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Abstract: This review focuses on the fabrication of well-controlled porous films, which can 

work as conceivable membranes for membrane distillation (MD) processes. The latter is a 

greener membrane technology that finds large application in water desalination. The 

development of this technology on industrial size is however limited by the lack on the 

market of membranes with suitable morphological and physicochemical features, which are 

necessary to keep stable and durable interfacial area at the entrance of each single pore, 

provide resistance to wetting and fouling phenomena and amplify productivity-efficiency 

trade-offs. Fundamentals of MD technology and basic concepts about needed membrane 

morphology and surface properties are introduced. An overview on breakthrough 

manufacturing approaches to get high degree of structural order in membranes is provided. 

Descriptive analysis of each single technique is given together with a discussion about the 

effects of operating conditions on final morphological properties of the films. Among the 

various techniques, a special focus is dedicated to micromoulding phase separation, block 

copolymer self-assembly, breath figure, electrospinning and layer-by-layer methods. For each 

family of nanostructured membranes, examples of MD testing are reported analyzing the 

membrane productivity, efficiency and resistance to wetting and fouling. The performance of 

these membranes is also compared to that of commercial and conventional home-made 

membranes treated under similar operating conditions with seawater or simulate seawater. 

Keywords: Ordered porous membranes, micromoulding, electrospinning, self-assembly, layer-by-

layer, sustainable separation processes, water desalination, membrane distillation, freshwater 

1. Introduction 

The demand for water is increased to a point where the sustainable use of natural resources 

is really compromised. Water shortage, water pollution and climatic changes are doing a 
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triple crisis [1], while health and biodiversity risks could be from an incorrect use of water 

basins [2]. Sustainable and creative practices to manage efficiently natural resources are 

hence mandatory stages. The membrane technology provides sustainable solutions for water 

purification and reuse [3]. Seawater is an abundant source of water in our planet and its 

desalination could be a suitable route for providing clean freshwater. Nanofiltration (NF), 

electrodialysis (ED) and reverse osmosis (RO) are well-established technologies to purify 

and reduce the content of salts in seawater and brackish [4-5]. In all, RO is the leading 

pressure-driven membrane desalination technology, which dominates the desalination market. 

However, it suffers some limitations such as (bio)fouling, brine disposal, low recovery 

factors and energy consumption. Under particular processing conditions, membrane 

distillation (MD) could mitigate some of these effects as an integrated or alternative 

membrane operation [6-8].  

Table 1. Merit/issues addressed by MD vs other conventional technologies (RO, MED, 

MSF) adapted from [6-8]. 

Merit parameters MD RO MED MSF 

Operated with low grade energy ++++ + +++ ++ 

No-volatile compounds rejection ++++ ++ ++++ ++++ 

High salinity degree ++++ + +++ ++++ 

Compact devices  ++++ ++++ ++ ++ 

Minimum pretreatment ++ + ++ ++++ 

Low suffering from polarization 

concentration 
++ + ++++ ++++ 

Energy efficiency   + ++++ ++ + 

Low lifespan costs + ++++ +++ ++ 

 

As listed in Table 1, MD takes some advantages over pressure-driven membrane 

processes such as RO and more conventional thermal technologies such as multi-stage flash 

(MSF) and multi-effect distillation (MED). Major MD benefits derive from the possibility to 

use lower operating temperatures, because the thermal treatment of streams requires 

temperatures lower than the boiling point, while renewable energy - e.g. solar, geothermal or 

waste heat - can be used as greener power sources. Also, reduced hydrostatic pressure is 

required, while a minimum pretreatment could be necessary to operate hypersaline streams. 

No compounds harmful for environment are due for MD implementation, while inexpensive 

materials such as recyclable plastics can be used against corrosion inconvenient for the 

construction of MD units. Compact and remote-control systems can be easily realized [6-8].  

Because MD technology allows volatile removal, rejection factors higher than RO but 

also MED and MSF are expected with a reduction of polarization concentration and clogging 

effects (Table 2). 
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Table 2. Desalination technologies used in Qatar and membrane distillation systems. 

Adapted from [9]. 

Desalination methods  MD RO MED MSF 

Production of freshwater (m3/day) Na 5790 28,384 974,222 

Thermal energy requirement ((kWh/m3) 100 0 40-65 53-70 

Electrical energy requirement (kWh/m3) 1.5-3.65 4.0-6.0 2.0-2.5 2.5-5.0 

Temperature (°C)  60-90 <60 65-70 90-100 

Recovery factor (%) 60-80 30-50 15-50 15-50 

 

Concerning energetics, MD is a thermal process and therefore utilizes thermal energy 

while a lower electrical consumption is required. Energy requirements are indeed for heating 

the brine, cooling water in permeate, and running pumps. Table 2 shows an example of 

comparative energetic analysis between conventional desalination technologies and MD for 

the production of freshwater in Qatar [9]. MSF is an energy intensive technology, which uses 

combustion of fossil fuels with rejected waste heat, while MED is more efficient but 

continues to use boiling water; RO is a pressure-driven process and hence requires major 

electrical energy consumption rather than thermal energy. MD is a process that can rely on 

low grade energy, although its major concern is to minimize and recover the heat loss due to 

conduction and convection across the membrane. 

Basically, MD exploits the concept of membrane contactor wherein a hydrophobic 

porous membrane is used to separate two phases - one containing the stream to treat and the 

other with freshwater - and establish a liquid-vapor (L-V) interface at the entrance of each 

single pore. By applying a difference of partial pressure across the membrane – named as the 

driving force of the process –, water is evaporated from the feed (saline stream), diffused as 

a vapor through the membrane pores and condensed again at the permeate side (distilled 

water), while inorganic ions and no-volatile organic matters are stopped in the retentate [7]. 

Today different configurations of MD are proposed, even if thermally driven direct contact 

(DC) mode continues to be one of the most used for feasibility and scalability [10]. In this 

case, a slight difference of temperature applied across the membrane is enough to promote 

diffusion of water vapor from the saline stream (feed side) to pure water (permeate side) 

while the membrane stops salts and other no volatile compounds. Heat dissipation occurs 

along with vapor transfer due to: a) convective-type heat loss, which origins with evaporation 

of water from brine and condensation at permeate side; b) conductive heat loss associated to 

the gradient of temperature applied across the membranes. The latter depends on materials 

and structural features of the membrane. Heat loss by conduction brings about a reduction of 

the thermal gradient reducing partial vapor pressure and subsequently water transfer. Thus, 

the need is to design membranes able to establish durable L-V interface, lower resistance to 

mass transfer and higher resistance to conductive heat transfer. Actually, the market lacks 

membranes with characteristics suitable to contrast what limits the development of MD 

technology on global water desalination. Commercial membranes equipped in MD units 
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produce permeate fluxes and thermal efficiency usually lower than those obtained with other 

pressure-driven membrane processes. Also, the occurrence of wetting in membrane pores 

affects long-term stability of the L-V interface as well as the presence of more volatile 

components in the waste can compromise the process selectivity. It is believed that MD 

weakening can be addressed through the design of membranes having high-defined 

architecture and placed chemical functionality. This is because the membrane performance 

can be vastly improved, if on the microscale desired events are finely controlled [11-23]. 

