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ABSTRACT 

In the last decade, there is a growing interest in membrane distillation (MD) technology, a 

thermally driven membrane separation process, to treat high salinity water or contaminated 

wastewater. However, MD commercialization is still limited by technical challenges such 

as temperature polarization (TP), heat losses, scaling, and high energy consumption, as the 

feed solution requires continuous heating to provide an efficient driving force. The present 

work aims to develop and optimize a novel, efficient, and robust MD system utilizing an 

electromagnetic field, i.e., induction heating (IH) as a heat source for MD distillation, 

specifically aimed to overcome MD limitations.  

The proposed MD system includes a radio frequency IH system and a metallic component 

embedded to the hydrophobic membrane. This allows fast and contactless heating of the 

feed solution at the membrane surface without the need for preheating the bulk feed 

solution. As a result of the increase in solution’s temperature at the membrane-solution 

interface, TP reduces and thus, distillate flux increases. In addition, as IH transfers energy 

directly to electrically and thermally conducting materials with minimal heat loss to the 

surrounding environment, it leads to significant power savings. 

Two main concept approaches for the radio frequency heated MD (RF-MD) system were 

evaluated. First, the RF-MD system included a thermally conducting dual-layer membrane 

containing a magnetic hydrophilic layer based on iron oxide-carbon nanotubes coated on a 

hydrophobic membrane. Heating the solution was mainly done directly at the membrane-

water interface. The impact of operational conditions on the distillate flux and salt rejection 

was evaluated while treating high salinity feeds (35-100 g/L NaCl). Following 

optimization, high distillate flux and 99% salt rejection were measured at a low inlet flow 
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velocity (2.33 cm/min) and low vacuum (20 kPa) conditions. In addition, the specific 

heating energy of the system was determined to be significantly lower in comparison to the 

conventional MD system under similar conditions. Finally, numerical simulation tools 

based on computational fluid dynamics (CFD) coupling heat and mass transport have been 

used to assess the system’s limitations and potential. 

In addition, the impact of RF heating on fouling, specifically addressing common inorganic 

scaling (i.e., CaSO4) as it is a limiting factor in MD processes, was assessed. Scaling was 

addressed in terms of distillate flux change and crystal formation at the membrane surface 

and in the liquid medium. Scaling results showed the impact of RF electromagnetic field 

on salts crystallization, leading to less scaling. Following analysis of membrane surfaces, 

only sporadic small CaSO4 crystals were detected, while high concentrations of small 

crystals were detected at the concentrate stream exiting the MD process. The scaling 

mitigation mechanism is hypothesized to be a result of the high-frequency movement and 

collision of the ions in the solution. 

The second approach is based on using RF heated stainless steel thermally conducting feed 

spacers, thus, coupling heating and mixing. The RF heated spacers were shown 

(experimentally and by numerical simulations) to reduce TP. The influence of the spacer’s 

material and geometry were evaluated and results were compared to a conventional MD 

process using a polymeric spacer. Higher spacer mass and larger porosity led to an increase 

in distillate flux and the use of thermally conducting spacers heated by RF significantly 

enhanced the distillate flux while reducing the specific heating energy. 
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Overall, the results are promising as they show the RF-MD systems have the potential to 

improve MD processes, specifically for hypersaline solutions such as concentrated brine 

of produced wastewater, where pressure-based applications are limited.   
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Rapid population growth, coupled with changing climate, has resulted in a rise in potable 

water deficiency in many water-stressed countries worldwide [1–3]. Therefore, new 

technologies for providing freshwater have been developed to diminish water stress, 

including water desalination and distillation processes designed to recover water from 

saline or contaminated water sources such as seawater, brackish groundwater, and 

hypersaline solutions (e.g., reverse osmosis (RO) brine or produced water) [4–9]. 

Currently, there are almost 16,000 desalination plants worldwide with a desalination 

capacity of 95 million m3/day [10]. Generally, desalination technologies can be divided 

according to their separation methods, by membranes (i.e., pressure-driven separation) or 

through thermal processes. The contribution of thermal processes, including multi-effect 

distillation and multi-stage flash, is about 31.5% of the total desalination capacity, and the 

rest (about 68.5% or 65.5 million m3/day) is based on membrane processes [11,12]. 

Membrane-based desalination has several benefits over thermal distillation, including the 

limited need to provide thermal energy, low environmental impacts related to thermal 

energy production by fuel consumption, reduction of pumping requirements, and no 

incorporated large ecological footprints that are required in many thermal distillation plants 

[13–15]. On the other hand, high-pressure separation RO systems suffer from limitations 

related to the nature of their separation mechanism, including membrane fouling, the need 

for high pressure and energy when desalinating hypersaline feed, and pretreatment of the 

feed solution, resulting in an elevated cost of treatment [16–21].  
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Membrane distillation (MD) is a hybrid technology that combines the advantages of 

membrane separation and thermal distillation [8,22–24]. The separation is based on 

transmembrane partial vapor pressure, leading to transport of only water vapor molecules 

through a hydrophobic microfiltration membrane. In order to ensure an efficient driving 

force and relatively high distillate flux, the feed solution is continuously heated. While the 

volatile vapors cross the membrane to the distillate side, the liquid does not enter the 

membrane pores due to the membrane’s surface tension and hydrophobic nature. Water 

vapor is collected and condensed at the distillate side by a range of operational 

configurations, including direct contact membrane distillation (DCMD), air gap membrane 

distillation (AGMD), sweeping gas membrane distillation (SGMD), and vacuum 

membrane distillation (VMD) [25–27]. MD has multiple advantages over other 

desalination processes, including high rejection of non-volatile compounds, low 

concentration polarization (CP), limited fouling, and low operating pressure and 

temperature even when distilling hypersaline solutions [22,23,28–33]. Therefore, MD 

technology has gained interest as an alternative to both pressure-driven membrane 

separation and conventional thermal driven separation processes, fitting for desalination 

and wastewater treatment processes [32,34–39]. 

Despite these advantages, industrial applications of large-scale MD have been restricted 

primarily by technical challenges such as temperature polarization (TP), high energy 

required for heating the bulk feed solution, heat losses, and the need for expensive heat 

management due to metal corrosion of heat exchangers when exposed to a heated saline 

feed [40–42]. MD systems undergo TP as the feed temperature is higher than the water-

membrane interface temperature due to the consumed latent heat of vaporization as a result 
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of water evaporation. TP leads to a decrease in mass transfer through the membrane and 

reduced distillate flux as a result of a decline in the driving force for vapor transport (i.e., 

decreased vapor pressure at the membrane surface) [24,43–45]. Thus, mitigating TP is an 

essential tool for controlling MD performance and increasing distillation efficiency.  

Furthermore, membrane fouling is considered as another limiting phenomenon for MD 

application as it leads to a decrease in distillate flux and changes in membranes’ surface 

properties. Fouling was shown to increase membrane hydrophilicity and wettability, 

eventually leading to a decrease in membrane selectivity [46,47]. As MD systems are 

typically used to reclaim clean water from different degrees of saline solutions (i.e., saline 

water to concentrated brine or produced water), accumulation of inorganic fouling (i.e., 

scaling) such as calcium sulfate (CaSO4) and calcium carbonate (CaCO3) is considered a 

critical problem [48–50]. In addition, scale layers on the membrane surface can intensify 

the negative influences of TP and CP, thus, reducing the active surface of the membrane 

for water evaporation and consequently decreasing distillate flux [51,52]. Controlling and 

removing CaSO4 scaling was shown difficult in comparison to CaCO3 [53]. While CaCO3 

typically precipitates and adheres to heat exchangers and tubing prior to entering the 

filtration module, CaSO4 was shown to form suspended crystals that may reach the 

membrane surface and deposit on it as scaling [54]. Therefore, CaSO4 scaling mitigation is 

considered crucial for future MD commercialization. 

Finally, in addition to water desalination, there is a growing understanding that brine 

discharge has significant environmental impacts, and therefore, it should be treated and 

managed prior to release. Since MD is suggested as a possible treatment approach, it is 
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vital to evaluate the operating limiting phenomena as TP, high energy consumption, heat 

loss, and scaling to derive methods to decrease their impact. 

1.2 Research Objectives and Significance  

The overall objective of this research is to develop and optimize a novel, efficient, and 

robust vacuum MD (VMD) system to treat high salinity contaminated feed solutions while 

increasing the distillate flux and decreasing TP, inorganic fouling (i.e., scaling), and the 

required energy in comparison to conventional VMD systems.  

