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Abstract: Membrane contactors represent an emerging technology in which the
membrane is used as a tool for inter phase mass transfer operations: the membrane
does not act as a selective barrier, but the separation is based on the phase equilibrium.
In principle, all traditional stripping, scrubbing, absorption, evaporation, distillation,
crystallization, emulsification, liquid-liquid extraction, and mass transfer catalysis
processes can be carried out according to this configuration. This review, specifically
addressed to membrane distillation (MD), osmotic distillation (OD), and membrane
crystallization (MCr), illustrates the fundamental concepts related to heat and mass
transport phenomena through microporous membranes, appropriate membrane
properties, and module design criteria. The most significant applications of these
novel membrane operations, concerning pure/fresh water production, wastewater
treatment, concentration of agro food solutions, and concentration/crystallization of
organic and biological solutions, are also presented and discussed.

Keywords: Membrane distillation, osmotic distillation, membrane crystallization,
microporous hydrophobic membranes

INTRODUCTORY OVERVIEW ON MEMBRANE
CONTACTOR SYSTEMS

Beginning from the electronic industry, the huge perspectives of the miniatur-
ization concept are now permeating practically all manufacturing processes,
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with noteworthy repercussions on chemical engineering science and technol-
ogy. Since the past decade, the philosophy of chemical processes miniaturiza-
tion was known as process intensification, a design strategy aiming to lead
concrete benefits in manufacturing and processing, substantially shrinking
equipment size, boosting plant efficiency, saving energy, reducing capital
costs, minimizing environmental impact, increasing safety, improving
remote control and automation (1).

In this contest, membrane processes showed great potential to replace
conventional energetically intensive techniques such as distillation and
evaporation, to accomplish the selective and efficient transport of specific
components, to improve the performance of reactive processes and, in
ultimate instance, to provide reliable options for a sustainable industrial
growth. At present, the possibility to realize compact and small-size
membrane systems able to perform the same standard unit operations—the
core of the chemical industry and of any other industrial processing
involving molecular transformations—is becoming reliable. The redesign of
important production cycles by combining various membrane operations
available in the separation and conversion units represents a reliable and
attractive opportunity due to the synergic effects that can be reached.

Traditional membrane separation systems, such as Reverse Osmosis (RO),
Microfiltration (MF), Ultrafiltation (UF), Nanofiltration (NF), Electrodialysis
(ED), Pervaporation (PV), etc., that have already gained wide acceptance in
many different areas, are today completed with new membrane systems.
Among them, Membrane Contactors technology probably offers the most
powerful tools for inter phase mass transfer based on the principles of phase
equilibria (Table 1).

Such extremely compact devices are able to immobilize gas or liquid
interface at the membrane pores due to the hydrophobic nature of the
membrane itself, and to create a large contact area for promoting an efficient
mass transfer. Gas and liquid flowrates can be independently controlled
without any physical limitation (loading, flooding, etc.). In addition, they are
modular for an easy scale-up and can be efficiently integrated into new or pre-
existing production lines; in general, membrane contactors are added in parallel
to increase the system capacity, and in series to improve the degree of
separation.

Gas/liquid membrane contactors have been tested in a large variety of
systems, including absorption into aqueous or organic solutions of CO,,
SO,, NO, H,S, NH3, etc., carbonation of beverages, nitrogenation of beer to
provide a dense foam head, oxygen removal in semiconductor industry for
the production of ultrapure water, ozonation for water treatment that
represent today well-assessed commercial applications (3).

Microporous hollow fibres have been used also in dehumidification
processes as absorption air-handling systems working with liquid desiccants.
In this case, membrane contactors are able to achieve a considerable saving
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Table 1. Advanced Membrane Contactor systems (reported in second reference)
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of energy by performing desiccant reactivation at moderate temperature
(40-60°C) (4).

In phase transfer catalysis operations, microporous membranes assure a
well-defined separation and contact between gas and liquid. At the same
time, the catalytically active phase deposited on the surface of inorganic
membrane layers promotes the reaction between absorbed reactant species
(5). It is well recognized that the yield of ethanol and various metabolic
compounds can be significantly improved if the reaction products are
removed in situ by membrane contactors (6). This concept has been successful
extended also to the enzymatic hydrolysis of triglycerides with simultaneous
separation of the glycerol and fatty acids produced (7).

Membrane Contactor technology can be applied to produce uniform
emulsions with reduced energy input and wall shear stress with respect to
high-pressure homogenizers and rotor/stator systems. In a membrane emulsi-
fier, high-stability droplets are created by forcing the dispersed phase through
the nanopores of a membrane (8).

Membrane distillation (MD) and Osmotic distillation (OD) are well-
known methodologies having great potential as concentration processes
carried out at low temperature (9). Both operations involve microporous hydro-
phobic membranes that are in contact with aqueous solutions at different temp-
eratures and/or compositions. As further requirements, the membrane should
not be wetted by the process liquids, no capillary condensation should take
place inside the pores of the membranes, and only vapour should be transported.
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MBD and OD operations are not significantly affected by concentration polariz-
ation phenomenon, whereas it represents the critical limit for pressure driving
processes such as NF or RO. Production of high purity distillate, absence of
limitation caused by fouling, possibility to drive MD by low enthalpy sources
(solar (10), geothermal (11), etc.) that are not expected to play a significant
role in other conventional operations such as Multi-Stage Flash (MSF) or
Multi-Effect Distillation (MED) (12), are significant advantages for this
membrane operation. In addition, MD can be conveniently integrated to con-
ventional MED or RO processes in order to increase the recovery factor of
the desalted water and/or improve the energetic efficiency of the system
(13). Separations by MD and OD include cases where the product is represented
by the permeate (desalination, wastewater treatment), the concentrate (food-
stuffs), and both streams (azeotropic separations).

Crystallization from solution is a widely utilized unit operation due to its
ability to provide large amounts of high-purity products in one processing
step. The recent development of a membrane crystallization (MCr) unit,
aiming to induce supersaturation in solution, has been successfully tested in
the crystallization of ionic salts, low molecular organic acids, and proteins;
potential applications in the desalination industry are also increasing in
interest (14).

This review addresses the fundamental concepts and the relevant math-
ematics related to the transport phenomena through microporous hydrophobic
membranes of interest in MD, OD, and MCr; membrane preparation, and
material properties and module design criteria are also discussed. In the
second part of the paper, some of the most promising applications and
perspectives of these membrane operations are presented.

MEMBRANE DISTILLATION: OPERATIONAL PRINCIPLES

In MD process, a microporous hydrophobic membrane is in contact with an
aqueous heated solution on one side (feed or retentate). The hydrophobic
nature of the membrane prevents a mass transfer in liquid phase and creates
a vapour-liquid interface at the pore entrance. Here, volatile compounds
evaporate, diffuse and/or convect across the membrane pores, and are
condensed and/or removed on the opposite side (permeate or distillate) of
the system (Figure 1).

Basic MD principles can be individuated in the U.S. patent application
granted to Bodell in early 1963 (15), and first experimental results on MD,
published by Findley in 1967 (16). An interesting and extensive historical
excursus on membrane distillation has been reported by Lawson and
Lloyd (9).
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Figure 1. A general scheme of the MD process.

The specific method used to activate the vapour pressure gradient across
the membrane, representing the driving force for this operation, characterizes
each of the four basic MD configurations. In the most common arrangement—
known as direct contact membrane distillation (DCMD)—the permeate side of
the membrane consists of a condensing fluid (often pure water) that is directly
in contact with the membrane. Both feed and permeate flows may be operated
in counter current, relatively high heat-transfer coefficients are reachable, and
horizontal or perpendicular installation of membrane modules is realizable.
Alternatively, the vaporized solvent is recovered on a condensing surface
that can be separated from the membrane by an air gap (AGMD), vacuum
(VMD), or removed by a sweep gas (SGMD). All described configurations
are schematised in Figure 2.

The nature of the driving force, in synergy with the hydro-repellent
character of the membrane, allows the complete rejection of non-volatile
solutes such as macromolecules, colloidal species, ions, etc. Lower tempera-
tures and pressures with respect to those usually used in conventional
distillation column are generally sufficient to establish a quite interesting trans-
membrane flux, with consequent reduction of energy costs and mechanical
requirements of the membrane. Typical feed temperatures vary in the range
of 30-60°C, thus permitting the efficient recycle of low-grade or waste heat
streams, as well as the use of alternative energy sources (solar, wind, or geother-
mal). In addition, the possibility of using plastic equipment also reduces or
avoids erosion problems. If compared to RO process, MD does not suffer
limitations arising from concentration polarization phenomenon and can be
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Figure 2. Schematic representation of the various MD configurations (adapted
from (9)).

preferentially employed whenever elevated permeate recovery factors or high
retentate concentrations are requested. Figure 3 compares both RO and MD
transmembrane fluxes measured during orange juice concentration tests:
while the RO flux drastically drops off due to an increase of osmotic pressure
with concentration, the MD flux slightly decreases as a consequence of both
reduction of the activity coefficient, and increase of the feed solution viscosity.

Driving Force and Vapour-Liquid Equilibrium

Heat and mass transport through membranes occurs only if the overall system
is not in thermodynamic equilibrium. In membrane processes, two
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Figure 3. Comparison of RO and MD fluxes for concentrating orange juice (adapted
from (17)).

homogeneous subsystems (with defined values of chemical potential w; and
W) are separated by a membrane.

For small changes of the number of moles in the two phases (caused by
the mass transfer across the membrane), the variation of the Gibbs free
energy (G) is:

dG = (w; — pf)dn; (1)
i
Relation (1) expresses a general concept: the driving force for the mass
transport of a component from one phase to the other is given by the difference
in the chemical potential of the two phases caused by changes in temperature,
pressure and activity. In equation (1), n} is the mole of i-th component trans-
ferred and is related to transmembrane flux J; by:
dn;
— =AJ; 2
= Al @
where ¢ indicates the time and A the membrane area.
As previously stated, the hydrostatic pressure gradient across the
membrane is negligible in MD, and the driving force of process is the
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partial pressure difference across the membrane, established by a temperature
difference between the two contacting solution, or by vacuum, air gap, or
sweep gas in the permeate side. In the frequent case of non-ideal mixtures,
the vapour-liquid equilibrium is mathematically described in terms of
partial pressure (p;), vapour pressure of pure i (py), and activity coefficient
&, according to the well-known thermodynamic relationship:

pi = Py; = pla; = pY&x; 3)

In equation (3), P is the total pressure, a; the activity, and x; and y; are the
liquid and vapour mole fraction, respectively. The vapour pressure p° of a pure
substance varies with temperature according to the Clausius-Clapeyron
equation:

dp® _ p°A 4

dT ~ RT? @
where A is the latent heat of vaporization (A = 9.7 cal/mol for water @ 100°C
(18)), R the gas constant, and T the absolute temperature.