Membranes with textures defined as precisely as possible are required, wherein high density 

of regular and geometrically ordered pores is associated to narrow pore distribution along 

with suitable thickness and chemical functionalities targeted at limiting undesired 

polarization effects. However complex the structure of a membrane may be, some extensively 

controlled morphological parameters are expected to address the final outputs of MD process 

in terms of productivity, efficiency and durability. Hereafter, a set of mathematical equations 

describes structure-transport and structure-surface property relationships with the intent to 

identify the key elements that affect: i) membrane surface wetting (eq. 1-6), ii) mass and 

energy transfer (eq. 7-17), iii) transport mechanisms (eq.18-21). Today, there is a great 

interesting in identifying new strategies to increase the chance of succeeding in the control 

of membrane structure and chemistry. For this reason, some interesting and breakthrough 

techniques are herein reviewed for the fabrication of ordered and functional porous 

membranes. Some of these manufacturing approaches have been so far used for applications 

somewhat different from membrane separations; however, their redirection towards the 

production of membranes with high morphological precision is expected to give major 

propulsion to get in membrane: i) increased pore number per surface area that is necessary to 

extend the interfacial area and facilitate mass transfer across the membrane; ii) increased 

surface roughness to enhance waterproofness against undesired surface wetting and liquid 

intrusion inside the membrane pores; iv)  reduced polarization concentration to contrast flux 

decline; iv) amplified fluxes to have beneficial effects on productivity and energy efficiency. 

At this early stage, it is not thinkable to classify which techniques are better than others due 

to the complexity of the morphological factors that contribute to address the final 

performance of MD processes. However, it is clear how more defined topographies can be 

aimed to the mitigation of still unsolved critical issues and facilitate hence the development 

of MD technologies on larger scale by a more rational and practical route that goes through 

the design of conceivable new membranes. So, this review provides to the readership a brief 

outline of MD basic concepts along with mathematical equations describing phenomena that 

occur onto the surface and into the bulk of membranes. Successively, some breakthrough 

technologies are reviewed as practical routes for realizing high-defined functional 

membranes targetable as ideal interfaces for MD units, while potential benefits on 

productivity, energy efficiency and durability are considered for MD processes through 

comparative analyses. 



Adv. Manuf.  Review 

 5 

2. Membrane Distillation (MD): from basic concepts to configurations 

2.1. Structure and surface properties 

Assumed that in MD devices membranes work as interfaces permeable only to water vapor 

and volatile compounds, some critical issues concerning with membrane morphology and 

surface properties need to be examined. Hydrophobic porous membranes are in high demand 

for MD operations, because wide and long-term L-V interface have to be generated between 

two phases at the entrance of each pore. This ability can be regarded as the result of a mix of 

morphological and chemical effects, involving hydrophobic and oleophobic properties, 

surface charge and adhesion [7,24]. Polymeric materials with low surface free tension are 

preferred to design MD membranes and include commonly polyvinylidene difluoride 

(PVDF), polyethylene or polythene (PE), polypropylene (PP), and polytetrafluoroethylene 

(PTFE), poly(ethylenechlorotrifluoroethylene) (ECTFE), but also polysulfone (PS) and 

polyethersulfone (PES) [25-27]. Nanofillers, i.e 2D materials, zeolites, carbon nanotubes, 

nanoparticles, etc., are frequently used to enhance the quality of transport through MD 

membranes with subsequent effects on structure and chemistry of the films [11-19]. In any 

case, the major necessity is to reach an equilibrium between membrane texture and surface 

free energy. High density of uniform and small pores in the range of 0.05–0.5 m is targetable 

to promote large interfacial area; in this way, vapor transfer through the membranes could be 

enhanced, while no volatile compounds and liquids should be stopped. On the other hand, 

the surface free energy needs to be low in order to prevent adhesion between solid and liquid 

phases during MD operations. The surface free energy is meant as the result of the molecular 

interactions established at the air-solid interface and quantifies the excess energy that the 

surface has compared to the bulk of the material. High values of surface free tension predict 

liquid spreading with inevitable wetting occurrence. Surface free tension is not directly 

measurable, but can be derived from contact angle measurements and, in any case, is always 

the result of combined materials chemistry and morphology [28-29]. In this context, it is 

useful to gain full knowledge about the structure-surface properties relationships, which 

direct wetting and adhesion phenomena throughout membrane surface. The mathematical 

relation that quantifies the degree of wettability is the following: 

S =gSV - gSL +gLV( )                                     (1) 

Where 𝛾𝑆𝑉 , 𝛾𝑆𝐿  and 𝛾𝐿𝑉 are the free tensions at solid-vapor, solid-liquid and liquid-vapor 

interfaces, respectively. Empirically, the evaluation runs through contact angle measurements 

as the result of balanced cohesive attraction of the liquid phase with the solid surface. For very 

smooth (ideal) surface the Young’s equation is considered valid with the assumption that values 

of a<90° are typical of hydrophilic membrane surfaces, whilst values of a>90° regard with 

hydrophobic surfaces. Values of a >150° are associated to ultraphobic surfaces: 
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However, the texture of the membrane surface cannot be negligible, since tailed and loopy 

polymer segments, grooves and pores produce inevitably an increase in the surface roughness 

[30]. Depending on the roughness factor two distinct equations can be used to describe the 

antiwetting behavior of a membrane [31]. The Wenzel equation assumes that the grooves 

through the surfaces are filled by liquid [32]. So, the contact angle can be expressed as: 








 −
=

LV

SLSV
w R




 )cos(                              (3) 

When Young’s and Wenzel equations are combined, the contact angle is expressed as 

( )aw R  cos)cos( =                                 (4) 

Where R is the rugosity factor that is well emphasized by the Cassie–Baxter’s model [32]: 

)cos()cos()cos( vvasCB ff  +=          (5) 

Where a is the apparent contact angle measured on the flat surface, whereas 𝑓𝑠 and 𝑓𝑣 

are the fractions of the solid and vapor on the surface (i.e., 𝑓𝑠 + 𝑓𝑣 = 1), respectively. In this 

case, the surface grooves are filled by the air so that the liquid-surface adhesion is 

significantly reduced, producing very high contact angle values. 