The main research hypothesis is that applying an electromagnetic (i.e., radio frequency 

altering magnetic) field on the conductive component (i.e., membrane or spacer with 

thermally conductive and magnetic properties) leads to rapid and constant direct heating of 

the membrane-water interface, thus, providing an efficient driving force for vapor transport 

through the membrane. To assess and optimize the transport, we evaluated how operational 

parameters and material properties related to the coated membrane or spacer impact the 

distillate flux and rejection. Furthermore, we tested the system at realistic conditions and 

evaluated solutions with high salinity and high scaling potential. Finally, temperature 

profiles and transport mechanisms were assessed using numerical simulation. 

In order to meet this objective, the following individual goals have been accomplished: 

1. Assess the impact of utilizing induction heating (IH) as a heat source to the 

distillation process by applying a RF altering magnetic field on a thermally 

conductive iron coated carbon nanotubes (Fe-CNTs) membrane.  

This objective includes:  

a. Fabrication and characterization of a thermally conductive magnetic 

membrane to be used in MD and heated under RF electromagnetic field. 
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b. Evaluate the impact of operational parameters (i.e., feed flow velocity 

and vacuum level) on distillate flux and salt rejection. 

c. Evaluate the impact of Fe-CNTs membrane parameters (i.e., Fe-NP 

concentration and layer thickness) on distillate flux and salt rejection. 

d. Evaluate the performance of salinity feed (35-100 g/L sodium chloride) 

on distillate flux and salt rejection. 

e. Simulate the proposed desalination process using CFD to evaluate its 

limitations and potential. 

f. Evaluate the ability to scale up the RF-MD system using the similar 

CFD simulated approach. 

2. Evaluate scaling mitigation in RF heated MD system including a thermally 

conductive magnetic membrane.  

This objective includes: 

a. Assess the influence of RF heating on CaSO4 scaling in terms of 

distillate flux and crystal formation compared to conventional MD 

systems. 

b. Propose a scaling mitigation mechanism. 

c. Evaluate the impact of CaSO4 ions concentration on distillate flux and 

scaling. 

d. Evaluate the impact of feed flow velocity on distillate flux and scaling. 

e. Evaluate the impact of the concentration factor on distillate flux and 

scaling. 
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f. Determine treatment and scaling behavior of simulated RO brine in the 

proposed RF-MD system. 

3. Assess the use of ‘self-heating’ thermally conducting feed spacers exposed to 

the RF altering magnetic field to overcome TP, CP, and lower the elevated 

energy required for heating the bulk feed solution, and the heat losses associated 

to the MD. 

 This objective includes: 

a. Evaluate the ability of conductive spacers to be heated under RF-IH and 

measure the received power by spacers. 

b. Evaluate temperature distribution of RF-IH spacers in flow process. 

c. Evaluate the impact of operational parameters (i.e. feed flow velocity, 

vacuum level, and received workpiece power) on distillate flux and salt 

rejection.  

d. Evaluate the impact of spacer’s physical properties and orientation on 

distillate flux. 

e. Simulate the RF heated spacers using CFD to evaluate heating process 

and calculate the TP coefficients. 

In general, the results of this research will advance the understanding of self-heating-based 

MD processes. In particular, this research will produce understanding of the role of radio 

frequency electromagnetic field, as a heat source for MD distillation, on distillation 

efficiency and eliminating MD limitations. To the best of our knowledge, this research 

introduces induction heated MD process for the first time as a novel MD design. 
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Therefore, the results of this research will produce the following outcomes: (1) An 

understanding of the ability and advantage of IH to treat solutions with high salinity; (2) 

An understanding of the influence of operating conditions and magnetic components’ 

properties on water flux and rejection in IH-MD; (3) A quantification of how IH-MD 

mitigates scaling; (4) An evaluation of the overall efficiency and cost assessment of IH 

based MD technology in terms of heating energy consumption per kg of distillate, permeate 

flux, and salt rejection in comparison to other common desalination technology.   

Overall, this research will assess the potential and the ability of IH-MD technology to treat 

highly contaminated wastewater and optimize the system to effectively treat high salt 

concentration wastewater or brine, specifically for applications that require high salinity 

distillation where pressure-based applications such as RO cannot be used. The knowledge 

gained here will provide information for addressing other industrial applications as well, 

e.g. concentrating solution or treating contaminated wastewater.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction  

In this chapter, a literature review is dichotomized into two parts. First part includes a brief 

description of membrane distillation process along with its governing transport phenomena 

and configurations, TP and its observed effects on MD processes, effect of membrane 

properties and operational parameters on MD processes, and finally membrane fouling in 

MD processes. The second part aims to summerize recent advances made to mitigate TP 

in MD systems and assess their influence on distillation efficiency. We include a brief 

description of recent advanced MD processes from the aspects of low or negligible TP, 

high distillate flux, and improved energy efficiency. 

2.2 Principle of MD Process 

The MD process includes a microporous hydrophobic membrane in direct contact of an 

aqueous warm feed solution on one side in which the hydrophobicity of the membrane 

hinders the diffusion of liquid phase molecules (as shown in Figure 2.1). The vapor-liquid 

interface is generated at the entrance of membrane pores due to the temperature gradient 

across the membrane. Then, evaporated volatile compounds at the high vapor pressure 

penetrate through the membrane pores and migrate to the low-pressure side. On the low 

pressure side of the membrane (i.e. permeate side), vapor molecules are collected and 

condensed as the aqueous permeate of the system [22,25–27,55,56].  
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Figure 2. 1. Schematic illustration of membrane distillation process and different 

approaches for the conventional MD process: DCMD, AGMD, SGMD, and VMD 

2.2.1 Membrane Distillation Configurations 

Based on incentive methods of vapor pressure gradient through the membrane and 

removing transported vapors from the distillate side, MD processes are classified into four 

basic configurations (Figure 2.1): DCMD, AGMD, SGMD, and VMD [25,27,41,55]. The 

following section describes these configurations along with some of their advantages and 

disadvantages. 

2.2.1.1 Direct Contact Membrane Distillation (DCMD) 

In DCMD process, as shown in Figure 2.1, the temperature gradient through the membrane 

is resulted from direct contact of a low temperature aqueous solution with the permeate 

side of the membrane, leading to the vapor pressure difference. Accordingly, volatile 

molecules vaporize and move into the membrane pores, then, vapors are condensed at the 

permeate side. Even though DCMD is widely used configuration due to its simplicity, it 

has large conductive heat losses due to the continuous and direct contact between hot feed, 

membrane, and the permeate cold side [21,25,26,41,56,57].  
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2.2.1.2 Air Gap Membrane Distillation (AGMD) 

AGMD process includes a thin stationary air layer between the membrane and the 

condensation surface (i.e., the distillate side). The transported vapors across the membrane 

proceed as well through the air gap and consequently condense on the cooling surface 

[25,41] (Figure 2.1). The main advantages of this relatively difficult module are less 

conduction heat loss and pore wetting risk on the distillate side. On the other hand, the air 

layer increases the mass transfer resistance and so decreases the distillate flux [58,59]. 

2.2.1.3 Sweeping Gas Membrane Distillation (SGMD) 

In SGMD process, an inert gas stream is utilized to sweep and gather the vapor molecules 

at the permeate side of the membrane (Figure 2.1). Then, collected vapors are condensed 

with an exterior condenser [25,41]. The benefit of this module in comparison to the AGMD 

is that the air gap is not stagnate that improves the mass transfer coefficient. In addition, 

this module has low thermal polarization and no pore wetting risk. However, due to the 

demand for large condenser, the equipment cost is increased [41,59]. 

2.2.1.4 Vacuum Membrane Distillation (VMD) 

In VMD configuration, as shown in Figure 2.1, a pump is utilized to provide enough 

vacuum in the permeate side and then vapors eventuate in condensing outside of the 

membrane module. As a result, conduction heat loss of this configuration is low in 

comparison to other configurations. Compare to the other MD configurations, VMD can 

deliver higher distillate flux. Similar to SGMD, this configuration with low thermal 

polarization requires separate condenser and vacuum [22,59].  
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2.2.2 Heat Transfer in MD Process  

MD technology is based on the fact that the temperature gradient between the feed and 

distillate results in heat transfer from the membrane’s hot side to its cold side, and 

subsequently, a phase transition from liquid to vapor on the membrane’s feed side surface. 