At the pore entrance, the curvature of the vapour-liquid interface is
generally assumed to have a negligible effect on the equilibrium; however,
possible influences on the vapour pressure value can be estimated by the
Kelvin equation:

2y
0 0 L
Pconvex surface — P exp |:VCRT:| (5)

where r is the curvature radius, ;. the liquid surface tension, and c the liquid
molar density.

Activity coefficients & can be deduced by a large variety of equations
aiming to evaluate the excess Gibbs function of mixtures; the most popular
of them are reported in Table 2 (19). The Margules equation is the simplest
one, and has been found to give similar results to the Van Laar equation for
several organic solutions. For asymmetric systems showing large positive
deviation from ideality, the Van Laar equation is used preferentially. The
Wilson equation is a powerful tool for systems that do not exhibit liquid-
liquid phase splitting. A most flexible and complex approach to the determi-
nation of activity coefficients is given by the UNIQUAC equation; it is
based on a combinatorial term that contains pure-components parameters,
and a residual contribution depending on adjustable parameters that are
characteristic for each binary system.

NRTL model (20) is also frequently used in the description of vapour-
liquid equilibrium of binary mixtures; for ethanol-water mixtures, Sarti and
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Table 2. Empirical expressions for the activity coefficients (£~ is the activity
coefficient at infinite dilution)

Margules
equation

Van Laar
equation

Wilson
equation

GE
RT = (Az1x1 + Apx2)x1X2

In& =x3[A1n + 2(A2 — Ap)xi]
In& = x} A1 + 2(A12 — A1)x2]

QE: AlpAY X1
RT A/12X1 +A/21)Q

Ing = AL AL x1x0
(Afpx1 + Ay xo)?
In §2 A/ZIA/IZX%

(Alx + AL )’

GE
ﬁ = —X1 1n(x1 + Alzxz)
—x2 In(x2 + Ag1xy)

11’1 §1 = —11’1()(1 + A|2X2)

( A Ay
+x2 -
X +Apx x4+ Ayx

In& = —In(xa + Agrxy)

Ay A
+X1 —
X+ Ayxy x+Apx

In&°=Ap,
In &° = Ay,
In &7 = Al
In &° = A5,
ln§1°°= _1nA12+ 1 _A21

ln§2°°:—lnA21+1—A12

co-workers (21) reported the following expressions:

Gy ? Tk Gik
Iné = x> Ti( 6a
6 k[ : Xi + x¢Gyi (xx + %G )’ (62)
bix
Tk = aik + =3 G = exp(— Q) (6b)

T

where x; and x; are the mole fractions of ethanol and water, respectively;
constant values are ay = 0.49854, by, = — 456.00, () = 0.24.
The expression for activity coefficient in diluted aqueous ionic solutions

can be derived from the Debye-Hiickel theory:

logé, = —|ziz[¥VI (7a)

Here & is the activity coefficient of the electrolyte, W is a constant that
depends on the temperature and solution permittivity, z is the ion valence, and
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I the ionic strength of the solution given by:
1= EZ 2e;i (7b)
27 '

In an aqueous solution at 25°C the constant W is 0.509 (mol kgfl)l/ 2 22).

Mass and Heat Transfer Through Microporous Hydrophobic
Membranes

Mass Transfer: Model of Resistances

According to the usual electrical analogy, mass transport for a typical
membrane distillation process is conveniently described in terms of serial
resistances upon transfer between the bulks of two phases contacting the
membrane (Figure 4). Mass transfer boundary layers adjoining the
membrane generally result in a negligible contribution to the overall mass
transfer resistance, whereas molecular diffusion across the polymeric
membrane often represents the controlling step. Resistance to mass transfer
on the distillate side is omitted whenever MD operates with pure water as con-
densing fluid in direct contact with the membrane, or if the configuration used
to establish the required driving force is based on vacuum. The resistances
within the membrane are associated to Knudsen, molecular and surface
diffusion mechanisms, and convective transport.

i Z . i %

BOUNDARY LAYER
RESISTANCE

AA

BOUNDARY LAYER
RESISTANCE

AA

Figure 4. Serial and parallel arrangement of resistances to mass transport in MD.
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Mass Transfer Boundary Layer Resistances

In a thermally driven membrane distillation process, the increase of the overall
resistance to mass transfer as result of the presence of a mass transfer
boundary layer in proximity of the membrane interface is generally negligible
(23). On the other hand, this aspect has to be carefully evaluated if crystalli-
zation or precipitation processes can occur, because it might induce a different
level of supersaturation in proximity of the membrane.

A mass balance across the feed side boundary layer allows to derive a
relationship between molar flux J, the mass transfer coefficient k,, and solute
concentrations c,,, and ¢y, at the membrane interface and in the bulk, respectively:

Sk (8)
p Cb
p is the density of the solution. Literature provides several correlations (24),
often derived by analogy with those evaluated for heat transport, that are
practical for determining the mass transfer coefficient. These empirical
relationship are usually expressed in the form:

Sh = aRePScY 9)

where:

o Sh, Sherwood number Sh = (k, d;,)/D (dy,: hydraulic diameter, D: diffusion
coefficient)

e Re, Reynolds number Re = (p v d;,)/ i (p: fluid density, v: fluid velocity, .:
fluid viscosity)

e Sc, Schmidt number Sc = u/(p D)

A brief list of mass transfer correlations for Newtonian fluids is given in
Table 3.

As consequence of the solvent permeation through the membrane, solute
concentration c,, at the feed solution/membrane interface becomes higher
than that in the bulk solution, ci,. This phenomenon, known as concentration
polarization, is quantified by the CPC coefficient, defined as:

cpc =" (10)
Ch

Mass Transfer: Transport Across the Membrane

In a porous medium, if surface diffusion is assumed negligible (33), mass
transfer can be affected by viscous resistance (resulting from the momentum
transferred to the supported membrane), Knudsen diffusion resistance (due to
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Table 3. Predicative equations for mass transfer coefficients

Comments Reference
Equation (tube side flow)
Sh = 0.023Re8¥5c033 Chilton-Colburn, (25)
Re > 10°, Sc > 0.5

Sh = 0.34Re%7° 8% Chilton-Colburn, (25)

4 5

(f/2)ReSc 10* < Re < 10°, Sc > 0.5
Sh=—""—+———— Prandtl-Taylor (25)
14 5F/2(5c — 1)
2)ReS.
Sh = (f/2)ReSc Von-Karman 25)
1 4+ 5F/2[Sc — 1 + In(1 — 55¢)/6]
Sh = 0.023Re*37358¢%% 300 < Sc < 700 (26)
Sh = 0.0149Re" 885032 Sc > 100 Q@7
Sh = 0.023Re* #3044 0.6 <Sc <25 (28)
Equation (shell side flow)
Sh = 1.25 (Re d./L)***Sc’?? 0.5 < Re < 500, ¢ = 0.03 (29)
Sh = 0.019Gz Gz = (sir: mass flow (30)
pDL

rate) Gz < 60,

close-packed fibers
Sh = 1.38 Re%?*Sc%* 1 <Re <25, ¢ =0.70 (29)
Sh = 0.90 Re%#05c%3 1 <Re <25, ¢ =0.07 (29)
Sh = 0.46 Re%#0Sc033 Baffied cylindrical module 31
Sh = 0.57 Re®?'Sc*? Liquid flow perpendicular (32)

to the fibers

collisions between molecules and membrane walls) or ordinary diffusion (due to
collisions between diffusing) molecules (34). Predominance, coexistence,
or transition between all of these different mechanisms are estimated by
comparing the mean free path ¢ of diffusing molecules to the mean pore
size of the membrane (Knudsen number). Kinetic theory of ideal gases
calculates ¢ as:

kgT
L= —"-
P 270>

where kg is the Boltzmann constant (1.380 - 1072 JK_I), and o is the collision
diameter of the molecule (o = 2.7A for water).

For the binary mixture of water vapour in air, the free mean path ¢, can
be evaluated at the average membrane temperature 7, by (35):

(11)

kgT 1

I (0w + 00)/2PP T+ ()

(12)
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where o, (=3.7 A) and oy, are the collision diameters, and m, and m,, the
molecular weight for air and water, respectively. For an average temperature
T = 60°C, Phattaranawik and colleagues (36) reported a mean free path of
0.11 wm.

In the continuum region, the free mean path of a gas is small if compared
with the average membrane pore diameter, and molecule-molecule collisions
predominate over molecule-wall collisions. Knudsen number, defined as the
ratio of the free path of the gas to the pore diameter (Kn = t/dpore) is <1
and the flux can be described by Darcy’s law. In the Knudsen region this
situation is reversed: the mean free path of a gas is large with respect to the
average membrane pore diameter (Kn > 1), molecule-wall collisions predo-
minate over molecule-molecule collisions and the mass transport can be
described by Knudsen’s law. In many practical cases, ¢ is comparable to the
typical pore size of MD membranes and no simplifications can be done
when modelling MD mass transfer operations. Dusty Gas Model (DMG) is
frequently used for describing gaseous molar fluxes through porous media;
the most general form (neglecting surface diffusion) is expressed as (37):

JP Y e 1
oDy A (132
e j=1£i ije
S = T SRT (13b)
2er [BRT
=3V (13¢)
DY, ==p) (13d)
je = D

where JP is the diffusive flux, J¥ the viscous flux, D* the Knudsen diffusion
coefficient, D the ordinary diffusion coefficient, y the molar fraction in
gaseous phase, p the partial pressure, M; the molecular weight, w the gas
viscosity, r the pore radius, & the membrane porosity, and 7the membrane tor-
tuosity. Underscript e indicates the “effective” diffusion coefficient, calculated
by taking into account the structural parameters of the membrane as shown in
equations (13c) and (13d).