Each structural and chemical component of the surface determines the resistance of L-V 

interface necessary to the accomplishment of MD operations. The Laplace equation (6) well 

resumes this concept, providing the relation between structural and chemical components of 

the surface: 

𝛥𝑃 =
4𝛾𝑐𝑜𝑠𝜃

𝑟
                                            (6) 

Where P is the pressure difference across the fluid interface (the exterior pressure 

minus the interior pressure, Laplace pressure),  is the surface free tension of water, θ the 

contact angle and r the pore size of the membrane. Large pore size as well as low contact 

angle values bring about wetting events and liquid intrusion inside the membrane pores, thus 

destabilizing the L-V interface and subsequently compromising efficiency and durability of 

MD operations. As mentioned, suitable pore size ranges between 0.05 to 0.5 m, while 

contact angle values higher than 100° are desirable. However, a settlement is always 

necessary considering the interplay of structural elements directing the process performance. 

As an example, a smaller pore size reduces strongly the risk of liquid intrusion but increases 

the resistance to mass transfer, thus lowering the productivity. On the other hand, a larger 

pore size increases the flux reducing also heat loss due to the lowest thermal conductivity of 

the air trapped inside the pores. However, wetting events can occur, resulting in poor 

efficiency and stability of the process. Based on this reasoning, a suitable equilibrium 

between structural and chemical elements of the membranes must be found. 
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2.2. MD configurations 

MD plants can have different configurations (Figure 1). Despite thermally-driven DCMD 

configuration is one of the most versatile and used mode, other conceivable configurations 

are usually chosen for inducing water vapor diffusion from feed side to permeate side [34]: 

 

Figure 1. Schematic configuration of thermally-driven direct contact membrane 

distillation (DCMD). 

The main MD configurations are hereafter listed: 

• Thermally-driven DCMD exploits the ability of water to evaporate from a liquid 

stream (the feed side), diffuse itself as a vapor through the membrane pores and 

condense again at the permeate side, where a cold pure water is tangentially 

circulated; the driving force of the process is caused by a difference of temperature 

applied across the membrane; 

• Air gap membrane distillation (AGMD) uses an air gap (stagnant air) interposed 

between the membrane and a cold condensing plate, which is placed inside the module. 

This air gap reduces heat lost by conduction, but adds resistance to mass transfer; 

• In vacuum membrane distillation (VMD) vacuum or low pressure is applied by a 

pump at the permeate side, while an external condenser is used to condense and 

collect water at the permeate side. In this case, negligible lost by conduction is 

observed but larger electrical energy consumption is required; 

• In sweep gas membrane distillation (SGMD) inert gaseous stream, i.e. air or nitrogen, 

sweeps the water in vapor phase outside the membrane for its subsequent 

condensation. Differently from AGMD, the gas is not stationary and subsequently 

mass transfer is enhanced. However, this mode takes the disadvantage of using larger 

condenser to recover small volume of permeate dispersed in large sweep gas volume. 

Recently, advances in MD configurations have been proposed to improve the 

performance of the process and improving the costs to benefits ratio: 
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• The liquid gap membrane distillation (LGMD) is the result of combined DCMD and 

AGMD modes. Here the air gas is placed by a stagnant cold solution like distilled 

water [35].  

• The permeate gap membrane distillation (PGMD) uses a third channel with a non-

permeable foil while the distillate is separated from a coolant, i.e. cold feed water. 

In this case, heat can be recovered [36].  

• The thermostatic sweeping gas membrane distillation (TSGMD) minimizes the 

temperature of sweeping gas by a cold wall located at the permeate side. In this way 

the driving force is increased with subsequent water rate [37]. 

3. Mathematical equations for mass and energy description 

3.1. Mass transfer 

In MD operations, the mass transfer can be estimated according to the following equation [34]:  

𝐽 = 𝐶 ∗ (𝑃𝐹 − 𝑃𝑝) = 𝐶∆𝑃                          (7) 

Where J is the water flux, 𝑃𝐹 and 𝑃𝑝 the vapour pressures at the feed and permeate side, C the 

membrane distillation coefficient, which depends on morphological parameters of the membrane: 

𝐶 ∝ (𝑟𝑎ɛ)/(𝛿𝜏)                                          (8) 

Where r is the nominal pore size of membrane, a is the exponent of r in the range of 1 

to 2 (a=1 for Knudsen diffusion, a =2 for viscous flux), τ the pore tortuosity and δ the 

membrane thickness. 

It is useful to observe that in thermally driven processes, the difference of partial pressure 

is induced by a difference of temperature. Differently, if a difference of concentration is used 

to generate a difference of partial pressure across the membrane, the MD process is called as 

an osmotic distillation (OD) [38]. In this case, the pressure of water vapor depends on the 

temperature and water activity in the liquid coming in contact with membrane surfaces: 

𝑃𝑤𝑓 = 𝑃𝑤𝑓 ∙ 𝑎𝑤𝑓                                          (9) 

𝑃𝑤𝑝 = 𝑃𝑤𝑝 ∙ 𝑎𝑤𝑝                                      (10) 

Where Pw is the vapour pressure of pure water and aw the water activity in the solutions 

of feed (f) and permeate (p) side, respectively. 

To promote water transport awp needs to be lower than awf. In the case of awf < awp and 

Pwf > Pwp the activity difference becomes a counter driving force to be overcome by a 

temperature difference across the membrane. There exists the possibility in which both the 

temperature and activity differences act synergistically. 
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3.2. Heat transport 

Another critical issue to consider is the heat transfer through membranes [37]. Pores and 

thickness of the film can affect the energy diffusion fully, making the process competitive or 

poorer from energetics point of view. For a feed with a certain temperature Tf, the heat is first 

transferred from the heated feed solution across the thermal boundary layer to the membrane 

surface at a rate, which can be expressed as:  

𝑄 = ℎ𝑓 ∙ ∆𝑇𝑓                                             (11) 

Where hf is the latent heat of feed and ΔTf the difference of temperature between feed 

and membrane. At the membrane surface the liquid is evaporated, and heat is transferred 

across the membrane at a rate of: 

𝑄𝑣 = ℎ𝑣 ∙ Δ𝑇𝑚 = 𝑁 ∙ ∆𝐻𝑣                         (12) 

Where N is the rate of mass transfer and ΔHV the heat of vaporization.  