Heat transfer occurs through three regions: the feed boundary layer, the membrane, and the 

permeate boundary layer (Figure 2.2). The heat transfer through the feed boundary layer 

(Qf, Eq. 2.1) is based on convection as the bulk feed solution temperature (Tf) is higher 

than the interfacial temperature of the feed side and membrane (Tfm) and can be described 

by Eq. 2.1 [25,60]: 

Qf = hf(Tf − Tfm)                                                                  Eq. 2.1 

Where hf is the feed convective heat transfer coefficient.  

The heat transfer into the membrane (Qm, Eq. 2.2) is based on both conduction (Qcm) and 

latent heat of vaporization (Qv), while the effect of mass transfer on the heat transfer can 

be neglected [25].                         

Qm = Qcm + Qv =
km

𝛿𝑚
(Tfm − Tpm) + J∆Hv                         Eq. 2.2 

Where 
km

𝛿𝑚
 and Tpm are the membrane’s heat transfer coefficient and the temperature of the 

membrane’s surface in the permeate side, respectively. km and 𝛿𝑚  are thermal conductivity 

and thickness of the membrane, respectively. J and ∆Hv are transmembrane flux and 

evaporation enthalpy of water, respectively [21,25]. Finally, heat transfer within the 

permeate side (Qp, Eq. 2.3) is based on convection using convective heat transfer 

coefficient (hp), as Tpm is higher than the temperature of the permeate side (Tp) [25]. 

Qp = hp(Tpm − Tp)                                                             Eq. 2.3 
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It is worth mentioning that the convection heat transfer of the permeate side in a VMD 

process can be ignored due to the vacuum pressure applied at the permeate side of the 

membrane [36,61]. 

At steady-state condition, the heat transfer through all three regions is equal to the overall 

heat transfer (Q) (Eq. 2.4 and 2.5) [25,36]:  

Q = Qf = Qm = Qp                                                             Eq. 2.4 

H(Tf − Tp) = hf(Tf − Tfm) =
km

𝛿𝑚
(Tfm − Tpm) + J∆Hv = hp(Tpm − Tp)              Eq. 2.5 

Where H is the overall heat transfer coefficient and can be described based on the thermal 

resistance series model (Eq. 2.6) [25,36]: 

1

H
=

1

hf
+

1
𝑘𝑚
𝛿𝑚

+
J∆Hv

(Tfm−Tpm)

+
1

hp
                                                 Eq. 2.6 

As the surface temperature of both sides of the membrane (Tfm and Tpm) cannot be 

calculated or measured experimentally, an iterative mathematical model has been defined 

to assess these temperatures using Eq. 2.7 and 2.8 [25,62]:  

Tfm = Tf −
J∆Hv+

km
δm

(Tfm−Tpm)

hf
                                              Eq. 2.7      

Tpm = Tp −
J∆Hv+

km
δm

(Tfm−Tpm)

hp
                                            Eq. 2.8    

Accordingly, higher convective heat transfer coefficients across the feed and permeate 

boundary layers (hf and hp) increase the values of Tfm and Tpm to the extent of Tf and Tp 

values, respectively. 
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2.2.2.1 Temperature Polarization 

Temperature polarization (TP) describes a condition in which the temperature of the bulk 

feed solution differs from the membrane’s interface temperature. TP is considered as a 

critical factor of the MD process with severe impact on flux reduction [63]. During the 

evaporation of water at the membrane’s surface, the latent heat of evaporation cools down 

the liquid. Thus, the interfacial temperature of the feed side is lower than the temperature 

of the bulk feed solution [63]. The lower temperature at the membrane-water interface 

leads to a decrease in driving force as vapor pressure is exponentially related to 

temperature, according to Antoine’s equation [50,64–66]. In this regard, Figure 2.2 

describes the temperature profiles for the condition where fluids are in direct contact with 

both sides of the membrane, a hot liquid on the feed side, and a cold liquid on the distillate 

side (i.e., DCMD process). As shown in Figure 2.2, thermal boundary layers are formed on 

both sides of the membrane as water evaporation occurs at the feed side of the membrane’s 

surface and condensation at the distillate side of the membrane’s surface. Therefore, 

temperatures at the membrane-liquids interfaces vary from the bulk temperatures of feed 

and distillate streams. As a result, the effective temperature gradient of two sides of the 

membrane (Tfm-Tpm) is lower than the temperature difference between the bulk solutions 

(Tf-Tp), leading to a loss of driving force. The extent of temperatures’ gradients determines 

the intensity of TP. TP can impact the performance of MD processes in terms of distillate 

flux and energy efficiency [45,67]. It has been shown that due to the temperature difference 

between the bulk feed solution and the membrane interface, the non-isothermal boundary 

layer in the vicinity of the membrane surface leads to a decrease in driving force, 50-80% 

decrease in water vapor mass transfer, and consequently lower distillate flux [60]. In 

addition, the developed thermal boundary layer decreases the thermal efficiency of MD as 
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it increases heat loss through the membrane, thus, increasing the energy needed to achieve 

stable distillate flux along the membrane length [25,63,68,69]. 

Operating conditions in both sides of the membrane (i.e., flow velocity, module design, 

spacers, and fluid properties) and membrane properties (i.e., porosity, permeability, 

thickness, and thermal conductivity) were shown to influence TP by impacting mass and 

heat transfer. For example, laminar flow conditions with low mixing, high salt 

concentration, and high feed temperature were determined to increase TP [45,62] as well 

as membranes with higher thermal conductivity, higher permeability, and lower thickness 

[70]. The thermal conductivity of membranes is influenced by the membrane’s porosity 

[71]. Higher porosity and relatively larger pore size decrease heat loss across the membrane 

and consequently increase the driving force, flux, and energy efficiency [70,72]. In addition 

to the membranes’ physical properties, enhanced feed flow, i.e., an increase of feed flow 

rates and therefore mixing near the membrane’s surface, led to a decrease in the thermal 

boundary layer thickness and reduced TP [73]. Furthermore, according to Eq. 2.7 and 2.8, 

higher convective heat transfer coefficients of the feed and permeate (hf and hp), which can 

be obtained by increasing the flow velocity and mixing, increase Tfm and Tpm  to values 

close to Tf and Tp, respectively, and thus, lead to a lower TP and higher MD efficiency. 

Commonly used strategies to reduce TP include higher feed flow velocities and the addition 

of turbulence promoters such as feed spacers [74–76] and corrugated feed channels [77–

79]. The recent advancements in MD technology targeted to eliminate TP are discussed in 

section (2.6). 
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Figure 2. 2. Illustration of heat transfer and TP mechanisms in the MD system. 

2.2.2.2 Temperature Polarization Coefficient (TPC) 

As the thermal boundary layer is considered one of the restraining factors of heat transfer 

efficiency, temperature polarization coefficient (TPC) is used to quantify the degree of 

boundary layer resistance versus the total heat transfer resistance, as so, it can be used as a 

valuable tool for assessing and designing MD systems [80]. Generally, TPC is related to 

the feed convective heat transfer within the thermal boundary layer of the feed side. TPC 

can be described by the ratio of surface temperature gradient through both sides of the 

membrane to the temperature gradient of the bulk [22,25,45,55,80] (Eq. 2.9). 

TPC =
Tfm−Tpm

Tf−Tp
                                                               Eq. 2.9 

Where Tf and Tp are the bulk temperature of feed and permeate solutions, respectively, and 

Tfm and Tpm are the temperature of feed and distillate fluids at the membrane interface, 

respectively.  

Depending on the impact of the thermal boundary layer on the heat transfer resistance, TPC 

ranges between 0 and 1. When TPC approaches 0, MD is limited by heat transfer in the 



 

16 
 

feed side through the thermal boundary layer and TP is notable, indicating an inadequately 

designed system. However, when TPC value converges to 1, the process is limited by mass 

transfer through the membrane, leading to less impact of TP, which typically indicates a 

well-designed system [60].  

In order to measure the influence of TP in VMD systems, a slightly different equation was 

presented using Eq. 2.10 [36,60]: 

TPC =
Tfm

Tf
                                                               Eq. 2.10 

Based on the Eq. 2.10, when Tfm approaches the feed bulk solution temperature (Tf), i.e., 

at insignificant TP, the TPC value is closer to 1, whereas TP is notable when TPC value 

reaches zero as Tfm is much smaller than Tf  [36,60]. 