Although DGM was derived for an isothermal systems, it is successfully
applied in MD working under relatively small thermal gradients by assuming
an average value of temperature across the membrane. Studies looking at
de-aerating the feed solutions demonstrated the possibility to achieve flux
improvements as result of a decrement of the molecular diffusion resistances,
which makes Knudsen flow dominant (38, 39).

Simplifications related to particular MD configurations are summarised
in Table 4. Despite the modest complexity of the proposed fundamental
models, the adoption of empirical correlations is in some cases preferred.
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Table 4. Simplified equations for the mass transfer through microporous membranes

Configuration Assumption Transport equation
Vacuum membrane Mean pore D¥ 2er  [8RT
e .. . ;= —Vp, =—— |——Vp; (4
distillation (limited by size <t 5= RVl = 3Ry ;L (“40)
Knudsen diffusion)
T=D/vy
Air gap membrane Air is considered J; =D air, gR—Vp,- (42)
distillation (limited by as stagnant film |Pairlim
diffusion through y=23341if
stagnant air) water is the
sole diffusion
specie (41) LT 1
Air filled pores direct Mean pore Ji=——| =+ P ’g" Vp; (9)
. RT| D%, D
contact membrane size & L ie ije
distillation (Knudsen-
molecular diffusion
transition) L b2 g
RT
De-aerated direct Knudsen diffu- Ji=— il —Vp;
. . RT| 87V 7M;
contact membrane sion resistance er? o
distillation (Knudsen- dominant. +8—& VP:| 9)
Viscous transition) Existence of TR

viscous flux

The transmembrane flux is often expressed as a linear function of the vapour
pressure difference across the membrane (43):

J = CAp (14)

where C is the membrane distillation coefficient, and Ap the partial pressure
gradient evaluated at the membrane surfaces. In equation (14), the membrane
distillation coefficient C is a function of the structural membrane properties
(pore size, thickness, porosity, and tortuosity), physical and chemical proper-
ties of the vapour transported across the membrane (molecular weight and
diffusivity), and operative conditions (44—46).

Heat Transfer: Model of Resistances

Complex relations between simultaneous heat and mass transfer are generally
described in terms of a set of serial and parallel resistances through the
boundary layers of the membrane and through the membrane itself.
Figure 5 illustrates this situation in the case of DCMD; simplifications
deriving from the possibility to omit one or more resistances can be made
for specific MD configurations.
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Figure 5. Serial and parallel arrangement of resistances to heat transfer in MD.

Boundary-layer heat transfer is recognized as the limiting factor of the
transport efficiency, and several efforts (use of spacers, turbulence
promoters or turbulent flow) aim to minimize the external resistances. The
heat transport across the membrane mainly occurs according to two
different mechanisms: conduction across the polymeric material, and latent
heat flow related to vaporized components. The total heat flux Q transferred
across the membrane is expressed as (9):

1 1 177!
|-+ 4| AT 1
0 [hf+hm+N,A/AT,,,+hp] (15)

where A is the molar heat of vaporization, AT, is the temperature difference
across the membrane, AT is the bulk temperature difference between retentate
and permeate, hy, hy,, and h,, are the heat transfer coefficients on the feed side,
membrane, and permeate side, respectively.

Heat Transfer Boundary Layer Resistances

The most detrimental effect of the thermal boundary layer resistances is
that the temperature in the bulk differs from the value at membrane-solution
interface where vapour-liquid transition occurs. Temperature polarization
coefficient is generally used to quantify the magnitude of the boundary
layer resistances over the total heat transfer resistance. It is defined as:

Tm _m
TPC =L 1 (16)
T, — 1T,

TPC, often used as indirect index of efficiency for MD process, falls
between 0.4 and 0.7 for a satisfying design of the system, and approaches
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unity for mass transfer limited operations. Literature data provide a large
variety of empirical correlations that allow to evaluate the boundary layer
heat transfer coefficient . Apart from the previously defined Reynolds’
number, most of these correlations involve some additional dimensionless
numbers:

e Nu, Nusselt number Nu = (hD)/k (k: thermal conductivity)

e Gr, Grashof number Gr= (D’p’gBAT) / w” (g: gravity acceleration,
B: thermal expansion coefficient)

Pr, Prandtl number Pr = (c,u)/k (c,: specific heat)

Gz, Graetz number Gz = (ric,,)/kL (m: mass flow rate, L: fiber length)

A brief summary of useful empirical relationships is proposed in Table 5.

High feed flowrates through hollow fiber modules, resulting in increased
Reynolds number, improve the heat transport efficiency of MD operations
(52). Spacers can have benefits in MD, since they destabilize the flow and
create eddy currents in the laminar regime enhancing momentum, heat, and
mass transfer (53, 54).

Table 5. Predictive equations for heat transfer coefficients

Equation Comments Reference
Nu = 0.13 Re®¢* pr0-38 Laminar flow @7
Nu = 0.097 Re%7 po13 Laminar flow @7
Nu = 1.62(Re Pr(d/L))** Laminar flow (42)
Nu = 0.023Re"$ PO (u/p, )" Turbulent liquid (48)
0.067Gz .
Nu = 0.036Re3Pr033(g/L)%0%3 Turbulent flow (49)
Nu = 0.027(1 + (64/L)Re*Pr®3 (pu/p,)*'*  Turbulent flow (49)
Nu = 1.75 {Gz + 0.04[(d/L) Gr Pr]*7}%-33 Important influence (50)
of free convection
Nu = 0.116(Re%%® — 125)pr®-33 Transition region (51)

x[1+ (/L)) (/)"
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An heat transfer correlation for DCMD with spacers was obtained from
the mass transfer correlation for UF assuming analogy between heat and
mass transfer (55):

2dy.,\ "7
Nu = kgo0.664 Re®5pro-33 (lh) (17.a)

m

with

d —0.039 d) 0.086
kg = 1.654 <;}> 7 [sin(z)] (17.b)

Here, kq. is the correction factor for spacer geometry, d, s the hydraulic
diameter for the spacer-filled channel, d; filament size, [, the mesh size, H
the spacer thickness, ¢ the spacer voidage, and ¢ the hydrodynamic angle.
Figure 6 better clarifies the meaning of these parameters.

Heat Transfer: Transport Across The Membrane

The total heat flux Q is transferred across the membrane by two mechanisms:
conduction across the membrane material, and as latent heat associated to the
vaporized solvent. The differential balance of energy is expressed as:

dT
Q=JH/T) - kmd— (18)

x
where H, is the (vapour) enthalpy at temperature T, k,, is the thermal conduc-
tivity of the membrane, and x the distance. Assuming T as a reference temp-
erature, and considering that temperature inside membrane changes within

-
A A
! Sre e
4
TOP VIEW SIDE VIEW

Figure 6. Flow direction in spacer-filled channel (adapted from (55)).
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few degrees—so that the specific heat can be supposed constant—the vapour
enthalpy at a generic temperature T is given by:

HV(T) = /\(TO) + va(T - TO) (19)

Here c,,, is the specific heat of vapour. Whereas the latent heat of vaporization
is effectively used to promote the permeate flux, the conduction of heat across
the membrane is an energetic loss that need to be minimized. According to the
investigation of Fane and co-workers (38), the heat loss by conduction rep-
resents the 20—50% of the overall heat transferred in MD.

In order to study the evaporation efficiency in MD, Martiez-Diez and
collegues (56) have carried out experiments on PTFE microporous
membranes and aqueous NaCl solutions. In the range of investigated
parameters, the heat lost by conduction per unit transmembrane flux was
found to decrease with increasing temperatures and flow rates. The efficiency
of MD can be also increased from 8% to 14% by reducing the permeate
temperature (57). The conduction heat transfer coefficient k., for a
two-phase composite material is generally calculated by the Isostrain
model (58):

ko = (1 — )k, + kg (20)

assuming that both polymer (k,) and gas (k,) contribute to k,,.

The values of membrane thermal conductivity found by equation (20)
agree with measured ones within 10% (39). The thermal conductivity of
polymers strongly depends upon temperature and degree of crystallinity.
Lost by conduction is reduced by increasing membrane porosity, since
the water vapour thermal conductivity is one order of magnitude lower
than that of polymeric materials in the range of typical MD working tempera-
tures (59).

Heat transferred by convection is generally considered negligible with
exception of AGMD process (60).

Models and Numerical Procedures

Several numerical studies and approaches with different levels of complexity
have been addressed to the modelling of MD process; some of them are briefly
mentioned next. In the work of Lagana et al. (23), momentum, mass, and heat
balance equations have been written in cylindrical coordinates for a steady-
state 3-D flow through microporous hollow fibers, assuming axial diffusion
negligible, no radial dependence of the pressure, Newtonian fluid
behaviour; authors reported a good agreement between simulated results
and experimental data.

Bouguecha and colleagues (52), used the stream function-vorticity
approach and assumed constant properties except for the density in the
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body force term; the coupled elliptic transport equations for momentum, heat,
and mass have been written in Cartesian coordinates for steady-state 2-D
laminar natural convection.

An analytical solution for a longitudinal segment model to be used as sub-
model for more sophisticated configurations of shell-side packing in tubular-
type unit has been presented by Agashichev and Falalejev (61). The solution,
that does not contain differential terms and permits estimation of heat flux and
temperatures at the membrane interface, is applicable to laminar, incompres-
sible and continuous flow through a triangular membrane bundle packed
uniformly.

The analytical estimation of temperatures at the membrane interface has
been derived by Gryta and co-workers (50) for DCMD process in a plate-and-
frame module with laminar flow, and successfully extended to MD capillary
modules. The simplified differential (mono-dimensional) balance was
solved for steady-state condition, assuming that the amount of heat transferred
to and from the surface adjacent to the membrane is equal to the amount of
heat transferred inside the membrane.

A simple iterative procedure to solve simultaneously mass and energy
(mono-dimensional) balances has been reported by Fane et al. (38). A
Monte Carlo simulation model has been recently developed by Imdakm and
Matsuura (62) to study vapour permeation through membrane pores in
DCMD. A three-dimensional network of interconnected cylindrical pores
with a pore size distribution represented the porous membrane. The model
took into account all molecular transport mechanisms based on the kinetic
gas theory. Model prediction was in good qualitative agreement with
available experimental data.

Osmotic Membrane Distillation

Osmotic membrane distillation (OD) is a concentration technique for aqueous
mixtures in which water is removed from the feed by a hypertonic solution
flowing downstream a microporous hydrophobic membrane. Water vapour
diffuses through the membrane pores under a driving force given by the
vapour pressure difference between both membrane sides, related to the
water activities in the two streams.

