi-zrr,d“* &  KCl O Kel .~ MgCl,6H,0 . _ ‘MgCl,: 5"'20 LiCI-MgCl,-6H,0 [L|+]:1-6 wit%
~ Halite salts Poor sylvinite Sylvinite salts Carnallite salts Bischofite salts Li-carnallite
S stocks pile salts stocks pile stocks pile stocks pile stocks pile salts stocks pile

Sequential crystallization

O Evaporated water: 18,000 - 60,000 m3 day’ (>1,000 m3 ton™ of Li)

O Evaporation rate <0.3 kg m2 h1

O High residence time (12-24 months, depending on local weather conditions) which determines high requirement of
pond volume and area

0 85-95% of total water lost

Adapted from : Cerda, A., Quilaqueo, M., Barros, L., Seriche, G., Gim-Krumm, M., Santoro, S., Avci, A.H., Romero, J., Curcio, E., Estay, H., 2021. Recovering
water from lithium-rich brines by a fractionation process based on membrane distillation-crystallization. J. Water Proc. Eng. 41, 102063


https://www.saltworkconsultants.com/salar-de-atacama-chile/
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M. Quilagueo, [...], S. Santoro,
E.Curcio, H. Estay. Membrane
distillation-crystallization applied to a
multi-ion hypersaline lithium brine for
water recovery and crystallization of
potassium and magnesium  salts.
Desalination 586 (2024) 117895
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Photothermally-assisted Evaporator/Crystallizer
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https://www.youtube.com/watch?v=eE0180HOCKoO

NaCl nucleation


https://www.youtube.com/watch?v=eEo180HQCKo

Tungsten Disulfide (WS,) nanosheets for LICI Membrane Crystallization

WS, displays a high-
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HETEROGENEOUS NUCLEATION ON POROUS MEMBRANES
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THE WAY TOWARDS SUPERSATURATION
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Induction time (day)
1 2 3 4
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INDUCTION TIME (Time elapsed between the (240 kDa)
achievement of supersaturation and the
appearance of first crystals): shortened by using

membrane with respect to conventional - Membrane crystallization
crystallization techniques
y q - Conventional vapour diffusion method
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POLYMORPHISM SELECTION

In  crystallography, polymorphism is the

phenomenon where a compound or element can 2.05 — orml 40
crystallize into more than one crystal structure. F°rm"(;’:2:’;)h°mb'° O il
Polymorphism in drugs can also have direct I
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EFFECT OF SURFACE CHEMISTRY: INDUCTION TIME

Nucleation is inherently a stochastic event and an energy-activated process. The aleatory nature of the
nucleation stage reflects the variability of induction time measurements, that is the period elapsed from
attainment of a given supersaturation until the formation of crystals with critical size
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The hydroxyl groups of the ACM molecules aligned
along {001} plane appear perpendicularly oriented
towards the polymeric surface, thus indicating that
EAA copolymer is interacting through hydrogen-
bonding.
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Major reflection at 15.0° is related to the
preferential growth of form Il crystals along
the plane (111) with hydroxyl groups of ACM
obliquely oriented towards the substrate.
Interfacial interactions are likely to involve
both imide functionality and carbonyl groups
In polyimide.
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PERSPECTIVES

New membranes: improve environmental sustainability shifting from
conventional perfluorinated membranes and toxic aprotic organic solvents to
biodegradable polymers and green solvent

Energy input: integrate renewable energy sources, improve efficiency by
controlling temperature polarization

Brine treatment and resources mining: improve membrane stability in MD
applications to high salinity solutions

Broader industrial and commercial implementation to stimulate economies of
scale, encourage technological advancements, and foster competitive market
dynamics that make the process more accessible and cost-effective.



MEASURED

MEMBRANE SCALE-UP FOR CHEMICAL INDUSTRIES

WP3: MEMBRANES DEVELOPMENT AND SCALE-UP

TASK 3.1: DEVELOPMENT OF POLYMERIC MEMBRANES FOR MD

N Funded by Funded by the European Union under
g9l the European Union  Grant Agreement No 101091887.
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