Overall, TPC can be used as a tool for analyzing the behavior of MD systems. In 

conventional MD systems, TPC values vary between 0.4 and 0.7 [22,25,55,80], 

corresponding to 60% and 30% dissipation of the bulk temperature gradient (i.e.,  Tf −

Tp) in the thermal boundary layers, respectively [80].  

2.3 Membrane Characteristics 

The appropriate selection of membrane, as a physical support for a liquid-vapor interface, 

used in MD process is vital. The membrane must fulfil several requirements concurrently. 

The presence of only the vapor phase in the membrane pores is an inevitable condition for 

MD, therefore, hydrophobicity of the membrane has a critical role in this process [81]. In 

this manner, a wide variety of polymers such as polytetrafluoroethylene (PTFE), 

polyvinylidene fluoride (PVDF), and polypropylene (PP) are accessible to prepare 

membrane in the flat sheet or tubular form [22,25,81]. Generally, the membrane in the MD 

system should have low thermal conductivity, low mass transfer resistance, and good 
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thermal stability for intense temperatures along with excessive chemical resistance to feed 

solutions such as acids and bases [25]. 

2.3.1 Membrane Porosity and Tortuosity 

Membrane porosity is defined as the vacant volume fraction of the membrane which can 

be determined by dividing the volume of the pores over the total volume of the membrane. 

Higher porosity of membranes displays larger surface area for evaporation. In general, 

regardless of the type of MD configuration, membranes with high porosity have more 

distillate flux as well as lower conductive heat loss. Porosity of MD membranes is between 

30 and 85% [22,25,26]. 

Tortuosity (τ) is the aberration of the pores from the cylindrical structure. High tortuosity 

value leads to the lower distillate flux due to the vapor molecules permeation into tortuous 

paths, thus, the MD membrane permeability is inversely in proportion to the membrane 

tortuosity [25,26]. In most theoretical models in MD studies, a value of 2 is frequently 

considered for membrane tortuosity factor to predict the transmembrane flux [80].  

2.3.2 Membrane Pore Size and Pore Size Distribution 

The membrane pore size in MD systems varies typically between 0.05 μm and 1 μm. While 

the increase of pore size causes higher distillate flux, it can lead to liquid penetration into 

the membrane pores and reduce membrane selectivity. Therefore, depending the feed 

solution and operational conditions, the optimum value is required to be determined 

[25,70]. In general, in order to balance between the distillate flux and low liquid 

penetration, membrane with pore diameter of 0.3 μm is recommended. For VMD 

configuration, a smaller pore size (0.1 to 0.2 μm ) is more effective since this configuration 

is more sensitive to wetting [70]. 
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Membranes basically have a pore size distribution rather than an invariable pore size[26]. 

It has been shown that the narrow pore size distribution is more effective for membranes 

used in MD processes [82] while some studies showed that the influence of pore size 

distribution on permeate is insignificant for DCMD [72,83]. Therefore, it is recommended 

to utilize membranes with a small pore size distribution to decrease the risk for liquid 

penetration as much as possible, while still attaining the most possible distillate flux [70]. 

2.3.3 Membrane Thickness 

In the MD system, the membrane thickness is an important characteristic which does not 

have straightforward role. In other words, the distillate flux reduces as the membrane 

becomes thicker due to the increase of mass transfer resistance, while thinner membranes 

undergo more energy losses because of higher conduction heat through the thin membrane. 

Therefore, an optimal thickness should be considered in order to obtain highest mass 

transport while reducing heat losses [25,70]. Eykens et al. [84] determined that for feed 

solutions with salinity ranging from 3 wt% up to 24 wt%, an optimal membrane thickness 

is in the range of 2–739 μm.  

2.3.4 Wetting Resistance 

The wetting resistance of membranes in MD processes is evaluated by the liquid entry 

pressure (LEP), which is the minimum pressure required to make the membrane wet. 

Membrane characteristics and feed composition have significant influence on the LEP 

which can be calculated by the Laplace equation (Eq. 2.11):  

LEP =  
−2 βγl cos θ

rmax
                                                        Eq. 2.11 

Where γl is the surface tension of the liquid, θ is the contact angle, 𝑟𝑚𝑎𝑥is the maximum 

pore size, and β  is a geometric factor [70]. Therefore, based on the equation (Eq 2.11), 
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membranes with high hydrophobicity (high contact angle), small pore size, low surface 

energy, and high surface tension for the feed solution have a high LEP value. The 

maximum recommended pore size to avoid wetting is between 0.1–0.6 μm [25]. It is worth 

mentioning that a small pore size causes low membrane permeability which confirms the 

necessity of a tradeoff between the high LEP and the high distillate flux by considering a 

proper pore size and pore size distribution [80]. Furthermore, in VMD, small pore size is 

recommended since the possibility of liquid penetration into membranes’ pores in VMD is 

higher than other MD configurations [25]. 

2.3.5 Thermal Conductivity 

In MD system, membrane material should have low thermal conductivity in order to reduce 

the heat loss by conduction through the membrane. Generally, higher thermal conductivity 

causes lower energy efficiency and distillate flux. The thermal conductivity of PTFE, PP, 

and PVDF polymers are in the range of 0.25–0.27, 0.11–0.16, and 0.17–0.19 W/m. K, 

respectively, at 23 °C [85]. Therefore, most hydrophobic membranes’ thermal conductivity 

are close to each other and ranges from 0.04 to 0.06 W·m−1·K−1 depending on their porosity 

[80]. Porosity has important effect on the thermal conductivity of porous membranes while 

an increase in porosity leads to a decrease in thermal conductivity [70].Al-Obaidani et al. 

[23] calculated the reduction of distillate flux up to 26% and thermal efficiency up to 50% 

by increasing thermal conductivity from 0.1 to 0.5 W·m−1·K−1 in DCMD.  

2.3.6 Chemical and Thermal Stability 

Chemical stability of the membrane has an important influence on its long-term operation. 

Membrane surface structure could be affected by any reaction between membrane material 

and the solution. Therefore, high chemical stability of membranes is required for MD 

http://www.sciencedirect.com.libproxy.temple.edu/science/article/pii/S0376738808005577#%21
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process [86]. Furthermore, thermal stability is another important property of membrane 

material in MD systems as MD is thermally driven process and the membrane is in direct 

contact with high temperature solution. For amorphous polymers, over glass transition 

temperature (i.e., Tg), the polymers’ properties change significantly. For example, Tg of 

PTEF membrane is 126 oC which indicates high thermal stability of this membrane in MD 

systems. Generally, the factors that increase the Tg of the membrane can improve both its 

chemical and thermal stability. Therefore, in conformity with long term stability, 

membrane with suitable Tg should be utilized [86]. 

2.4 Operating Parameters 

This section includes the effect of fundamental operating variables on the distillate flux in 

MD systems. 

2.4.1 Feed Solution Temperature 

The influence of the feed solution temperature on distillate flux has been extensively 

investigated in the different MD configurations [56,64,65,87–91]. It has been proved that 

the feed solution temperature has a significant effect on increasing distillate flux as the 

vapor pressure increases exponentially with temperature based on Antoine equation [27]. 

In addition, based on Srisurichan et al. work [91], the mass transfer coefficient through the 

membrane increases by working at high temperature since diffusivity and temperature have 

direct relation. Therefore, higher distillate fluxes can be obtained at higher temperatures in 

MD process, while higher temperatures need higher heating energy consumption and 

increase TP effects. 
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2.4.2 Feed Inlet Concentration 

As it is well acknowledged, MD can be utilized for the treatment of extremely concentrated 

solutions without encountering the large decline in the permeability in contrast to the other 

desalination processes as RO [26]. However, in MD systems, the partial vapour pressure 

decreases by increasing the feed inlet concentration according to Raoult’s law (Eq. 2.12), 

leading to decreases of the MD process driving force [26,92].  

Ps = (1 − Xi)Pv                                                                Eq. 2.12 

In which Xi is the solute mole fraction in the liquid, Pv is the pure water vapour pressure at 

the feed temperature, and Ps is the partial water vapour pressure at the same temperature 

[93]. Qtaishat et al. [93] showed about 12% decline in distillate flux by increasing the feed 

(NaCl) concentration from 0 to 2 Molar.  