OD is not a purely mass transfer operation: water transport implies
evaporation at the feed side and condensation at the extract side. A tempera-
ture difference at the membrane interfaces is thus created, even if the bulk
temperatures of the two liquids are equal. Mengual et al. (63) estimated the
temperature difference in their aqueous system to be lower than 1°C, which
would lead to a negligible decrease of the vapour flux. Following a simplified
approach, the transmembrane flux can be expressed in terms of membrane
permeability K,,, vapour pressures pl, at feed (1) and stripping (2)
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fluid-membrane interfaces, and log mean pressure of air entrapped into
pores piy:
Il
J = Km pwl_ P2 (21)
Pair
Water vapour pressure is related to activity by equation (3). Referring to a
series expansion cut at the first-order term, and assuming that the temperature
difference through the membrane is small, the following relationship can be
derived (64):

1= 22 0 [ ) —a0)- [ %] (-1}
Pair T
where p" is the vapour pressure of pure liquid, a,, is the water activity, and T'is
the average temperature between the two membrane interfaces.
Film-theory model can be used to describe the mass transport through
boundary layers:

1
J = kpln® ~ g p % =G (23)
X &,x
assuming that water activity coefficient &, is constant in the layer; k, is the
mass transfer coefficient, x the solute mole fraction and % its logarithmic
mean value. Temperature and activity gradients can act in a synergistic
way, or can operate in an antagonistic way to each other. Heat transfer
phenomena are described as in MD operations. The salts chosen as osmotic
pressure agents are in general NaCl (because of its low cost), MgCl,,
CaCl,, and MgSO, (65). In osmotic evaporation carried out at room
temperature, transmembrane fluxes generally range between 0.2 and
0.4L/m>h (66).

Membrane Crystallization

Membrane Crystallization (MCr) has been recently proposed as one of the
most interesting and promising extension of the MD concept (14). This inno-
vative technology uses the evaporative mass transfer of volatile solvents
through microporous hydrophobic membranes in order to concentrate feed
solutions above their saturation limit, thus attaining a supersaturated environ-
ment where crystals may nucleate and grow.

Crystallization is today a routinely used unit operation both for purifi-
cation and separation steps, but the design and operation of a crystallizer
still pose many problems. Industrial equipments often produce crystals that
do not satisfy the specific quality criteria, that are becoming more and more
stringent due to the shift of the market trend from base chemicals towards
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life-science products. The opportunity to couple membrane processes and
crystallization operations has been reported in the scientific literature since
the past decade. Slurry precipitation and recycle reverse 0smosis
(SPARRO) technology (67) for desalting scaling mine waters (where uncon-
trolled CaSO, precipitation is a crucial problem at relatively high ionic
concentrations) is a significant example of such integration. Sluys and
colleagues (68) illustrated the concept of a membrane-assisted crystallizer
in the softening of drinking water by removing CaCOs;. According to their
operation scheme, the suspension of seeds covered with crystallized
material, leaving a crystallizer unit, is treated in a pressure driven
membrane filtration stage; here, the membrane concentrates the suspension
to the mass percentage required for seeding.

As previously discussed, mass transport through microporous hydro-
phobic membranes has an advantage over pressure driven membrane
systems as concentration process at high solute concentrations. In fact, the
reduction of vapour pressure caused by high concentration and viscosity is
modest if compared to RO process, where elevated hydrostatic pressures are
required to overcome the osmotic phenomena occurring in concentrate
streams.

With respect to conventional crystallizers, the laminar flow of the solution
through tubular or capillary membranes improves the homogeneity of the
mother liquor, reduces mechanical stress, and promotes an oriented organiz-
ation of the crystallizing molecules. As a consequence, crystals exhibiting
good structural properties and narrow size distribution are generally
produced in membrane crystallization devices.

Crystal size distribution (CSD) is a critical parameter for precipitation and
crystallization processes. Relatively large crystals limit the adhesion of
mother liquor after filtration and, therefore, show a low tendency toward
caking. On the contrary, small crystals are preferentially requested
whenever reduced dissolution times are needed. In all cases, narrow distri-
butions are necessary.

The mass distribution W(L;) can be expressed in term of the mass fraction
of crystals belonging to a certain size class divided by the width of the size
class (AL)) (69):

AN;
1) = 3 !
W(L;) = apL; AL (24)

« is the volume shape factor, p. is the crystal density, AN the number of
crystals—counted in a unit volume of slurry—having length between L and
L 4+ AL.

Apart from the average sizes evaluated by distribution diagrams, the
width of a distribution around the mean size is often characterized by the
coefficient of variation (CV), equal to the standard deviation divided by
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the mean size (69):

cV = [Iow (L—LSO%)ZW(L)dL]UZ ly WL o

[ wW(L)dL e Lw(L)dL

Lsoq, is the crystal length corresponding to a value of W(L) equal to 50%.
A narrow CSD is characterized by a low CV. Experimental CV values
measured in membrane crystallization tests carried out on NaCl range
within 15-30% (14); as term of comparison, a CV of about 50% is
obtained when using a conventional mixed-suspension crystallizers (70).

The role of a membrane is not only limited to furnish a support for solvent
evaporation. A crystallizing solution can be imagined as a certain number of
solute molecules moving among the molecules of solvent and colliding with
each other, so that some of them converge forming clusters, or growth
units. In general, these clusters have a larger probability of being dissolved
than of continuing to grow but, under specific conditions, critical nuclei
having the same probability of growth as of dissolution can be generated.
All those clusters with a size larger than the size of the critical nucleus (r*)
will be likely to grow spontaneously. There is, therefore, an energetic
barrier AG* (the nucleation barrier) that must be crossed in order to induce
the formation of stable nuclei (71):

. 16m?*y

 3[kT In S (26)

where v is the molar volume occupied by a growth unit, vy the surface energy,
and S the supersaturation.

The values of r* and AG* vary inversely with supersaturation: r* tends to
infinity as S tends to 1. The existence of this energy barrier explains why a
solution that should experience homogeneous precipitation under thermo-
dynamic conditions does so only if a certain value of supersaturation is
exceeded.

The presence of a polymeric membrane in the crystallizing solution
decreases the work required to create critical nuclei and increases locally
the probability of nucleation with respect to other locations in the system:
this phenomenon is known as heterogeneous nucleation. Considering the
interaction between solute and substrate in terms of contact angle 6 that the
crystallizing solution forms with the substrate, the reduction of the activation
energy (71) is given by following equation

AGhet — AGhom |:% _ ZCOS 3+ iCOS3 ’l'{| (27)

If the solution wets the substrate completely (0 = 180°), AGj.; = AGom;
when the contact angle is 90° (limit between hydrophobic and hydrophilic
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Figure 7. Reduction in the free energy of the nucleation barrier due to heterogeneous
nucleation as a function of the water contact angle with the polymeric surface (CA:
cellulose acetate; PAN: polyacrylonitrile; PC: polycarbonate; PET: polyetherimide;
PES: polyethersulfone; PP: polypropylene; PSf: polysulfone; PTFE: polytetrafluor-
oethylene; PVDF: polyvinylidenefluoride).

behaviour), AGy,; = 1/2AGy,,,. This concept, exemplified in Figure 7 for the
familiar case of water in contact with several polymeric membranes (but
extendable by analogy to any kind of solution), might represent the starting
point for a better engineering of the crystallization procedures. Experimental
results show that the nucleation rate B in a membrane crystallizer depends on
the concentration of crystals in the magma (my), hydrodynamics (e.g., stirrer
speed, pump impeller, rotation rate: ®), and difference Ac between the mother
liquor concentration and the value at equilibrium (solubility) (69):

B = kbmiT(I)jAck (28)

Typical values of k, lie between 1 and 2.5; i is close to 1 whenever col-
lisions between crystals and vessel walls dominate on crystal-crystal
interactions. The overall growth rate G is usually related to the overall concen-
tration driving force Ac by an empirical relation (69):

G= k(;ACg (29)
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where g is the overall order of the growth process, and k, is the growth rate
constant that is function of temperature, controlling kinetic mechanism
(diffusion or integration), presence of impurity in the system. Further details
about crystal nucleation and growth kinetics can be found in the specific
literature (70-72).

MATERIALS
Preparation and Modification of MD Membranes

In MD, membrane is not involved in the transport phenomena on the basis of
its selective properties. Volatile compounds are transferred across the
membrane according to vapour-liquid equilibrium principia, whereas the
microporous polymeric material acts as physical barrier between two phases
and sustains the interfaces where heat and matter are simultaneously
exchanged. Since the hydrophobic character of the membrane represents a
crucial requirement, membranes have to made by polymers with a low
value of surface energy. Polymers such as polypropylene (PP), polytetrafluoro-
ethylene (PTFE), and polyvinylidenefluoride (PVDF) are commonly
employed in the preparation of membranes for MD applications (73). PP in
isotactic configuration (surface energy: 30.0 x 107 >N /m) exhibits excellent
solvent resistant properties and high crystallinity. PTFE membranes (surface
energy: 9.1 x 1073 N/m) are highly crystalline and show excellent thermal
stability and chemical resistance (they are low soluble in practically all
common solvents). PVDF membranes (surface energy: 30.3 x 10 °N /m)
exhibit good thermal and chemical resistance. This polymer is soluble in
aprotic solvents such as dimethylformamide (DMF), dimethylacetamide
(DMACc), and triethylphosphate (TEP).

Microporous hydrophobic membranes are manufactured by sintering,
stretching, and phase inversion (73-75): for instance, PP membranes are
generally prepared by stretching and thermal phase inversion, PTFE
membranes by sintering or stretching, PVDF membranes by phase inversion.

Sintering is a simple technique: a powder of polymeric particles is pressed
into a film or plate and sintered just below the melting point. The process
yields to a microporous structure having a porosity in the range of 10-40%
and a rather irregular pore size distribution. The typical pore size, determined
by the particle size of sintered powder, typically ranges from 0.2 to 20 pm.

Microporous membranes can be also prepared by stretching an homo-
geneous polymer film made from a partially crystalline material. Films are
obtained by extrusion from a polymeric powder at temperature close to the
melting point coupled with a rapid draw-down. Crystallites in the polymers
are aligned in the direction of drawing; after annealing and cooling, a mech-
anical stress is applied perpendicularly to direction of drawing. This
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manufacturing process gives a relatively uniform porous structure with pore
size distribution in the range of 0.2—20 pm and porosity of about 90%.