Additionally, heat is conducted through the membrane material and the vapour that fills 

the pores at a rate of: 

𝑄𝑚 = ℎ𝑚 ∙ Δ𝑇𝑚                                        (13) 

Where hm is the heat transfer coefficients of the vapour within the membrane. The total 

heat transfer across the membrane is measured as: 

𝑄 = 𝑄𝑣 + 𝑄𝑚                                           (14) 

After the passage of vapour across the membrane, the condensation takes place at 

vapour-liquid interface, where heat is removed from the cold-side membrane surface through 

the thermal boundary layer at a rate of  

𝑄 = ℎ𝑝 ∙ ∆𝑇𝑝                                             (15) 

Considering that a large quantity of heat must be supplied to the membrane surface to 

vaporize the liquid, the heat transfer across the boundary layer represent a limit for MD, 

resulting in a larger thermal energy consumption. For what regards the membrane, the choice 

of materials with low thermal conductivity becomes hence an important feature to consider for 

heat loss reduction, even if morphological features can be managed to lessen heat dissipation.  

Polarization phenomena related mainly to fluid dynamics are other concerns for MD 

operations. Mixing and turbulence in the flow can reduce the thickness of the boundary layer; 

however, a distinction between the temperature polarization coefficient (TPC) and 

concentration polarization coefficient (CPC) is also necessary. These two parameters 

quantify heat and mass transport resistance in the boundary layer with respect to the total 

transfer resistance of the system: 

𝑇𝑃𝐶 =
𝑇𝑓𝑚−𝑇𝑝𝑚

𝑇𝑓−𝑇𝑝
                                         (16) 



Adv. Manuf.  Review 

 10 

𝐶𝑃𝐶 =
𝐶𝐵𝑚

𝐶𝐵𝑏𝑓
                                              (17) 

Where CBm is the concentration of the non-volatile solutes at the membrane surface, CBbf 

the concentration of the non-volatile solutes at the bulk feed.  An increase in flow rate or 

insertion of spacers that generate turbulence can contrast these two undesired events. 

3.3. Morphology-transport relationships: pore size and transport mechanism 

The pore size decides the mechanism for the water vapor transfer during a MD operation. 

When the pore size is quite large with respect to the mean molecular free path of water vapour, 

molecular diffusion becomes the controlling mechanism and the water mass flux can be 

written as: 

𝜈 = 𝐾𝐷𝑙𝑛
𝑃𝐴𝑝

𝑃𝐴𝑓
= 𝐾𝐷

𝑃𝑤𝑓−𝑃𝑤2

𝑃𝑎𝑙𝑚
                   (18) 

Where Palm is the log mean of the partial pressure of the air within the pores and KD 

expresses a sort of membrane permeability depending on the membrane properties, 

temperature and pressure: 

𝐾𝐷 =
𝜀𝑀

𝑋𝛿

𝑃𝐷

𝑅𝑇
                                              (19) 

Where R is the gas constant, δ membrane thickness, T the temperature inside the 

membrane,  the membrane porosity, M the molecular weight of water, P the total pressure 

inside the pore and D + the diffusion coefficient of vapour.  

When the pore size is lower than the mean molecular free path, the vapour transport is 

limited by the collision against the pore wall, rather than against the molecules of the gas 

present in the pores so the water mass flux can be written by the Knudsen model is the 

convenient one: 

𝑣 = 𝐾𝐾(𝑃𝑤1 − 𝑃𝑤2)                                 (20) 

in which Kk is expressed as: 

𝐾𝑘 =
1

3

𝜀𝑑𝑝

𝑋𝛿
√

8𝑀

𝜋𝑅𝑇
                                       (21) 

Where K is the molecular free path for water vapour at 25°C and atmospheric pressure.  

In this case the diffusing molecules of water vapour are slowed down by the molecules 

of air as well as by the pore wall resulting in a lower flux with the same driving force. 

Considering the ideal pore size used in OD and MD, both molecular diffusion and Knudsen 

model are thus expected to be valid. 

4. Advanced fabrication of well-defined membranes 

One of most traditional and well-established techniques to fabricate membranes is the phase 

separation (PS). This manufacturing technology makes the preparation of membranes 
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somewhat flexible, easy to scale up and manageable to realize membranes with different 

morphology and configuration [39]. The basic concept of this technique is the induction of 

polymer precipitation from clear solutions by using no solvent in the state of liquid and vapor 

or by changing temperature. However, the major concern for this kind of technique is the 

tangible difficulty to get structural order in membranes. This becomes a critical issue for 

some membrane technologies such as MD, which bases its own operating principle on the 

establishment of a L-V interface at the entrance of each membrane pore. Stability and 

efficiency of this interface depend strictly on uniformity and density of the pore number as 

well as pore size, porosity, surface free energy, roughness factor, etc. These structural 

parameters affect mass and heat transfer, but also regulate all of the events that influence 

liquid or foulants adhesion onto the membrane surface, causing local disruption of the 

interface and loss of performance.  To get structural order and controlled surface properties 

is hence compulsory for on scale implementation of eco-friendly technologies such as MD 

[7], because proficiency, efficiency and durability of the process depend on the capability of 

the membrane to amplify on macro scale what happens in each single microregion of the 

structured film. Hereafter, some interesting techniques enabling one to get structural order 

and chemical functionality in membranes are illustrated, providing insights about their 

performance in water desalination processes via membrane distillation technology. 

4.1. Micromoulding phase separation (μPS) 

An evolution of the phase separation technique is represented by its combination with the 

micromoulding method [40]. It consists of using soft lithography concepts to generate a 

templating mould that decides the final geometry of surface pores while traditional phase 

inversion provides porous sublayers. If the micromoulding decides the regularity of the 

polymeric architecture, i.e. pore size, density and distribution, the phase inversion provides 

interconnected porous structures necessary to yield free pathways through the membranes. 

In this way membranes with hierarchical morphology can be generated while mechanical 

stability is preserved. The mould is generated with silicon micro machining and produces 

usually structures below 1 m with a high aspect ratio (height over width). Densified, open 

or micro porous sublayers obtained with phase separation are combined to open 

geometrically micro and submicro scale pores through the membrane skin layer. The 

procedure is somewhat easy and feasible to carry out; it is enough to pour or apply by casting 

knife a solution on the mould and then let the solution come in contact with an environment 

enabling polymer precipitation. When frozen, the polymer detaches from the mould and 

porous membranes with lithographic precision are generated (Figure 2). In summary, the 

mould decides number, size and distribution of the geometric pores throughout the surface, 

whereas demixing decides the degree of resistance to transport through the membrane along 

with mechanical stability. 
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Figure 2. Schematic representation of μPS for the fabrication of micro-structured porous membranes. 