2.4.3 Feed Flow Velocity 

Feed flow velocity is one of the important operating parameters in MD processes. It has 

been shown that the elevated feed flow velocity results in increasing the heat transfer 

coefficient and mixing in the feed side and decreasing TP and CP, leading to higher MD 

distillate flux [26]. Ferna et al. [94] demonstrated that operating under turbulent flow 

regime, which can be obtained in higher flow velocity, resulted in reaching a higher 

productivity. At higher flow rates, the temperature at the membrane surface reaches close 

to the bulk feed temperature that will be followed by higher transmembrane temperature 

difference [26].  

2.5 Fouling  

While fouling in the MD process is less than fouling in conventional pressure-driven 

membrane separations (i.e., RO), similar to all other membrane processes, membrane 
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fouling in MD has been known as an important challenge. Fouling decreases the membrane 

process efficiency by decreasing the distillate flux over time and changing membrane pore 

structure along with surface properties, leading to wetting of membrane pores [46,47]. 

Inorganic fouling (i.e., scaling) and organic fouling are main types of fouling in MD 

process that may block the membrane pores and subsequently decrease the distillate flux. 

Decrease of distillate flux due to the membrane biofouling which occurs in the other 

membrane processes as NF, UF, and RO, does not happen in such intensity in MD process 

because of its operating conditions. The high temperature and salinity of MD process can 

inhibit the extensive microbial growth, leading to decrease of the biofouling impact.  

In MD systems, scaling by precipitation and accumulation of inorganic soluble salts such 

as CaSO4 and CaCO3 is known as a critical problem by hindering of water vapor diffusion 

across the membrane [48–50]. In addition, scale layers on the membrane surface can 

intensify the effects of TP and CP in MD, thus reducing the active surface of membrane 

for water evaporation and so notably decreasing water flux [51,52]. The water composition, 

flow velocity, degree of supersaturation, and temperature have been recognized as 

governing factors for scale formation rate [95,96]. Controlling and removing CaSO4 scaling 

was shown difficult in comparison to CaCO3 [53]. While CaCO3 typically precipitates and 

adheres to heat exchangers and tubing prior to entering the filtration module, CaSO4 was 

shown to form suspended crystals that may reach the membrane surface and deposit on it 

as scaling [54]. Nghiem et al. [96] showed that membrane scaling occurred by CaSO4 was 

comparatively higher than scaling by CaCO3 and led to distillate flux decline by up to 92% 

following a 40 h experiment [96]. In addition, the elevated feed solution temperature, 

which is required for MD processes, was shown to increase the rate of CaSO4 
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crystallization [97] (i.e., inverse solubility at T>50 °C [53,98]). Up to now, multiple MD 

studies have been done on controlling and limiting membrane scaling [30,96,98–103], 

leading to control and treatment pathways, including membrane surface modification, pre-

treatment of the feed solution, and finally membrane descaling and cleaning through 

chemical treatment [104–108]. Despite a large number of studies on MD scaling, limited 

work has been done on MD scaling of high saline water, such as found in RO brines or 

produced water.  

Furthermore, in terms of organic fouling, natural organic matter (NOM) has been known 

as one of the major sources of distillate decline [109]. NOM includes low molecular weight 

(LMW) to high molecular weight (HMW) organic compounds, measured as a dissolved 

organic carbon (DOC). In seawater, humic materials are the main components of NOM, in 

addition to the protein, carbohydrates (containing polysaccharides), and a range of acidic 

and LMW species [110]. However, fouling by humic substances in MD process was shown 

to not be harsh compared to RO process (i.e. osmotic pressure-based separation), mostly 

due to the driving force differences which is vapor pressure in MD [111]. Operating 

conditions, feed solution and NOM composition, and membrane characteristics have been 

shown to impact organic fouling in MD systems [112]. It was shown that the thermal 

heating process of MD can influence humic characteristics as it disaggregates the humics 

to lower molecular size substances or other organics [113].  

2.6 Recent Advanced MD Systems for Overcoming Temperature Polarization 

Preface: The contents of this section are in part based on a published review article in 

Journal of Membrane Science: Anvari, A., Yancheshme, A.A., Kekre, K. M., Ronen, A., 
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"State-of-the-art methods for overcoming temperature polarization in membrane 

distillation process: A review", Journal of membrane science (2020): 118413 [114]: 

Here, we present recent advancements in MD technology targeted to lower or eliminate 

TP. These are categorized into three sections and include advanced membranes, flow 

promoters, and self-heated MD systems.  

2.6.1 Membrane Modification 

MD separation processes include a hydrophobic microfiltration membrane designed to 

enable water vapor movement while preventing liquid transport through the membrane. As 

described in the previous section, membrane properties play a vital role in distillation 

efficiency. These include the membrane’s physical characteristics, selectivity, membrane 

surface-vapor molecules interactions, and thermal properties along with their subsequent 

effects on both temperature polarization and mass transfer. In the last decade, multiple 

approaches have been used to modify MD membrane surfaces, including grafting 

macromolecules on the membrane surface, blending polymers and nanomaterials, and 

coating the membrane’s surface [115–121]. These are noted as they are relatively common 

and designed to enhance MD performance (e.g., permeability and selectivity) but were not 

specifically tailored to mitigate TP. Membrane modifications designed to reduce TP are 

presented in this section. 

Recently, nanostructured membranes were developed to enhance MD efficiency [122–

129]. Among nanomaterials, carbon-based nanoparticles (CNPs) with high thermal 

conductivity such as carbon nanotubes (CNTs) and graphene, have an important role in 

decreasing TP and enhancing MD performance. Coating polymeric membranes with a 

CNPs layer increases the thermal conductivity across the membrane surface (i.e., surface 
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plane) without impacting the thermal conductivity of the bulk membrane, resulting in 

reduced heat losses. 

CNTs have high thermal conductivity (about 103 W/m. K based on their structure [130]) in 

addition to various chemical functional groups [131] that may provide mass transport 

pathways through the membrane. Only lately (i.e., in the last seven years), membranes 

modified by CNTs have been used as part of MD systems to improve desalination 

performance by lowering TP and increasing distillate flux [122,126,127,132–134]. Roy et 

al. (2014) [134] tested a dual-layered hydrophilic-hydrophobic membrane as part of a 

DCMD system. The fabricated composite membrane had a hydrophilic layer based on 

carboxylated functionalized multiwall CNTs (CNT-COOH) immobilized on a hydrophobic 

polypropylene support membrane. The top hydrophilic layer was thermally conducting and 

functioned as an extra barrier to reduce heat and energy losses [134] while simultaneously 

increasing membranes’ selectivity by decreasing the hydrophobic layer pore wetting [135–

137]. While TP is not directly discussed in this work, the thermally conductive layer 

resulted in high distillate flux, about 51.5% higher than the unmodified membrane, and 

improved the thermal stability of the membrane.  

In terms of TP reduction, Bhadra et al. (2016) [132] addressed the impact of a thermally 

conductive CNTs layer on the enhancement of the liquid temperature at the membrane’s 

surface. Hydrophobic octadecyl amine CNTs (CNT-ODA) were immobilized on the feed 

side of the membrane and hydrophilic CNT-COOH on the permeate side of the membrane 

(Figure 2.3a) [132]. CNT-ODA improves water vapor adsorption by making polar-polar 

interactions through carbonyl and amine groups, and simultaneously it increases salt ions 

rejections by repelling liquid solution as the CNT-ODA has a hydrophobic nature. The 
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presence of the hydrophilic CNT-COOH on the permeate side resulted in the interaction of 

the COOH group with water vapor molecules, leading to faster water vapor desorption and 

more distilled water production. In addition, the high thermal conductivity of CNTs on 

both sides of the membrane surface enhanced Tfm and diminished Tpm (i.e., the temperature 

of the feed and distillate fluids at the membrane interface), while the overall thermal 

conductivity of the hydrophobic membrane remained low as CNTs did not entirely fill the 

pores. Overall, TP reduction in addition to enhancing water vapor interactions as a result 

of the CNTs layer resulted in up to 70% increase in distillate flux in comparison to a 

conventional membrane and 37% increase in comparison to a modified membrane with 

CNTs immobilized only at the feed side. 