A large part of commercially available membranes are prepared by phase
inversion process (76) by dissolving the polymer in an appropriate solvent and
spreading it, as a 20—200 pm thick film, on proper supports. The homo-
geneous solution splits in two phases by adding an appropriate precipitant
(typically water): a solid polymer rich phase and a liquid rich phase are
formed.

The precipitated polymer exhibits a quite uniform porous structure: a
large variety of pore sizes (from 0.2 to 20 um) can be obtained by varying
the polymer concentration, the precipitation medium, temperature, etc.
Almost all soluble polymers can be precipitated in a non-solvent. Since PP
is not readily dissolved at room temperature, a solution of 20—30% polymer
is spread at elevated temperature into a film. Precipitation does not occur by
addition of non-solved, but by cooling the solution to a de-mixing point.
Extraction of the solvent is typically done by low molecular weight alcohols.

Details about commercial membranes used in studies of MD are given in
(77). Recently, some significant results reached in the preparation and modi-
fication of polymeric membranes have provided to an increase of the
reliability of MD process. Copolymers of tetrafluoroethylene (TFE) and
2,2 A-trifluoro-5-trifluoromethoxy-1,3-dioxole (TTD), commercially known
as HYFLON AD, have been used for preparing asymmetric and composite
membranes that show a high contact angle (~120°) for water, demonstrating
a highly hydrophobic character (78).

PVDF asymmetric hollow fiber membranes have been prepared by intro-
ducing small molecular additives in dimethylacetamide (DMAC) as nonsol-
vents (water, ethanol, i-propanol) and LiCl salt. The wet prepared fibers
exhibited high water permeability and the dry fibers had high gas per-
meability, good mechanical strength, and excellent hydrophobicity (79).
Asymmetric hydrophobic microporous membranes from the copolymer of
PTFE and PVDF have been recently obtained by phase inversion process
(80). According to the experimental analysis, these membranes exhibit
excellent mechanical properties (stretching strain and extension ratio at
break approximately 6—8 times higher PVDF) and high hydrophobicity
(contact angle to water of 88.5°).

The recent work of Xu and colleagues (81) showed that hydrophobic
PTFE membranes with a protective hydrophilic sodium alginate coating
were resistant to wet-out at least for 300 minutes during OD tests using
feeds containing 0.2, 0.4, and 0.8 wt.% orange oil. The reduction in the
overall mass transfer coefficient due to the coating was less than 5%.

Low pressure plasma techniques are non-thermodynamic-equilibrium
processes that allow a change in chemical composition and properties of a
material, such as wettability, dyeability, refractive index, hardness, etc. A
very high hydrophobicity, somewhat higher than that of PTFE, was
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achieved by fluorinated coatings also named “Teflon-like” (82). Kong and co-
workers (83) have modified hydrophilic microporous cellulose nitrate
membranes by plasma polymerization of octafluorocyclobutane. The perform-
ance of these membranes, tested in MD applications, was found comparable
with that of usual hydrophobic polymers.

Polyetherimide (PEI) flat sheet membranes were modified by Khayet and
colleagues (84) using fluorinated surface modifying macromolecule.
Membranes were prepared by phase inversion method from casting
solutions containing the solvent NJ-dimethylacetamide and the non-solvent
y-butyrolactone. Contact angle measurements showed that the PEI
membrane surface became more hydrophobic after modification, while
X-ray photoelectron spectroscopy analysis showed enrichment of fluorine
on the PEI membrane surfaces.

Hydrophobic Properties, Contact Angle and Surface
Tension Measurements

Information about hydrophobicity is obtained by contact angle () measure-
ments (85, 86): a droplet of water deposited on a hydrophobic surface gives
a contact angle greater than 90°. According to the Young equation:

Yiv €08 0 = Yoy — Vs, (30)

where y.y, sy, and ys; are the surface tension for liquid-vapour, the surface
energy of the polymer, and the solid-liquid surface tension, respectively.
Because surface tensions involving a solid cannot be measured directly,
a second equation is required. Using a thermodynamic approaches,
Newmann (87) established the following equation of state:

2
Vs = Ysv + Yov — 24/ Ysv YLy eXP[‘B(YSV - Yv) ] (31

and, combining it with the Young equation:

cos 0 = —1+2y/vsy/vLv eXP[_B(VSV - VLv)z] (32)

where 3 is a parameter independent of the solid and liquid used.

When using the highly complex Good, van Oss, and Chaudhury method
(88), three reference liquids (typically water, di-iodomethane, and glycerol)
are used to determine the apolar 7y;y, acid base vy,p, acid (electron
acceptor) y', base (electron donor) y~ components of the surface energy.
For instance, di-iodometane (apolar test liquid) allows the evaluation of the
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Lifshitz-van der Waals component y~" of the membrane surface tension:

LW 2
v"(1 — cos 6)
e R (33)

Subscripts s and / indicate solid (membrane) and liquid, respectively.
Other components are calculated by the following equations:

Yy (1 + cos 0) = 2(,/%4%,” +VvEvy + ,/ysyf) (34a)
Yag =2V v (34b)

Typical contact angle of water (y.y = 72.2mN/m) are close to 120° on PP
(89), are of about 108° and 107° on PTFE and PVDF, respectively (90).

The applicability of exposed relationships is practically limited, because
they have been derived for ideal surfaces (smooth and homogeneous, rigid,
chemically inert).

The effect of surface heterogeneity on contact angle is generally estab-
lished by relation (35) that allows to predict the contact angle * of a rough
surface from the contact angle 6 of the equivalent smooth surface (91):

cos 0% = ficos 0 —f> (35)

where f; and f, are the fractions of liquid-solid and liquid-air surfaces,
respectively.

For MD membranes with surface porosity lower than 0.5, it is generally
assumed that fj =y, f, =1 —yand | — y = ¢/, where ¢ is the porosity and
the pore tortuosity 7. For PTFE membranes, M. Courel and colleagues (92)
have developed a more specific model:

cos 0" = y*cos 0 — (1 — y)>=2y(1 — y) /%—cos@ (36)
LV

From comparing experimental results and theoretical calculations,
Franken and colleagues (91) concluded that contact angle measurements
on homogeneous smooth materials are not suitable for an accurate
description of the membrane wetting phenomenon in MD. Wettability
criteria based on the concept of penetration surface tension (defined as
the surface tension of the liquid on the verge of penetrating a porous
medium, and measured by penetrating drop method) provided more
satisfying results.



16: 15 30 January 2011

Downl oaded At:

62 E. Curcio and E. Drioli
Breakthrough Pressure and Membrane Wettability

In MD operations, the penetration of liquid through the micropores of a
polymeric membrane should be avoided. In general, non-wetting fluid does
not pass through pores as long as the pressure is kept below a critical
threshold known as breakthrough pressure. The Laplace equation offers a
relationship between the pore size of the membrane 7,,,,, and the breakthrough
pressure AP:

20vycos 0
r

AP = (37)

Here 7y is the interfacial tension, ® is a geometric factor related to the pore
structure (equal to 1 for cylindrical pores), and 6 the liquid-solid contact angle.
This angle increases with increasing polarity difference between polymeric
membrane and liquid. Breakthrough pressure data for several membranes
type and fluid can be found in literature (93); in the most part of considered
cases, AP values range between 100 and 500 kPa.

Breakthrough pressure is drastically reduced in presence, even at trace
level, of detergents and surfactants (because their reduce the surface
tension), or solvents that exhibit the same behaviour. Experimental investi-
gations (94) demonstrated that, once a membrane is wetted by the penetrating
liquid, a decreasing in hydrostatic pressure is not able to restore the original
un-wetted condition. For mixtures of water and ethanol, Gostoli and Sarti
(95) observed that the liquid entry pressure decreased linearly with alcohol
concentration until the membrane was freely wetted at ethanol concentration
of 75 wt%.

Effect of Membrane Pore Size Distribution

An inadequate knowledge of the morphology of a microporous membranes
can lead to inaccuracy when modelling the mass transfer (96). A good
agreement between theoretical and experimental results has been obtained
by Martinez-Diez and Vazquez-Gonzalez (97) using pore sizes measured by
mercury porometry and liquid displacement methods.

The attention to the structural properties of microporous polymeric
membranes involved in MD operations is today increasing significantly.

If f(r) is the normalized distribution, and J(r') the transmembrane flux
through all pores with radii equal to ¥, the total flow rate Jr(r) through the
membrane is obtained by the following integral relation:

Jr = r JY () F(Ydr' (38)
0
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For instance, a lognormal distribution of pores appears in the form:

1 1 [In(r/7)]?
SD]ogFmexp { a E [ SDlog :| } (39)

where f(r) is the number of pores with pore radius r, 7 the mean pore radius,
and SD,, the standard deviation of lognormal function.

Lagana and co-workers (23) studied the effect of shape of pore size
distribution with Gaussian (symmetric) and logarithmic (asymmetric) distri-
bution functions; in this investigation, non-symmetrical distribution achieved
better agreement with the experimental results. Several mathematical models
aiming to examine the influence of both pore size distribution and air flux in
DCMD were presented by Phattaranawik et al. (36). In particular, the log-
normal distribution was used to represent the shape of pore size distribution.
In conclusion of their work, authors reported that the predictions of the fluxes
and MD coefficients showed good agreement with the experimental results for
GVHP-PVDF(Millipore, 0.22 pm) and excellent agreement for HVHP-PVDF
(Millipore, 0.45 pm) and PTFE (Sartorius, 0.2 um). Additionally, the models
predicted fluxes with less than 8% discrepancy.