This technique takes advantages of fast solidification of polymer - few seconds -, 

shrinkage of the 3D polymeric architecture and subsequent release, high regularity over large 

areas and low defects and scalability. The fabrication of micro and nano master molds with 

high aspect ratio pins via microelectronics and photolithography is however expensive. 

Nevertheless, micrometric hierarchical structures generated according to μPS exhibit features 

suitable to meet MD requirements. Indeed, their performance has been examined concerning 

the durability thought as a membrane ability to contrast fouling and scaling phenomena [40]. 

Recently, Hu et al. [42] proposed superhydrophobic isotacticpolypropylene (iPP) 

microporous membranes, prepared via micro-moulding thermally-induced phase separation, 

for water desalination purpose. The micron-submicron hierarchical structure of the 

membrane produced high resistance to wetting events with contact angle values of 161° and 

roll-off angle of 2°. A flux of 31.2 Lm-2h-1 and salt rejection higher than 99.95% were 

estimated after 60 h of process, resulting in a good contrast to flux decline. With a similar 

intent, Xiao et al. [43] proposed superhydrophobic polyvinylidene fluoride (PVDF) 

membrane with micro-pillar arrays (MP-PVDF) enabling roll-to-roll effects on the surface; 

a contact angle of 166±2° and a sliding angle of 16±3° were measured on the membrane 

surface, thereby yielding a suitable capability to contrast scaling event during DCMD 

operation with flux of 12 Lm-2h-1 and salt rejection of 99.9%. Corrugated PVDF membranes 

were also realized by micromoulding non-solvent vapor-induced phase separation [44]. The 

increased roughness factor was again envisaged to contrast fouling during 50 working hours 

of a membrane distillation operation. An increase of 87.5 % was estimated for flux in 

comparison to flatter membranes. 

4.2. Water droplets assembly 

Water droplets assembly well known as Breath Figure (BF) technique is inspired to natural 

events like the fog condensation on cold surfaces [45]. Water droplets condensed from humid 

air tends to self-assemble in semi-ordered lattices through the polymeric solution, leading to 

an ordered pore geometry through the membrane surface area and thickness [46]. The results 

are well-defined 3D architectures as displayed in Figure 3. 
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Figure 3. Schematic representation of imprinting water droplets that form pores in 

membrane [45]. Reprinted with permission [45]. Copyright© 2016 MDPI. 

 

Figure 4. SEM images showing effects of viscosity and affinity parameters on 

membrane breath figure structure. Reprinted with permission [46,49]. Copyrights© 2016 

MDPI and 2010 ACS. 

For effect of solvent evaporation, water droplets condense and float throughout the 

casting solution sinking into the polymeric fluid under capillary and Marangoni forces. As a 

result, honeycomb patterns are formed due to the imprinting action of water droplets, which 

work as pore builders. When frozen in the almost densified film, the droplet semisphere 
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decides the final pore size. Water droplets dynamics depend strongly on temperature, relative 

humidity, volume and viscosity of the solution as well as concentration, surface free tension 

and affinity parameters [46-48]. Tendentially, an increase in relative humidity and 

temperature gives rise larger porosity in the membrane structure, but with a loss of structural 

definition due to strong and uncontrolled collision among the floating droplets [49].  Height 

of column and viscosity of the solution are two other critical issues, which affect the degree 

of penetration of droplets lattices through the film (Figure 4). A reduced viscosity facilitates 

the penetration of the droplets in the deepest layers of the film; however suitable viscosity is 

suggested to stabilize droplets and prevent hard collisions during self-assembly [49]. The 

turbulence of the droplets can be also managed through interfacial forces controlling host-

guest interactions so that softer collisions take place (Figure 4) [46]. 

The approach is one-pot, clean and cheap but the droplets dynamic behavior through 

extensive surface area continues to be regarded as a somewhat complex aspect of the 

technique.  Hexagonally packed geometry is however an ideal membrane topography for 

membrane contactors technology such as MD processes. The high density of regular pores is 

expected to afford large interfacial area through which an important transfer of water vapor 

could bring an increase in productivity. Perrotta et al. [50] proved the exceptional 

performance of composite tetra-fluoroethylene (TFE)/2,2,4-trifluoro-5-tri-fluorometoxy-1,3-

dioxol (TIT) (HYFLON AD 60) nanofilm suspended onto a polyethersulfone (PES) with 

honeycomb texture. The breath figure technique was used for the first time to generate a 

HYFLON AD porous membrane on a previous PES honeycomb sublayer. The high 

interfacial area together with the singular topography and chemistry of materials used 

allowed to get flux of 51 Lm−2h−1 with a solution of NaCl 35gL-1, while the resistance to 

wetting was improved reaching contact angle of 140 °. Also, the chance to combine different 

material with precise structural features led to an optimization of the MD thermal efficiency 

(70.2%). Exceptional resistance to scaling and fouling events was also obtained through the 

combination of breath figure and templating techniques to generate hierarchical structure 

with increased degree of surface roughness. As an effect, a lowering adhesion of foulants 

was obtained [51]. Composite membranes were also prepared from hydrophobic 

polytetrafluoroethylene as a substrate and a hydrophilic cellulose acetate as a coating through 

the breath figure templating method. When equipping MD devices, these membranes were 

tested with saline streams containing 1000 mgL-1 crude oil [52]. Flux around 16.85 Lm-2h-1 

was measured with a total salt rejection, while robust resistance to fouling was proven over 

long-term experiments due to a suitable combination of hydrophobic and underwater 

oleophobic properties. 