In addition, graphene oxide (GO) modified membranes have been used in MD as well, 

[124,125,138] as GO nanoparticles have relatively high thermal conductivity (about 5000 

W/m. K). GO coating has not been widely assessed for MD applications [124,125,138], 

and the current research mainly addresses the hydrophilic nature of GO, resulting in better 

water molecules and membrane surface interactions and thus increased flux (Figure 2.3b). 

Graphene has water vapor sorption sites through hexagonal honeycomb lattices containing 

sp2-bonded carbon atoms in addition to the polar functional groups (i.e., hydroxyl and 

carboxyl), leading to improved interactions between the membrane and water vapor and 

consequently enhanced water vapor flux. Furthermore, the hydrophilicity of GO was 

shown to decrease the interactions between GO and foulants, resulting in lower fouling of 

GO modified membranes and, consequently, higher flux [139,140]. In addition, GO with 

hydroxylated and carboxylated carbon atoms was shown to have selective sieving of water 

and salt ions [124,141]. Besides interaction with water molecules, TP reduction mechanism 
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of GO layer is similar to CNTs and based on providing a thermally conductive layer on top 

of the polymeric film. TP reduction and selective sorption of water vapors by the GO layer 

led to an increase in distillate flux up to 64% in comparison to a pristine membrane [124]. 

 

Figure 2. 3. (a) CNTs bilayered membrane and water vapor transport mechanism 

(Reprinted with permission from Ref. [132], Copyright (2016) American Chemical 

Society); (b) GO membrane and water vapor transport mechanism (Reprinted from Ref. 

[124]). 

 

A novel approach to mitigate TP is by coating the membrane’s surface by photonic 

nanomaterials [142–144] that can emit heat when exposed to varying wavelengths of 

radiation (visible, UV, and IR). While these modified membranes reduce TP, they still 

require a preheated feed solution and, therefore, are not considered as ‘self-heated’ 

systems, which are further discussed in section 2.6.3.1. 

Politano et al. (2017) [142] used flat PVDF microporous membranes incorporated with 

silver (Ag) nanofillers to overcome TP and thermal boundary layer effects. By exposing 

the membranes to UV irradiation at a wavelength around the Ag NPs’ plasmonic intensity 

(366 nm), they are converted to nano-heaters. This resulted in elevated temperature of the 

membrane-water interface and a TPC of unity (i.e., 1.065) [142]. In addition, the produced 

thermal energy of Ag NPs increased the outlet feed temperature by up to 4 oC more than 
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the inlet feed temperature, while for the pristine membrane, the outlet temperature was 

lower than the inlet as a result of heat losses along the membrane length [142]. Therefore, 

the presence of UV activated Ag NPs as nano-heaters on the hydrophobic membrane 

surface leads to a decline in TP and enhanced distillate flux up to 11 times higher than 

pristine membrane under no irradiation condition (i.e., distillate flux of 25.7 kg/m2.h for 

Ag coated PVDF membrane under UV irradiation compared to the distillate flux of 2.2. 

kg/m2.h for the pristine PVDF membrane without irradiation). In addition to Ag NPs, 

antimony doped tin oxide (ATO) NPs have been blended with hydrophobic PVDF 

membranes to increase the surface temperature of the membrane under IR radiation (Figure 

2.4a). Owing to the high light absorption properties of ATO NPs, a PVDF/ATO hybrid 

nano-fiber membrane was successfully used to reduce TP by heating the solution at the 

membrane-water interface. This was done in addition to preheating the bulk solution up to 

70 oC [144]. Similar to photonic Ag NPs, the heat produced by the hybrid membranes 

elevated the surface temperature of the membranes by up to 13 °C, leading to increased 

TPC values higher than unity (i.e., 1.161). Distillate flux analysis revealed that ATO NPs 

increased the permeate flux by 200% while the mechanical strength and porosity of the 

hybrid membranes declined [144]. Even though the results proved the possible application 

of these membranes for enhanced seawater desalination using solar energy, the system was 

not proven to be energetically preferred as it still requires preheating of feed solution to 70 

oC in addition to the IR irradiation (100 W).  

Besides NPs, novel 2-D metal hybrid materials with advanced properties may be used for 

mitigating TP. For example, MXene is a 2D metal hybrid (Figure 2.4, b1 and b2) with 

excellent thermal properties, photonic absorption, and semiconducting properties [145], 
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which make it practical for heating by irradiation and therefore TP reduction [146]. The 

photothermal efficiency of MXene over NPs was proven by exposing a MXene-coated 

PVDF membrane to one min of 50 W LED light (equal to 5.8 kW/m2), resulting in an 

increase in surface temperature by up to 49 oC (Figure 2.4, b3). While the MXene coated 

membrane showed photonic conversion efficiency of around 43%, the increased distillate 

flux was not significant (around 10%) [146] as a result of the additional coating layer and 

the increased mass and heat transfer resistances. To increase the flux and obtain similar 

efficiency as the pristine PVDF membrane under similar conditions, the feed solution was 

preheated to 65 oC. 

 

Figure 2. 4. (a) Schematic diagram of PVDF/ATO membranes, including IR irradiated and 

SEM images (Reprinted from Ref. [144], Copyright (2019), with permission from 

Elsevier); (b) FESEM images of MXene coated PVDF membrane: (b1) surface and (b2) 

cross-section and (b3) IR thermal image of MXene-coated PVDF membrane after 1 min of 

light irradiation (average initial temperature of 22 oC) (Reprinted from Ref. [146], 

Copyright (2018), with permission from Elsevier). 

2.6.2 Flow Promoters 

Another approach to reducing TP is by enhancing the characteristics of the feed flow, 

including flow rates and stream turbulence. While efficient, increasing flow rates is not 

energetically favorable, as more energy must be utilized to provide higher flow rates. In 
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addition, high flow rates may lead to internal pressure in the flow channel, exceeding the 

liquid entry pressure (LEP) of the hydrophobic membrane and leading to a decrease in 

membrane selectivity [147,148]. Furthermore, high flow rates may lead to high shear stress 

and eventually cause physical damage to the membrane’s active layer [147]. To overcome 

flow rate limitations, frame-like turbulence promoters (i.e., feed spacers) have been 

demonstrated as alternative methods to improve flow characteristics, resulting in reduced 

TP and enhanced MD performance [149,150].  

Spacers are used to improve the mixing in the vicinity of the membrane’s surface, leading 

to a reduction in the thermal boundary layer thickness [74,151,152] and an increase in the 

distillate flux by enhancing the heat transfer coefficient, i.e., decreasing TP [76,153]. 

Although the presence of feed spacers may also lead to a pressure drop in the filtration 

channel, as a result of kinetic losses by directional changes of the flow and drag produced 

by the spacer, the lower TP and higher distillate flux were shown to overall decrease the 

specific energy requirement and subsequently improve the energy efficiency of MD 

systems [147]. Spacer’s orientation along with its geometric properties (e.g., spacer 

porosity (ε), filament diameter (d), and filament distance (H) (Figure 2.5a)) were 

determined to have a significant effect on the mass and heat transfer and consequently 

distillate flux values [151,154–160]. 

The influence of spacers on TP and the overall MD performance has been evaluated using 

both experimental work and numerical simulations. For example, Kim et al.[147] evaluated 

five types of polymeric non-woven net feed spacers, with varying mesh sizes and porosity. 

Results show a maximum of 43% increase in distillate flux by utilizing the thinnest and 

densest spacer (i.e., high number of thin filaments or lower porosity) in comparison to 
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empty flow channels (i.e. no spacer). The increase in MD performance was determined to 

be a result of the enhanced heat transfer coefficient across the membrane’s boundary layers 

and reduced TP. This was shown to be specifically important for heated feed flows with 

elevated temperature, which typically lead to a more severe TP [147].  

The importance of spacers on controlling the heat transfer coefficient was also addressed 

by Taamneh et al. (2017) [152] using numerical simulations. Results showed that the 

spacers’ filament orientation might increase the average shear stress and heat transfer 

coefficient by up to two times in comparison to an empty feed channel [152]. Figure 2.5b 

shows the results of numerical simulations addressing the heat transfer coefficient (Figure 

2.5, b1) and shear stress (Figure 2.5, b2) for a feed channel with and without a spacer. In 

addition, it was determined that the filament orientation had a notable effect on quantity 

improvements of the heat transfer. Therefore, a higher degree of turbulence and 

consequently, convection heat transfer were achieved with a high angle of filament 

orientation. A 45° orientation of spacer filaments to the flow direction obtained the best 

performance in terms of heat transfer and distillate flux [152]. Similar trends have also 

been shown in additional studies [155,159].  