The investigation carried out by Martinez and colleagues (98) on three
commercial membranes frequently used in MD applications showed that the
MD water vapour transfer coefficients, calculated considering the pore size
distributions, are similar to the ones obtained assuming an average pore size
model, and the permeabilities calculated from air-liquid displacement
measurements agree well with those obtained in literature MD models.

fr) = -

Membrane Fouling

The phenomenon of flux decay in MD has been often observed in long-term
operation [99, 100]. The most accredited explanation considers that trans-
membrane flux falls down as consequence of fouling. Membrane biofouling
due to growth of micro-organisms present in raw water often causes pore
clogging, as well as an increase in pressure drop along the module.
Chemical disinfection associated to UV treatment has been proposed to
control biofouling; however, bacteria embedded on a polymeric surface
show a significant resistance to biocides. In a recent study, Gryta (101)
observed that membranes used for the treatment of saline wastewater by
MD were significantly biofolued by S. faecalis bacteria and Aspergillus
fungi; in addition, PP membranes appeared unable to reject S. faecalis
bacteria, which were detected on the membrane surface on the distillate
side. The presence of fungi in the membrane pores was observed only on
the feed side. Flux is also reduced by scaling, occurring whenever the concen-
tration of dissolved salts and minerals overcomes the solubility limit. Solid
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precipitation on membrane surface can lead to both pore clogging and pore
wetting.

The presence of particulate and colloids in the processed liquid can also
induce fouling, being these particles preferentially trapped at the membrane-
liquid interface by interfacial tension forces (42). In these cases, a pre-filtering
of the feed solution is generally sufficient to limit the flux decay effect (102).
Membrane fouling is a severe problem particularly in foods concentration;
again, a preliminary ultrafiltration treatment for heavy fouling feeds can be
useful in order to remove larger particles that could increases the viscosity
of the stream through MD or OD units (103).

Cleaning Procedures

Cleaning procedures for hydrophobic membranes impose specific problems,
particularly in processes involving fats and proteins that can adhere and
foul the membrane, or alcohols and surfactants that can cause leakage.
Open literature suggests few approaches to this difficult task. Efficient
cleaning methods were assessed for tomato paste fouled OD membranes by
Durham and Nguyen (104). The most effective cleaner for membranes with
a surface tension greater than 23 mN/m was 1% NaOH; the hydrophobic
integrity of these membranes was destroyed during repeated fouling/
cleaning trials. The most effective cleaner for membranes with a surface
tension less than 23 mN/m was P3 Ultrasil 56; water vapour flux was main-
tained and there was not salt leakage during repeated fouling/cleaning runs.
A steadily decreasing of transmembrane flux due to wetting phenomena
was observed after 30 hours by Udriot and colleagues (105) during MD
tests aiming to increase the ethanol production in a fermentation bath. In
this case, the membrane was regenerated by washing with 1M NaOH
followed by ethanol aqueous solution (85% v/v) and drying with air.

DESIGN CONFIGURATIONS
MD Membrane Modules

A large variety of membrane configurations, including flat sheet (plate-and-
frame and spiral wound modules), tubular (tubular, capillary, and hollow
fibre modules) have been tested in MD applications. The most part of labora-
tory scale modules are designed for use with flat sheet membranes due to their
versatility and simplicity of the preparation process; from an industrial stand-
point, hollow fibre modules are more attractive due to their high specific
surface area. The choice of a module is usually determined by both
economic and operative conditions. An important criteria is based on an
efficient control of concentration polarization and membrane fouling. In an



16: 15 30 January 2011

Downl oaded At:

Review of Membrane Distillation 65

increasing number of cases, module are today designed and commercially
available for specific applications and, in principle, they provide the best
technical solution.

In plate-and-frame modules, the membranes, the porous support plates
and the spacers are stacked between two endplates and placed in an
appropriate housing. In this configuration, the packing density is about
100-400 m2/m3, depending on the number of membrane used. Various
cassettes stacked together, each consisting of injection moulded plastic
frames containing two membranes, intermediate feed channel for warm salt-
water and condensing walls, have been used by Andersson et al. (106) for
desalination purposes.

In spiral wound module, the feed flow channel spacer, the membrane and
the porous support are enveloped and rolled around a perforated central collec-
tion tube. The feed solution moves in axial direction through the feed channel
across the membrane surface. The permeate flows radially toward the central
pipe. The packing density of this setup is about 300—1000 m? / m’, depending
on the channel height. The use of spiral-wound MD modules at industrial level
has been proposed by Gore (107) for desalination units. A spiral-wound MD
module assembled by spiral winding of PTFE membrane and condenser foils
has been used by Koschikowski and colleagues (108) for desalination exper-
iments; it has been reported a specific thermal energy consumption of 140—
200kWh/m? of distillate (feed temperature: 60—85°C) and a gained output
ratio (GOR) ranging within 4 and 6.

A tubular membrane module consists of membrane tubes placed into
porous stainless steel of fiber glass reinforced plastic pipes. The diameter of
tubular membranes typically vary between 1.0 and 2.5 cm, with a packing
density of about 300 m? /m’. In MD operations, such kinds of modules are
used for high viscous fluid; they also allow to achieve high feed flow rates
that reduce fouling tendency and polarization phenomena. In a capillary
membrane module, a large number of membrane capillaries (inner diameter
of 0.2-3 mm) are arranged in parallel as a bundle in a shell tube; packing
density is in the order of 600—1200 mz/ m>.

Hollow fibre modules are based on the same concept, but differ in the
dimensions of the tubular membranes. In this case, the outer diameter
typically ranges between 50 and 100 wm, and several thousands of fibres
are installed in the vessel. This configuration has the highest packing
density (~3,000m*/m?). A qualitative comparison between different
membrane modules is reported in Table 6. The basic features of thermal
MD modules have been listed by Schneider and co-workers (109): housing
and membranes must be resistant to temperature and chemicals, capillaries
have to be adequately potted free of cracks and with a good adhesion, it
should be possible to dry modules accidentally wetted or repair defective
capillaries, it must be ensured an uniform flow through capillaries avoiding
dead corners or channel formation. Twisted or braided capillaries are able
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Table 6. Comparison between different typologies of MD membrane modules

Hollow
Tabular  Plate-and-frame  Spiral-wound  Capillary fiber

Packing Low »  Very
density high

Investment High » Low

Fouling Low P  Very
tendency high

Cleaning Good $»  Poor

Operating cost  High P Low

Membrane Yes No No No No
replacement

to fulfil the last-mentioned requirement when the parallel bundles of a large
number of capillaries are difficult to realize. In general, the recommended
flow velocity inside and outside the capillaries should exceed 0.1 m/s in
order to achieve constantly high fluxes.

Liqui-Cel Extra-Flow technology offered by CELGARD LLC is one of
the most well-known hollow fiber module for mass transfer technology
(Figure 8). This module consists of thousands of microporous polypropylene
fibres, with typical inside diameter and wall thickness of 240 and 30 pm,
respectively. A central shell side baffle improves efficiency by minimizing
by-passing and provides a component of fluid velocity normal to the
membrane surface, thus improving the mass transfer rate. Liqui-Cell
modules vary from 2.5 inches in diameter (1.4 m> membrane area) to 10
inches in diameter (130 m* membrane area).

Microdyn Technologies offers several MD capillary modules with tubular
membranes made in PP. The inside diameter of the capillaries varies from
0.6 mm to 5.5 mm, while the number of capillaries ranges between 40 and
80. The DISSO;LVE module, made in expanded PTFE membrane fibres, is
marketed by W. L. Gore & Associates. Fibres (diameter: 1.7 mm, wall
thickness: 0.5mm) are arranged in helix geometry, thus offering higher
mass transfer coefficients with respect to conventional parallel configuration
of fibres. In general, well designed membrane modules should provide high
mass and heat transfer rates, and reduce concentration polarization and
fouling phenomena.

Process Enhancement

In the past few years, additional innovations in module design and new
strategies have been explored in order to limit the concentration polari-
zation phenomena and to enhance the mass transfer. Some of these techniques,
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although specifically developed for pressure-driven membrane operations,
are of interest also for MD systems. The most direct approaches to polari-
zation reduction are the hydrodynamic methods that generate flow
instabilities.

Any technique that interrupts the formation of a continuous boundary
layer on the transfer surface, and that promotes mixing of the fluid across
the flow channel, is likely to reduce polarisation phenomena and to enhance
transmembrane flux. Different alternative geometries that offer higher mass
transfer coefficients than conventional parallel flow have been examined
recently. In the “Kenics” mixer, helically twisted tapes are fitted closely
inside tubes to promote helical fluid flow; after every half turn the direction
of the helix is changed from right-handed to left-handed, thereby regularly
disrupting the flow (110).

The formation of Dean vortices mixes the bulk with the wall layers and
reduce polarisation without moving the membrane or the module or having
flow reversal in the feed stream via inserts or otherwise. Although Dean
flows satisfy the exigencies of an efficient membrane process, such as high
mass transfer rate by increased wall shearing, radial mixing, and low polaris-
ation, the presently employed modules still have the problem of low packing
density and increased pressure drop (111).

Concentration and temperature polarization are reduced by the presence
of turbulence promoters, also called spacers, which enhances the mass flux
by increasing the film heat transfer coefficient. The spacer changes the flow
characteristics and promotes regions of turbulence so improving boundary
layer transfer (53).

Ultrasonic enhancement, mainly induced by ultrasonic cavitations,
acoustic streaming, and ultrasonic heating, has been also applied successfully
to membrane distillation processes in order to increase the system perform-
ance; some experimental results demonstrated the possibility to improve the
trans-membrane flux up to 200% with an ultrasonic intensity from O to
5W/cm? (112).

Lawson et al. (113), looking at the effect of membrane compaction on the
membrane permeability, concluded that the transmembrane flux in MD can be
increased significantly (up to 11%) with relatively small pressure drops
(<70kPa).

APPLICATIONS

In spite of their potentialities and advantages with respect to conventional oper-
ations, membrane distillation and osmotic distillation technologies did not
satisfy the initial expectations: MD and OD are currently used mostly at the
laboratory scale. However, some pilot plant applications have recently come
up, and various fields of interest are currently envisaged at laboratory stage.
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Potential applications related to membrane crystallization process are
still under evaluation at lab scale, but the interest aroused as consequence
of a preliminary dissemination activity in international conferences and
workshops on industrial crystallization encourage further investigations.

The applications of thermal and osmotic membrane contactors are fre-
quently limited to treatment of aqueous solutions. From a practical point,
four sections have been identified: pure/fresh water production, waste-water
treatment, concentration of agro food solutions, concentration/crystallization
of organic and biological solutions. In absence of explicit statement, the
selected applications presented in the following paragraphs refer to literature
studies at laboratory level.

Pure/Fresh Water Production

The production of high-purity water, fully demineralised, or drinking water
from the sea represents today the main MD application. This is due to the
fact that, in principle, the process rejection for non-volatile dissolved
compounds is 100%.