4.3. Block copolymer self-assembly 

Ordered porous membranes can be also obtained by exploiting the thermodynamic 

incompatibility established between two/three blocks of copolymers [53]. This mismatch 

brings about self-assembly of the blocks to minimize the energy of the system so that 

microphase separation into high-density and highly ordered pattern arrays is generated [54]. 
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Normally, membranes with pores in the range of 5 to 100 nm are formed, while spheres (S), 

cylinders (C), gyroids (G), and lamellae (L) nanodomanis are shaped under thermal or vapor 

annealing (Figure 5). Sometime, etching of one block is induced to leave pores through the 

structure. In the case of PS-b-PMMA, PB-b-PDMS, PI-b-PLA, and PS-b-PLA block 

copolymers micro-segregation is induced to fabricate porous structures after removal of 

PMMA, PDMS and PLA component. The shortest block length determines the smallest pore 

size reachable in membranes. The ability of liquid crystals (LCs) to self-assemble in ordered 

porous membranes was also explored and pore size and functionality were extensively tuned 

through size and chemistry of the building blocks [55]. It was demonstrated how columnar 

and hexagonal mesophases lead to 1D cylindrical pores, while lyotropic lamellar mesophases 

or thermotropic smectic mesophases lead to pore formation after etching. While 1D and 2D 

are formed for effect of alignment under external forces, bicontinuous cubic mesophases can 

generate 3D pores without this requirement. This implies higher tortuosity and subsequently 

major resistance to mass transfer. For this reason, a practical route is to form thin skin LC 

layers on porous sublayer followed by crosslinking [56]. Ionic liquid crystals (ILC), i.e. PS-

b-P4VP/PS-b-PAA and PI-b-PS-b-PAA, were proposed to generate charged/functional and 

responsive pores in membranes [57]. Block copolymer self-assembly is somewhat flexible 

technique to get microsegregation on microscale producing various geometries, but the major 

concern is associated to the formation of structures into the structure, thus making its 

development on scale more arduous. 

 

 

Figure 5. Scheme of nanodomains obtained by segregation of block copolymers. 
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Until now, this family of self-assembled membranes has been successfully tested for 

molecular separation, including desalination [58]. However, the desalination aptitude has 

been tested through filtration processes, whereas there is not yet evidence in literature about 

their potential application in membrane distillation processes. As mentioned, membranes 

manufacturing inspired to self-assembly of block copolymer/ILC are far from large scale 

fabrication, even if the separation performance is already competitive for some membrane 

processes such micro and nanofiltration. 

4.4. Electrospinning 

Submicronic-interconnected pore-like structures with a fiber diameter ranging from microns 

to nanometers can be produced through a versatile technique such as the electrospinning 

process [59]. Prerogatives for electrospun membranes (ESMs) are high porosity, 

interconnection, surface to volume ratio along with enhanced surface roughness and 

mechanical strength. The manufacturing procedure consists of using a syringe subjected to a 

high DC electrical voltage in order to spin the polymeric solution on a support. The positive 

terminal of the DC is connected to the needle of the syringe, while the negative terminal is 

connected to a collector plate (Figure 6). Repulsive electrostatic forces play a key role in 

overcoming the surface free tension of the polymeric solution so that nonwoven fibers are 

formed for effect of a charged jet of the polymeric solution from the tip of the Taylor cone at 

the syringe needle. Polarity, evaporation of the solvent as well as viscosity and electrical 

conductivity of the solution, but also distance between the needle tip and the collector, 

temperature and humidity of the chamber are critical parameters, which can affect the final 

structure of ESMs producing important changes in the final morphology from spheres to 

filament through spherical-beads-on-strings (Figure 6a-c). 

This technology is feasible and easy to scale, although the major concern is due to 

necessity to control the mesh size of the polymer net in order to prevent undesired wetting 

and loss of selectivity.  Anyway, sphere-on-string and net structure are two morphologies 

that exhibit suitable features for MD applications, since large interface areas is offered 

together with improved antiwetting properties as an effect of the particular topography. In 

this case a roll-to-roll behaviour is expected to reduce penetration of liquids inside the free 

meshes. PVDF-based polymers are the most used materials for producing ESMs, but other 

polymeric materials such polysulfones (PS), polyimides, polyacrylonitrile (PAN), 

polyoxadiazoles (F-POD) have been recently suggested. Li et al. [60] proposed a composite 

ESM based on polysulfone polydimethylsiloxane for DCMD operation. After 12 h, a stable 

flux of 21 Lm-2h-1 was measured working a NaCl solution of 30 gL-1 under a thermal 

difference of 50 °C. Poly (trimethyl hexamethylene terephthalamide) coated with 

hydrophobic poly(1H,1H,2H,2H-perfluorodecyl acrylate) (PPFDA) layer were proposed for 

air gap membrane distillation, yielding flux up to 11 Lm-2h-1 under a thermal difference of 

45 °C [61]. Cai et al. [62] obtained stable flux of 19 Lm-2h-1 and a salt rejection of 99.98 % 

with polyacrylonitrile (PAN) and polyvinylpyrrolidone (PVP) ESMs after 11 h of process at 

78 °C. Red Seawater desalination was proposed by Maab et al. [63] by implementing DCMD 
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experiments with aromatic fluorinated polyoxadiazoles (F-POD) and polytriazoles (F-PT) 

ESMs.  In this case, a flux up to 85 Lm-2h-1 was measured at Tfeed of 80 °C with a salt rejection 

of 99.95 %. A good resistance to liquid entry was ascribed to the high apparent contact angle 

up to 162 ° due to submicrometric structure of the membrane, while high porosity promoted 

a larger mass transfer. With the purpose to improve surface and transport properties, various 

nanomaterials have been included in the polymeric mixtures in order to fabricate 

nanocomposite ESMs. Titanium oxide nanoparticles were mixed with PVDF to generate 

ESMs resistant to fouling ability to regenerate the membrane after water flushing with a 

recovery of the contact angle from 131 to 151 ° [64]. Superhydrophobic PVDF-HFP/SiNPs 

hybrid ESMs were proposed to treat stream of 35 gL-1 NaCl obtaining flux of 49 Lm-2h-1 and 

salt rejection of 99.99 % after 240 h of MD process [65]. DCMD tests were performed on 

seawater for 46 h by using aluminium fumarate metal organic frameworks (AlFu-MOFs) 

producing up to 114% of increase in flux when compared to membranes without filler [66]. 