Recently, three-dimensional (3D) printing technology has been effectively used to design 

optimized feed spacers for enhanced MD systems [161–163]. Thomas et al. (2018) [162] 

utilized 3D printing to fabricate five different triply periodic minimal surfaces (TPMS) 

based spacers (Figure 2.5c) for enhanced MD. TPMS spacers are different than 

conventional polymeric spacers as they have a special design by combining the 

interpenetrating networks and having zero mean curvature, leading to an increase in 

turbulence and decrease TP [164]. Following fabrication, the TPMS spacers were assessed 
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according to their impacts on the heat and mass transfer in a DCMD system. Results show 

that TPMS based spacers led to an increase in distillate flux and heat transfer coefficient 

by up to 60% and 63%, respectively, in comparison to commercial spacers.  

The spacer’s orientation and geometrical properties described above addressed polymeric 

spacers, mainly composed of polypropylene (PP), which are thermally non-conductive. 

However, the spacer material (i.e., metallic or polymeric) was shown to have a significant 

impact on the thermal boundary layer and distillate flux by decreasing TP along the 

membrane length [165,166]. Tan et al. (2019) [166] assessed the impact of two metallic 

feed spacers made of nickel and copper on distillate flux in a DCMD system. Both spacers 

had high thermal conductivity and varying spacer densities (3 mm and 1.5 mm mesh and 

foam, Figure 2.5d). The metallic spacers were able to maintain higher uniform 

temperatures along the surface of the membrane in comparison to a polymeric feed spacer, 

with the highest temperature obtained for the dense metallic foam. Furthermore, the 

metallic foam also reduced the specific energy (i.e., lower input energy per unit amount of 

distillate) of the MD process [166]. This was explained to be a result of the higher spacer 

density, providing higher thermal conductivity and subsequently higher heat accumulation. 

It can be inferred that metallic spacers can effectively improve heat transfer, leading to 

lower TP. However, as distillate flux is still relatively low in comparison to systems with 

polymeric spacers, additional research is required to understand transport phenomena in 

metallic spacer filled channels and to optimize their design to achieve higher distillate flux.  
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Figure 2. 5. (a) Schematic of feed spacer and its structural parameters; (b) Simulation 

results of (b1) heat transfer coefficient (W/m2.K) and (b2) shear stress (Pa) for spacer filled 

channels (left side) compare to the empty channel (right side) (Reprinted from Ref. [152], 

Copyright (2017), with permission from Elsevier); (c) Different configurations of 3D-

printed spacers (Reprinted from Ref. [162], Copyright (2018), with permission from 

Elsevier) (d) SEM image of metallic foam (Reprinted from Ref. [166], Copyright (2019), 

with permission from Elsevier). 

2.6.3 Self-heating MD Systems 

Recently, novel approaches have been developed to directly heat the feed solution on the 

membrane’s surface or in the vicinity of it, to overcome TP and enhance MD performance 

in terms of distillate flux and energy efficiency. In addition to high flux, these systems have 

eliminated the need for expensive heat management resulting from metal corrosion and 

scaling of heat exchangers in the preheating process. In self-heated systems, the feed is 

heated in the membrane module and prevents the need for preheating a large volume of the 
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bulk solution. Heating of the membrane’s surface has been mainly done by photothermal 

heating (solar) and Joule heating (Ohmic heating). In all methods, the inlet feed 

temperature is typically at room temperature or varied between 20-35 oC, which is 

significantly lower than typical MD systems with feed at 60-70 oC. 

2.6.3.1 Photothermal Heating (Solar) 

The use of renewable energy in MD technology has been gaining interest as a potential 

substitute for conventional fossil-fuel energy to minimize energy consumption, cost, and 

environmental footprint. As MD technology can operate at a low-temperature gradient, 

solar heating can be considered as an effective renewable, and environmentally friendly 

heat source for thermal evaporation energy [167–171]. Generally, solar-driven MD 

systems use localized heating to reduce the external energy added to the thermal 

evaporation process. In conventional MD solar systems, the feed solution is heated either 

prior to entering the membrane module using a solar energy collector or directly in the 

membrane module by placing a solar absorber above the feed channel or using 

photothermal nanofluids as the feed solution  [171–177].  

While these approaches are able to decrease the energetic cost, they still produce a 

relatively low distillate flux as they are impacted by TP limitations. Recent solar MD 

systems use localized solar heating based on a photothermal effect to overcome TP. When 

the photothermal material is exposed to light, it generates heat at the membrane-feed 

interface, resulting in water vaporization and a significant decrease in TP. Furthermore, as 

heating is done directly at the membrane surface, no preheating of the bulk feed solution 

by external heaters is required. Figure 2.6a shows a schematic diagram of a solar-driven 

DCMD system.  
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In terms of the developed solar absorbers, photothermal nanoparticles (e.g., silver and 

carbon black NPs) coated on the membrane surface have been used to produce localized 

heating and increase the temperature of the feed solution directly on the membrane surface 

under light irradiation [142,143,178,179]. Politano et al. (2019) [143] presented a metal 

nanostructure modified membranes containing silver nanoparticles (Ag NPs), and 

plasmonic excitation of the Ag NPs under ultraviolet radiation (irradiance of 23 kW/m2) 

was shown efficient in heating the membrane surface and reducing TP. NPs’ size was 

shown to influence the absorption of light so that an optimum NPs’ size should be 

calculated based on the balance between temperature increase and plasmonic absorption. 

Moreover, achieving a homogeneous size distribution and a suitable degree of dispersion 

should be considered during the synthesis of NPs to attain the maximum heating efficiency. 

Ag NPs modified membranes, as described by Politano et al. (2017) [142], require an 

optimum size in the range of 25-35 nm with an average of 31 nm based on the ideal trade-

off between the effects of size on temperature increase and plasmonic absorption. In 

addition to size, NPs’ quantity was shown to impact the heating rate and, consequently, 

interfacial temperature values. The higher quantity of NPs (i.e., higher number density) 

exhibited higher interfacial temperature and TPC values [143]. As a result, hydrophobic 

membranes modified with 25 wt.% Ag NPs showed the best MD performance in terms of 

TPC (i.e., values more than unity, 1.065) and distillate flux (i.e., around 9 to 11 times higher 

than pristine membranes) while the initial feed temperature was 30 °C [143]. While these 

results are encouraging and prove the possible application of solar-heated membranes for 

distillation, their energy efficiency, described as the water evaporation heat flux over the 

total heat flux, including plasmonic heat flux, was relatively low (i.e., 28.4 %). In another 
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study, Ye et al. (2019)[179] embedded 20 wt.% of 16-40 nm Ag NPs at the surface and 

inside a hydrophobic electrospun nanofibrous membrane. The NPs were heated by UV-

light irradiation (50 W, 3.2 kW/m2) and assessed in a continuous DCMD configuration 

with a 3.5 wt.% NaCl feed solutions at 20 °C. Results indicate a relatively high distillate 

flux of 2.5 kg/m2.h with a high energy efficiency of 53 ± 7% [179] in comparison to other 

Ag NPs membranes [143]. While Ag NPs proved efficient for photothermal self-heated 

MD processes, the system’s long-term operation and commercial desalination potential is 

still limited as Ag NPs may leach to the solution over time. 

Carbon black (CB) NPs were also evaluated as photothermal nanomaterials under sunlight 

irradiation and shown to directly heat the feed solution at the membrane-water interface, 

leading to TP reduction [178]. Dongare et al. (2017) [178] fabricated a CB NPs-embedded 

polyvinyl alcohol (PVA) membrane to provide localized heating under solar illumination. 