Since 1982, Gore proposed the use of two different MD membrane modules
for desalting NaCl aqueous solutions: a flat membrane for AGMD (production
rate: 7L/m2h, Tfeed = 30°C, Tgistinae = 20°C), and a spiral-wound module
(production rate: 3L/ m?h, Tieed = 30°C, Tistintate = 20°C) (107).

A few years later, literature papers related to the use of MD in desalina-
tion processes were increased exponentially (106, 114, 115, 116).

DCMD carried out by PTFE microporous membranes was considered by
Godino et al. (117) for obtaining pure water from NaCl brines. Their work
investigated the influence of temperature, fluid-dynamics, and salt concen-
tration of the system efficiency. According to the obtained results, transmem-
brane flux increased of about 100% when the retentate temperature was shifted
from 30 to 50°C, while flux decreased of about 20% when feed concentration
increased from 0.5 to 2.0 mol/L. Banat and Simandl (118) used an AGMD
module for carrying out desalination experiments on PVDF membrane
sheets. Very pure water with less than 5 ppm TDS was obtained in all exper-
iments, whose reproducibility was +20%.

The combined use of DCMD and solar energy was investigated by
Morrison et al. (119) by developing a simulation model of membrane distilla-
tion combined with TRNSYS solar simulation system. This study demon-
strated the economic feasibility of the solar powered plant if a 60—80% is
recovered. More recently, the sensitivity of the permeate flux to the brine
temperature, flow rate, salt concentration and solar irradiation has been
evaluated by Banat and colleagues (120). Fresh water was simultaneously
produced by the solar iron still and the membrane module, but the contribution
of solar still was no more than 20% of the total flux.
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The experimental analysis of Lawson and Lloyd (121) indicated that
DCMD is a viable process for seawater desalination, with fluxes reaching
up to 2.0 mol /m?s working at feed temperature of 75°C and distillate tempera-
ture of 20°C; these fluxes are two times higher than practical RO ones. In
addition, concentration measurements carried out on the permeate stream
revealed a quasi-total rejection of NaCl molecules.

Schneider et al. (109) stated that thermal membrane distillation was not
able to compete with large-scale multi-effect evaporators for seawater desali-
nation. Small and portable desalination units utilising waste heat, that are
simple in design and afford easy access, have been identified as market
niches that MD may fill.

First assessments of the process economics gave indications that the use
of PTFE membranes for desalting seawater raises the costs of MD to an exces-
sively high level (114) mainly due to the elevated price of the commercial
membrane modules; however, this trend is now reversing. Papers addressed
to seawater desalination by membrane distillation have continued to prolifer-
ate also in more recent years (122-125).

The most interesting perspectives for the development of membrane dis-
tillation /crystallization technology probably are related to the possibility to
combine them with other conventional pressure driven membrane processes.
The possibility to integrate RO and MD for increasing the water recovery
factor in desalination plants has been proposed by Drioli and co-workers
(126). By coupling these two membrane units, a global recovery factor of
87.6% was obtained; the reduction of discharged brine is also expected to
reduce the environmental impact. If a membrane crystallizer takes the place
of the MD unit, rejected brines can be further concentrated in order to
promote the nucleation and growth of sodium chloride crystals (127).

A detailed energetic and exergetic analysis, carried out on an integrated
NF/RO/MD system (128), showed that 13kWh/m® are required to drive
the plant, but this value falls down to 2.6 kWh/m3 if low grade thermal
energy is available. In this case, the total operating costs are of 0.56 $/m3.
The combined use of a gas-liquid membrane contactor, a conventional preci-
pitator and a membrane crystallizer was successfully applied to nanofiltration
retentate for the recovery of salts dissolved in seawater (129). Calcium
carbonate was removed up to 89%; 35.5kg of NaCl and 8.4kg
MgSO, - 7TH,0 per cubic meter of NF retentate were obtained. In addition,
the amount of water condensed in the distillate side at the membrane crystal-
lizer allowed to increase the NF recovery factor from 64% to 95%.

Wastewater Treatment

The possibility to remove heavy metals from waste-water has been discussed
by Zolotarev and colleagues (130). In particular, a rejection coefficient close
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to unity was obtained by treating aqueous solutions of nickel sulphate in the
range of 0.1-3.0N. MD has been applied for the recovery of HCIl from
acidic spent solutions generated by cleaning of electroplated surfaces. Exper-
iments, carried out at inlet feed and distillate temperatures of 343 K and 293 K,
respectively, evidenced the possibility to attain a distillate concentration of
about 100 g HCl/dm® with a volumetric permeate flux decreasing from 80
to 40 dm*/m*d (131).

MD process has been used to concentrate sulphuric acid obtained after
apatite phosphogypsum extraction used to recover lanthane compounds. The
concentration process was protracted up to 40% of H,SO,; lanthane
compounds were precipitated by cooling (132).

MD has been investigated as treatment method for radioactive liquid
wastes, generated from the nuclear industry, or by other end-user of radioactive
materials (hospitals, nuclear R&D centres, etc.). The decontamination process-
aiming to eliminate radioisotopes and to reduce the waste volume—is conven-
tionally achieved by chemical precipitation, ion exchange and evaporation.
Whereas performance of traditional pressure-driven membrane processes is
limited by fouling, concentration polarization phenomena and blockage, MD
run carried out under moderate conditions of temperature and pressure signifi-
cantly reduces these disadvantages. In addition, this enables the use of plastics
with consequent elimination of corrosion problems and reduction of installa-
tion costs. High volume reduction and decontamination factors (~4300 for
6OC, ~44 for 137Cs, — oo for other investigated compounds) have been
reached, as well as significant rejection values towards nuclides such as
tritium or some forms of iodine and ruthenium (133).

Zakrzewska-Trznadel and colleagues (134) also observed the existence of
a diffusion isotope effect in MD that enhances the separation factor for H,O/
DHO and H}°0 / H}®O enrichment. MD was successfully applied also to
textile waste water contaminated with dyes (57). The dependence of distillate
fluxes, rejection, and polarization phenomena on the retentate concentration,
operation temperatures and axial flowrates suggested the opportunity of
integrate MD operation in a production cycle with RO pre-concentration
stage. Gryta et al. (135) proposed a combination of UF and MD to treat oily
wastewater. Results showed that the permeate obtained from the UF process
generally contains less than 5Sppm of oil. Further purification of the UF
permeate by membrane distillation results in a complete removal of oil
from wastewater and a very high reduction of the total organic carbon
(99.5%) and total dissolved solids (99.9%)

MD operating under vacuum is an effective method for removing volatile
organic components from dilute aqueous solutions (21, 40, 136) such as
acetone and isopropanol, ethanol, methylterbutylether, ethylacetate, methyla-
cetate, and benzene traces from contaminated water. The ability of micro-
porous hydrophobic membranes to strip chloroform, tetrachloroethylene,
carbon tetrachloride, 1,1,2-trichloroethane, and trichloroethylene from
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aqueous solutions has been also verified (137). A characteristic of VMD is that
the resistances to mass and heat transfer in the liquid phase adjacent to the
membrane are often the rate limiting step in the kinetics of the separation.
Urtiaga et al. (138) observed that only at higher Reynolds numbers within
the turbulent flow regime the resistance to mass transfer due to vapour
diffusion through the porous membrane affects the overall mass transfer
coefficient.

Concentration of Agro-Food Solutions

MD works at relatively low feed temperature: this enables its application of
the process to the food industry, where solutions are sensitive to high tempera-
tures. With respect to standard concentration methods (generally a multistage
vacuum evaporation) that involve a significant energy consumption and degra-
dation of the organoleptic properties of juices, membrane distillation process
represents a competitive alternative, able to increase the quality of
concentrates.

DCMD was successfully tested in the concentration of many juices:
orange juice (17), apple juice (23), sugarcane juice (139), etc. The technical
feasibility to concentrate the must by VMD was considered by Bandini and
Sarti (140), with the objective of increasing the alcoholic potential, while pre-
serving quality and quantity of the aromas. In all cases, concentration degrees
obtained (50-60°Brix) are significantly higher than those achieved by
pressure driven membrane processes, such as RO. On the other hand, in the
range of 10-20°Brix, the MD fluxes at 25-30°C were of the order of
1-3L/m*h, much lower than those measured for RO working at the same
temperature (10—15L/ mzh). A loss in taste and flavours of the concentrate
juice was also observed, due to the evaporative nature of MD process.

Due to the nature of the driving force, OD can proceed at ambient tempera-
ture, which is more attractive than MD itself. For what concerns the preparation
of the striping solution, although a number of salts are suitable (CaCl,, MgCl,,
etc.), potassium salts of ortho- and pyrophosphoric acid have gained in interest
due to their safe use in foods (141, 142). Flavour and fragrance compounds
can be conveniently preserved in OD concentration process, mainly because
of the low temperature used; in addition, they have high molecular weights
and, consequently, a low diffusive permeability through the membrane.

The integration of UF, RO, and OD units has been tested in fruit juice
concentration in order to obtain high recovery factors. The investigations
carried out in Melbourne (Australia) during the last few years have shown
the potentiality of the membrane system for the production of grape juice con-
centrate and de-alcoholized wine ferments; an optimised pilot plant has been
also developed for the treatment of viscous concentrates. The plant processes
50 L/h of juice that is concentrated up to 65-70°Brix. 200 mL of 70°Brix
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concentrate is typically obtained from 1L of raw juice (143). The Mildura
plant in Australia is operated by Vineland Concentrates and CELGARD
LLC. The plant contains 22 Liqui-Cel modules (total membrane area:
425m?) operated at 30—-35°C and 2 atm. A good retention to flavour and
aroma is achieved, but module cleaning appears difficult.

More recently, the use of integrated membrane processes for the clarifica-
tion and concentration of citrus (orange and lemon) and carrot juices has been
proposed. A limpid phase has been produced by ultrafiltration, carried out on a
pilot unit used to clarify the raw juice. The permeate coming from the UF
stage has been concentrated up to 15-20g TSS/100 g by reverse osmosis,
performed on a laboratory-scale unit. Finally, osmotic distillation step
yielded a concentration of the retentate coming from the RO up to 60-63 g
TSS/100g at an average transmembrane flux of about 1kg/m?h. A little
decrease of the Total Antioxidant Activity (TAA) has been observed during
the RO treatment, probably due to the mechanical stress induced by the
high operative pressure. Further analysis have shown that the subsequent
treatment by OD did not induce any significant change to TAA independently
on the final concentration achieved (144).