In this case, MOF nanoparticles increased the surface roughness and provided additional 

channels, resulting in enhanced resistance to wetting and higher freshwater productivity. A 

similar behaviour was observed for PVDF-HFP/cellulose ESMs with a flux 38% higher than 

that estimated for the pristine membrane [67]. Flux of 36.4 Lm-2h-1 and NaCl selectivity of 

99.9% were obtained equipping a VMD plant with ESMs based on PVDF and graphene oxide 

(GO) sheets, preserving the enhanced performance of the process for 60 h [68]. Desalination 

via AGMD operation based on a graphene-loaded PVDF-co-hexafluoropropylene (PH) 

electrospun membrane yielded a flux of 22.9 Lm-2h-1 and salt rejection of 100% after 60 h of 

operation with 3.5 wt% NaCl solution and under T of 40 °C [69]. It is also relevant to report 

about the highest performance observed for multilayered EMs to get better productivity-

selectivity trade-off. Prince et al. [70] working a triple spun layer in a DCMD plant estimated 

an increase in flux of 6 times higher that pristine membrane revealing a resistance of the ESM 

to wetting up to 15 h of operation. A triple-layer ESM based on polyethersulfone 

(PES)/carbon nanotubes (CNTs) and poly (vinylidene fluoride-co-hexafluoro propylene) 

(PcH)/CNTs was proposed for desalination via DCMD, leading to a flux of 22.2 Lm-2h-1 and 

a salt rejection of 99.3% [71]. Efome et al. [72] explored the performance of a triple layer 

ESM based on (1) a nanofiber layer electrospun from poly (vinylidene fluoride) (PVDF) 

blended with hydrophobic SiO2 nanoparticles (NPs), (2) a nanofiber layer electrospun from 

polyacrylonitrile (PAN)/metal–organic frameworks (MOFs), and (3) a nanofiber layer 

electrospun from PVDF blended with hydrophilic SiO2 NPs. After 5 h of MD operation, a 

stable flux of 4.40 Lm-2h-1 was estimated working a feed of NaCl 35gL-1 under a driving 

force of 30 °C. 
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Figure 6. Representative scheme of electrospinning equipment (a) and possible 

formation of morphologies: (b) spheres (c), sphere-on-string (d) net structures. 

4.5. Layer-by-layer assembly  

Triple layer electrospun membranes fall somehow into the concept of layer-by-layer 

assembly [73]. This method enables the fabrication of nanoscale functional films through 

alternate deposition of polymers, colloids, biomolecules, and organic and inorganic 

nanofillers interspersed with rising steps to remove the excess of unreacted material (Figure 

7). The result is the construction of multifunctional nanofilms having additional properties 

due to interplay of various components [74]. Sequential adsorption of each layer as well as 

rearrangement of materials is directed by intermolecular interactions, including electrostatic 

forces [75], hydrogen bonding [76-77], charge transfer interactions [78], coordination 

interactions [79], π–π interactions [80], host-guest interactions [81], coordination interaction 

[82], molecular recognition [83], covalent bond (“click chemistry” reactions) [84]. The 

sequential deposition on substrates take place on flat surfaces, micro and nanoparticles, but 

also on liposomes, vesicles, micelles, droplets and cells, thereby confirming the high 

versatility and feasibility of the manufacturing approaches [85]. The practices used to induce 

deposition of layers are somewhat flexible and diversified for what concerns the way to put 

in contact the single solution with each other. However, the basic concept is the induction of 

rearrangement of materials in well-defined volumetric spaces. Richardson et al. [86] focus 

on the evolution of LBL techniques moving from the most traditional manufacturing 

approaches, which include immersive, spray, spin, electromagnetic, fluidic LBL assembly, 

to unconventional techniques such as ink-jet printing, dip-pen lithography, 3D bioprinting, 

coordination-driven assembly. During these deposition processes, dynamic formation of 

nanofilm takes place involves dissociation, reorganization, and reassociation of the various 

components in multistep assembly [87-89]. 
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Figure 7. Build-up of nanocomposite membranes by LbL technique through dip-coating approach. 

 

The combination of lithography technique with LBL procedure is again a singular choice 

to pattern selectively nanofilm surfaces [90-91], while the chance to control the multilayer 

thickness during each fabrication is basic for tuning the film features, including wetting, 

adhesion, retention and permeability properties. Like-LbL nanoarchitectures can be also 

obtained by deposition steps, which consists of sedimentation, spray or electrochemical 

assembly [92]. In this case, no specific interactions occur but rather the materials 

spontaneously assembly in nanofilm working as a skin layer of membranes. It is relevant to 

observe that the growth of multilayer depends da various factors, including molecular weight, 

charge distribution, and competition of intermolecular interactions between accessible sites 

along the polyelectrolyte chains, which can be established by pH, temperature, solvent, 

electrolyte species dispersed in the solvent, etc.  The thickness of the film becomes crucial 

for reaching a suitable equilibrium between permeability and selectivity. High thickness 

opposites larger resistance to mass transfer, while resulting beneficial for selectivity. Vice 

versa, a tiny layer gives shorter diffusive path length for water but can affect selectivity, 

although surface modification can make productivity/selectivity trade off suitable for 

enhanced process performance. Di Luca et al. [93] proposed the LbL technique to engineer 

PVDF membranes with supramolecular complexes based on smart poly(N-isopropyl 

acrylamide) (PNIPAM) mixed hydrogels and aliquots of ZrO(O2C-C10H6-CO2) (MIL-140) 

and graphene. The purpose was to generate cooperative mechanisms at subnanometer-scale 

in order to make more sustainable water desalination via thermally-driven DCMD process. 

LbL thermal and pH responsive functions allowed an increase in productivity, fouling 

mitigation and self-cleaning action. Chin et al. [94] suggested LbL deposition of PP 

spherulites on electrospun PP membranes so that surface roughness increased and antiwetting 
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properties were improved. With a single layer a value of 152.2° was measured for static water 

contact angle, while the sliding angle was 12.5°. MD experiments (NaCl 35 gL-1, T= 40°C) 

run for 60 h and led to a flux of 13.0 Lm-2h-1 with an increase of 30% and a salt rejection up 

to 99.99%. A thin-film composite (TFC) membrane comprising a polyamide (PA) surface 

layer, a polydopamine (PDA) interlayer, and a hydrophobic polyvinylidene fluoride (PVDF) 

membrane substrate - targetable as quasi LBL membrane – was proposed for DCMD 

applications [95]. A commercial PVDF membrane was used as a substrate for a PDA layer. 

Successively, a thin-film PA was generated on PDA interlayer via interfacial polymerization. 

This process was repeated for multiple cycles till obtaining a thin-film composite membrane 

with enhanced antiwetting properties and a total rejection of NaCl (35gL-1, T= 40°C). 

Further, Janus MD membranes containing an ultrathin dense hydrophilic layer were 

developed by layer-by-layer assembly of cationic polyethyleneimine and anionic 

poly(sodium 4-styrenesulfonate) polyelectrolytes on a hydrophobic polyvinylidene fluoride 

substrate [96]. In this work it was demonstrated how the number of layers determines the 

anti-wetting performance of the composite Janus membranes. A multilayer of 48 nm 

exhibited small pore size enough to sieve out surfactant molecules from a saline feed, thus 

the hydrophobic substrate was protected with time from wetting differently from traditional 

PVDF. Woo et al. [97] prepared omniphobic membranes via layer-by-layer (LBL) assembly 

of negatively charged silica aerogel (SiA) and 1H,1H,2H,2H-perfluorodecyltriethoxysilane 

(FTCS) and positively charged poly (diallyldimethylammonium chloride) (PDDA) on a 

polyvinylidene fluoride membrane, reducing the surface free energy and increasing the 

surface roughness. This kind of membrane was used to equip an air gap membrane distillation 

(AGMD) device enabling the production of freshwater with a flux of 11.22 Lm-2h-1 and quasi 

total salt rejection. 

5. Performance and benefits from textured membranes equipping MD units 

Textured membranes realized according to the listed manufacturing procedures show 

tendentially enhanced productivity-efficiency trade-off and stability when processed in MD 

devices (Figure 8). This can be basically ascribed to : i)  the lowest resistance to mass transfer 

due to higher interfacial area established at the entrance of numerous and uniform pores 

(Figure 8a); ii) increased roughness factor, which brings about a superior 

hydrophobic/omniphobic character of the surfaces with benefits on durability and efficiency 

of MD operations (Figure 8b).; iii)  intensified flux and reduced heat conduction through 

membrane, which result in a greater proficiency and efficiency (Figure 8c). 

Despite a direct comparison for MD processes is not immediate due to the large number 

of variables that affect each single operation, an effort has been done for assessing the 

performance of textured membranes equipping MD units. Productivity-efficiency ratios and 

durability have been analysed in order to estimate measurable advances achieved with 

ordered and functional membranes with respect to more conventional membranes. Figure 8a 

shows PVDF membranes worked in DCMD plants within a Tfeed range of 45-60 °C by using 

NaCl solution at 35gL-1, which is regarded as synthetic seawater. Membranes with a fine 
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control of texture exhibit a productivity-selectivity ratio better than that estimated for 

membranes prepared according to traditional phase separation (PS) procedures, also when 

processed at lower temperature. Figure 8b examines the stability of mostly PVDF membranes 

worked in VMD mode with seawater and simulated seawater solutions at 70 °C. Longer and 

constant fluxes can be appreciated for membranes prepared according to PS and ES 

procedures with respect to traditional PS. Figure 8c shows the flux-thermal efficiency trade-

off for membranes prepared from various hydrophobic materials, i.e. PVDF, PP, PE, and 

HYFLON AD - and with a thickness around 2 m. It is relevant to observe how membranes 

prepared according to water droplets self-assembly exhibit higher performance due to a 

productivity larger than commercial or home-made membranes. In all cases, benefits are from 

amplified events occurring in microregions equal to each other throughout the membrane. 

Based on these preliminary results, it is reasonable to think this kind of nanostructured porous 

films represent a practical route for giving propulsion to a sustainable water desalination 

through MD practices. Despite most of the reviewed manufacturing procedures require still 

some efforts to be produced on scale and find a place on the market at competitive costs, it 

is undeniable that through the control of structure, morphology and chemistry of membranes, 

which are regarded as the real engine of each single separation process, a great innovation 

can be brought into the field of desalination. 
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Figure 8. Comparative analyses between ordered and functional porous membranes and 

conventional porous membranes: (a) Flux-selectivity trade-off estimated for PVDF 

membranes operated in DCMD devices with NaCl 35 gL-1 at Tfeed: 45-60 °C; (b) Stability 

of flux estimated for mostly PVDF membranes processed in VMD devices with seawater 

and simulated seawater at Tfeed: 70 °C; (c) Flux-thermal efficiency trade-off estimated for 

various membranes with thickness around 0.2 m processed in DCMD devices with NaCl 

35 gL-1 at Tfeed: 55.5 °C. Reprinted with permission [50] Copyright© 2017 Elsevier. 

6. Conclusion and perspectives 

Advanced manufacturing procedures for the fabrication of ordered and functional 

membranes are illustrated in relation to applications dedicated to water desalination via MD 

technology. New nanotechnological approaches to conventional materials are proposed for 

the creation of new high-performing structures and functions by using micro and nanoscale 

components. A special focus is devoted to the high control of morphology and surface 

property, which are due requirements for implementing MD water desalination. 

Topographical precision is demonstrated to produce high interfacial area through controlled 

pore size, density and geometry while the resistance to liquid spreading is enhanced by 

amplified roughness factor. The result is improved productivity, high resistance to membrane 
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flooding and contrast to flux decline, but also better productivity-thermal efficiency ratio. 

Fundamentals of MD technology is introduced, analyzing advantages and shortcomings with 

respect to more conventional thermal technologies and pressure-driven reverse osmosis. A 

set of mathematical equations for the calculation of mass and heat transfer through 

membranes is provided along with a description of phenomenological events regarding 

wetting, concentration and thermal polarization. Structure-transport-surface properties 

relationships are described assessing related effects on MD performance. Some interesting 

manufacturing practices recently considered for the fabrication of high-definition membranes 

are detailed and demonstrated to be efficient tools to meet requirements of structural 

precision in polymeric architectures. The chance to get high structural order in membrane is 

examined in relation to water desalination by MD processes. A comparison of some 

noteworthy data is also proposed to examine the highest performance of this membrane-types 

for productivity, efficiency and durability.  

Despite different approaches, the manufacturing techniques herein described share the 

same concept of structural order as a viable tool to get a strict relationship between different 

length scales. So, the process outputs can be regarded as the result of an amplified effect of 

extensively similar events occurring at lower scale. This amplification is challenged through 

the construction of similar sub-environments, which uses i) high-precision tools for a purely 

physical imprinting action of polymeric matrixes, i.e. high-resolution molds - top-down 

approach; ii) chemical interactions for controlling dynamics of delicate objects in confined 

volumetric space, i.e. self-assembly - bottom-up approach. In the first case, the target of high-

resolution on nano and micro scale implies higher production costs, making the 

manufacturing process less competitive from economics point of view. In the second case, 

the challenge of extensively periodic structures is harder to achieve, making the scale up 

process somewhat tricky. Manufacturing approaches such as PS, ES and LbL are substantially 

ready to scale up and easy to manage for yielding flexible, size, geometry and configuration in 

membranes. Self-assembly nanotechnologies are regarded as greener approaches enabling 

nano and micro-manipulation of very small objects, but major efforts are solicited for their 

subsequent scale up. In all cases, proof of concept experiments and related high-performing 

outputs make these manufacturing processes interesting for the design of new-concept 

membranes, providing innovative solutions that can bring promising and tangible outcomes to 

benefit membrane desalination processes such as membrane distillation. 
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