Concentration/Crystallization of Organic and Biological Solutions

MD has been applied in the concentration of organic and biological solutions
for selective extraction of volatile solutes and solvents. Blood and plasma
were treated by MD in order to promote a solute-free extraction of water
from biomedical solutions without loss in quality [145, 146]. Membrane
distillation has been also suggested as innovative tool to ameliorate
treatment of uraemia by allowing purification of the blood ultrafiltrate and
the re-injection of the purified water to the patients. The optimisation of the
overall process in terms of energetic requirements, membrane area, and
operating conditions has was made by Capuano and colleagues (147) in
order to propose a clinical application of the technique.

MD is also used to recovery volatile compounds such as ethanol.
Alcohol is produced by fermentation of biomass in batch fermenters.
The excess of ethanol in a fermentation broth inhibits the process, leading
to zero the rate of bioconversion. The integration of MD downstream
the fermentor improves the process: due to the difference of volatility
between water and ethanol, alcohol can be removed also using a non
selective microporous membrane (148—150). Gryta and co-workers (151)
observed that, in the case of fermentation combined with MD, an efficiency
of 0.4-0.51 (g EtOH)/(g of sugar) and a production rate of 2.5-4
(g EtOH)/dm® h was achieved in relation to 0.35-0.45 (g EtOH)/
(g of sugar) and 0.8-2 (g EtOH)/dm3 h obtained in the classical batch
fermentation. The ethanol flux measured in MD varied in the range of
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1-4 (kg EtOH)/ m? per day and was dependent on the temperature and the
feed composition.

Air-gap membrane distillation was tested by Banat and Simandl (152)
for ethanol—water separation using PVDF membranes. The upper feed con-
centration tested was 10 wt.% ethanol. Within the feed temperature range of
40-70°C, ethanol selectivity of 2—3.5 was achieved. Of potential interest is
the separation of azeotropic mixtures by AGMD suggested by Udriot et al.
(105). Experiments in a plate-and-frame MD module, with azeotropic
mixtures of HCI/H,O and of propionic acid/H,O yielded retention
selectivities of the solute between 0.6 and 0.8. For the HCI/H,O system,
the apparent azeotropic point in MD was shifted to higher acid strength,
whereas it disappeared for the propionic acid/H,O system. This pheno-
menon was explained by the differences in the diffusion rates across the
membrane and the air gap of the different components of the azeotropic
mixtures.

The possibility to couple a membrane crystallization stage with a bioca-
talytic membrane reactor for processing in food and pharmaceutical industry
has been recently verified by Curcio and colleagues (153). With respect to
conventional chemical catalysts, the enzymatic catalytic act is extremely
specific and efficient, thus leading to higher reaction rates in milder
operative conditions. A drawback of the enzymatic reactions is represented
by equilibrium constants that are generally unfavourable for total conversion
to desired products. Specifically, a membrane crystallizer was employed in
order to recover the unreacted fumaric acid present in the outlet stream of a
membrane bioreactor in the synthesis of L-malic acid. The experimental
work aimed to investigate the evolution of crystal size distribution, nucleation
and growth rates as function of time, kinetic effects due to slurry density and
supersaturation.

Membrane crystallization represents a promising technology that could
offer an important contribution also in life science. Structural proteomic,
concerning with the systematic three-dimensional structure resolution of
proteins, is today a reliable approach to the comprensive understanding
of biomolecular functions at atomic level. Automation and standardization
of protocols, high-throughput purification strategies and advances in diffrac-
tion crystallography make production of protein crystals as the rate limiting
step of the structural analysis. Although protein crystallization process
shares—in principle—many common properties with that of small solutes,
the structural complexity of macromolecules is a serious obstacle to their
ordinate arrangement in a 3D lattice. The absence of correlation between
protein properties and multiparametric sets to be screened, coupled with
the extremely high failure probability recorded in crystallization trials,
call for developing new ideas and innovative methods. Hen egg white
lysozyme has been selected as protein model for membrane crystallization
tests.
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HEWL tetragonal crystals were grown on poly-propylene membranes
under the following conditions: 20 mg/mL of protein in 0.1 M NaAc pH
4.6, 2-5% w/v NaCl, 20°C. Diffraction data collected at the X-ray beam
line XRD-1 of the Italian synchrotron light laboratory ELETTRA (Trieste,
Italy) demonstrated the excellent quality of the analysed crystals: in the best
case, a diffraction high resolution limit of 1.91 A, a mosaicity value of
0.167° and an overall mean temperature factor (<B>) of 20.4 A2 have
been detected for the refined crystal structure. Overall, quality indicators are
comparable with those measured for lysozyme crystals grown under micro-
gravity environment (control: PDB accession code 1BWJ). Under
mentioned crystallization conditions, transmembrane fluxes were in the
range of 0.2—0.25 wL/mm>h.

Short induction times, estimated by on-line turbidimetric measurements
of the crystallizing solution, have been observed even at low supersaturation.
When working at supersaturation ratio of 1.3-3.9, evidence of first stable
nuclei after elapsed periods of 1.4—2.0 hours confirmed the significant role
of heterogeneous nucleation promoted by the polymeric membrane. A com-
parison with kinetic data reported in literature also demonstrated that a
membrane-based crystallization unit is able to speed up significantly crystal
growth rate, and HEWL crystals achieved a size suitable for diffraction
analysis within 16—24 hours (154, 155).

CONCLUDING REMARKS

Membrane contactors technology—and MD, OD, and MCer in particular—can
potentially lead to significant innovation in processes and products, thus
offering new opportunities in the design, rationalisation, and optimisation of
innovative productions. Authors of this paper are strongly convinced that
some of the most interesting developments are actually related to the
possibility of integrating novel membrane devices together with well-
assessed traditional membrane units, with overall important benefits related
to a synergic interaction between them.

Despite their great potential, membrane distillation and osmotic dis-
tillation are still far to fulfil all the expectations. To overcome the
existing barriers, more systematic analysis of possible advantages or
drawbacks related to the introduction of an innovative membrane unit,
clear protocols and comparison indexes for the choice of the best
materials and operative conditions, accurate modelling for an easy
scale-up or scale-down, and significant multidisciplinary research efforts
are needed.

In this view, the problem of developing microporous membranes with
high hydrophobic character and stability, with a narrow distribution of pore
size and improved structural and morphological characteristics, is a crucial
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aspect to be addressed in research programs devoted to the preparation of new
specific membranes for MD and related operations. In addition, all feasible
approaches devoted to increase the efficiency of these membrane contactor
devices by reducing both concentration and temperature polarization
phenomena, to enhance mass and heat transfer coefficients, to control the
fouling problems and related drawbacks (clogging, loss of hydrophobicity
etc.) are expected to be matter of further investigations for researchers
working on this area.

Future applications for MD and related processes can be already antici-
pated in different areas and, specifically: in traditional water desalination of
sea- and brackish-water, in direct competition with RO in the case of small
units or when alternative energy sources are available; as integrated units
for improving recovery factors of water-treatment processes; in a large
variety of applications (agrofood, pharmaceutical, or biotechnological
industry) where solutions showing a reduced chemical and physical
stability are involved. In general—in the opinion of the authors—the fact
that this kind of membrane operations well satisfy the overall strategy of
Process Intensification is per se a sufficiently strong driving force to the
use of these innovative devices as alternative to the traditional unit
operations not satisfying at all the requested design criteria. However,
recent developments make realistic to affirm that new wide perspectives in
membrane technology and integrated membrane solutions for a sustainable
industrial growth are possible.

APPENDIX

1. Vapor pressure
The functional dependence of the vapour pressure (measured in Pa) of
pure substances p on temperature is generally available in the form of
Antoine equation:

p(.):exp —L
! C+T

T is expressed in K. A, B, and C are constant deduced by regression of
experimental measurements (18). Data for few common substances are
listed below:

e Acetone: A = 16.6513, B = 2940.46, C = —35.93
e Chloroform: A = 15.9732, B = 2696.79, C = —46.16
e Ethanol: A = 18.9119, B =3803.98, C = —41.68

e Water: A = 18.3036, B = 3816.44, C = —46.13
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Surface tension of liquid in air
Data for few common substances are listed below (18):

Acetone: 0.024 N/m
Chloroform: 0.027 N/m
Ethanol: 0.023 N/m
Water: 0.073N/m

In the case of water-ethanol mixtures, the liquid surface tension
vL(N/m) can be estimated by the following empirical relation (at
298 K):

_3.35 420.6x

= 1073
YL = 700465 + x

where x is the mole fraction of ethanol (9).

Water activity and activity coefficients
Water activities a,, of water-sugar mixtures at 25°C are fitted by the
following polynomial correlation:

a, = —0.27w> — 0.08w? — 0.09w + 1.00

where w is the sugar weight fraction (156).

For NaCl aqueous solutions, an empirical correlation between the water
activity coefficient &, and molar fraction of solute xy,c; has been
derived by Schofield (1989) as reported in (9):

Evarer = 1 — 0.5xnuc1 — 1023,

For aqueous solution of CaCl,, in the range of mass fraction (w) 32.2—
46.2 %, M. Courel (157) proposed the following empirical correlation
for the water activity a,, in solution:

ay = 1.6941 — 0.0410wcucr, + 2.4 - 1074 W20,

Latent heat of vaporization

The enthalpy of saturated water vapour A, reported in thermodynamic
tables available in literature (19), can be deduced from the following
equation (range of validity: 273-373 K):

MT) = 1.7535T +2024.3
where T is expressed in K, and A in kJ/kg.
Thermal conductivity

The following correlations allow to evaluate thermal conductivities
of water vapour (ky,0) and air (k,;,), of relevant interest in MD
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applications (9):
ko =2.72-107° 45.71 - 107°T
kair = 2.72 - 1073T 4+ 7.77 - 10T

The measured thermal conductivities at 296 K for some common hydro-
phobic polymers span in a relatively narrow range (158):

e Polypropylene (PP): 0.11-0.16 Wm ™ 'K ';
e Polyvinylidenedifluoride (PVDF): 0.17-0.19Wm 'K~ ;
e Polytetrafluoroethylene (PTFE): 0.25-0.27 Wm 'K ™.
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