The CB-PVA membrane, designed as a dual-layer hydrophilic/hydrophobic structure, 

proved efficient with increased distillate flux (0.5 kg/m2. h) and high salt rejection. This is 

a result of the composite hydrophilic PVA porous layer on the hydrophobic PVDF 

membrane and a coated layer of plasmonic CB NPs (Figure 2.6b). This system reduces the 

need for bulk feed preheating and extensive power requirements in comparison to 

conventional MD systems [178]. Similar to other photothermal NPs embedded membranes, 

the photosensitive properties of CB NPs dispersed into PVA solution were optimized (5.5 

wt.%) based on the highest distribution and efficiency of absorbed energy. In addition to 

NPs loading, the system had higher flux efficiency for higher ambient temperatures, higher 

module’s length and width, and lower flow velocities as the direct heating of the membrane 

is influenced by the water-CB NPs contact time. When exposed to a 0.7 kW/m2 irradiance, 
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the smaller module (8.1 cm × 3.48 cm) displayed a solar efficiency of 21.5% at an ambient 

temperature of 25 oC, whereas the larger module (100 cm × 10 cm) displayed increased 

solar efficiency to the extent of up to 53.8% at an ambient temperature of 40 oC [178]. In 

another study by Wu et al. (2017) [180], higher photothermal efficiency (greater than 

74.6%) was attained for a self-assembled photothermal CB NPs based membranes under 

simulated sunlight (1 sun unit, 1.3 kW/m2) which was higher than the solar efficiency of 

Ag NPs membranes. 

Additional research has shown that while photothermal NPs may increase the flux and 

reduce TP, a thick deposited layer may lead to pore blocking and flux decline. Wu et al. 

(2017) [180] evaluated a photothermal MD process based on NPs and compared two 

membrane coatings. SiO2/Au nano shells-based membranes were compared to self-

assembled CB membranes. While both photothermal membranes exhibited a compelling 

increase of up to 33% in the permeate flux when irradiated, their overall flux efficiency 

was lower than the control membrane when no irradiation was applied as a result of pores 

blockage. Comparison of the two NPs showed solar efficiency of 40-43% for low 

concentration of CB NPs (0.1 wt./vol.%) and high concentration of metal nanoshell 

(SiO2/Au), accordingly, while the high concentration of CB NPs (0.5 wt./vol. %) had an 

overall solar efficiency greater than 74.6%. In addition, TPC analysis compared to ‘no 

irradiation’ condition confirmed the impact of photothermal irradiation on TP reduction. 

Low concentration of CB NPs and high concentration of SiO2/Au increased TPC by up to 

15%, while a high concentration of CB NPs increased TPC by about 33% [180].  

Furthermore, a vapor gap MD system was developed by Gong et al. (2019) [181] to 

increase solar energy efficiency while preventing pore blockage as the result of high 
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loading of photothermal NPs on the membrane surface. Light absorption and localized 

heating occurred on free-standing graphene–nickel foam, which was placed above a 

membrane. This structure allowed water vapor to diffuse into the gap and pass through the 

membrane. Results showed that under the illumination of 1 kW/m2, thermal energy was 

effectively transferred in the thin water layer in the graphene nanochannels, leading to the 

high solar energy efficiency of 73.4% and high distillate flux (1.1 kg/m2.h). To further 

improve the solar efficiency and heating, Alabastri et al. (2020) [182] coupled a solar-

heated MD process with a dynamic heat recovery system (Figure 2.6c). In this system, heat 

exchange between the distillate and feed allowed recovery of the condensation heat from 

the distillate and reusing it to preheat the feed. A CB NPs-embedded PVDF membrane was 

heated under 0.475 kW/m2 irradiation through light-absorbing photonic CB NPs, resulting 

in direct heating of the feed solution with an initial temperature of 25 oC. Heating was done 

at the membrane-water interface, and the distillate heat was recovered using an aluminum 

or copper sheet, as a heat exchanger in contact with the feed solution (Figure 2.6c). Results 

show reduced TP and relatively high distillate flux (1.1 kg/m2. h), leading up to a 500% 

increase in comparison to a solar-heated system without a heat exchanger.  

Overall, surface heating obtained by the coated photothermal NPs demonstrated enhanced 

thermal efficiency and reduced TP. However, the obtained distillate flux values are still 

low for large scales applications and require additional optimization in terms of material 

engineering and synthesis of plasmonic NPs with optimal properties (e.g., size, 

concentration) and absorption coefficient. Furthermore, membrane modification may still 

lead to pore blockage along with long-term limitations such as particle leaching. Therefore, 

in addition to NPs, photonic materials with notable light absorption and high photothermal 
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conversion properties should be considered. In this manner, polydopamine (PDA) and bio-

derived eggshell membranes are described as potential materials for solar-driven MD 

applications [183,184]. As Polydopamine (PDA) has notable light absorption, high 

photothermal conversion properties, and is easy to apply on polymeric membranes, it has 

been selected as an appropriate material for solar MD systems [183]. Photothermal coating 

of PDA on a hydrophobic membrane showed a higher solar conversion efficiency (45%), 

under 0.75 kW/m2 illumination, compared to silver NPs (28.4%) [143], nitrocellulose 

(31.8%) [185], and CB NPs (21.5%) [178] (at ambient temperature of 20-25 oC). The 

higher efficiency could also be influenced by the high density and uniformity of the PDA 

coating.  

Another novel membrane used for photothermal applications is a ‘green’ bio-derived free-

standing membrane, produced from daily bio-waste of eggshells. Eggshell is an efficient 

material for heat localization with long-term stability for repeated usage in the solar-driven 

MD process, as it has large broadband photo-absorption with high localized heating 

properties [184]. In addition, the use of eggshells for membrane fabrication is cost-effective 

and sustainable. The eggshell membranes can be obtained by dipping raw eggshells in the 

hydrochloric acid aqueous solution overnight to remove all hard-inorganic components 

from eggshells. Han et al. (2019) [184] fabricated carbonaceous membranes (cESM) 

through modification of eggshell membranes with graphene oxide and carbon nanotubes 

(CNTs), both having high thermal and electrical conductivity. The cESM-CNTs membrane 

was observed to have the highest (99%) photo-absorption efficiency in the UV, IR, and 

visual spectra. Therefore, both the photothermal effect and the thermal conductivity led to 

high energy efficiency (75.6% under 1 kW/m2) but relatively low distillate flux in the range 
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of 1.11 kg/m2.h for seawater desalination. The attained flux and efficiency for cESM 

membranes were reported to be 2.52 times higher than a pristine PVDF membrane and 

higher than previous studies on solar MD using CB NPs [184]. Despite the higher energy 

efficiency of the proposed material, the distillate flux was still very low. Therefore, this 

novel material requires additional optimization in terms of size and concertation.  

In addition to advanced photothermal materials, solar driven-MD can be enhanced by the 

optimization of the optical design to increase the efficiency/number of photons reaching 

the heated material. Dongare et al. (2019) [186] demonstrated an effective enhancement in 

distillate flux of a solar MD system by focusing the sunlight into hot spots on the 

photothermal membrane. This was done by arranging a lens array with diameters of 1 and 

2 inches (Figure 2.6d) on the surface of CB coated PVDF membrane while the input energy 

(i.e., solar energy of 0.7 kW/m2) was constant. Results showed an increase in distillate 

fluxes up to 38% and 58% with 1- and 2-inches lens arrays, respectively, in comparison to 

the solar-driven MD system in the absence of any lenses (Figure 2.6e). The increased 

distillate flux was a result of increased surface temperatures at the focused spots, which 

was highest for the larger lens, as the saturation vapor pressure is exponentially dependent 

on the temperature [186].  

To summarize, the incorporation of photothermal materials and localized heating under 

solar irradiation can raise and maintain the temperature of the feed solution at the 

membrane–water interface. Consequently, these solar-based MD systems can provide high 

energy efficiency along with desalination performance, whereas the distillate fluxes are 

still low. The current photothermal materials have several limitations (e.g., leakage, pore 

blockage) that prevent their further advancements. In addition, the commercialization of 
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solar-based MD is still challenging as they are able to operate only when exposed to light 

(i.e., only during sunny days) and a large membrane surface area is required to receive 

adequate solar or UV energy, thus, leading to large scale treatment plants with a high 

capital cost.  

 

Figure 2. 6. (a) Schematic of the solar-driven DCMD system (Reproduced from Ref. [183], 

Copyright (2018), with permission from the Royal Society of Chemistry); (b) CB-PVDF 

dual-layer membranes used in solar-driven system [178]; (c) Schematic of the solar-driven 

DCMD system coupled with a dynamic heat recovery (HX) system, QF and QD represent 

the feed flow and distillate flow, respectively (Reproduced from Ref. [182], Copyright 

(2020), with permission from the Royal Society of Chemistry); (d) Schematic of a solar-

driven MD system under focused illumination [186]; (e) Impact of light focusing on 

distillate flux in solar-driven MD system [186]. 
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2.6.3.2 Joule Heating  

Joule heating (Ohmic heating) is the production of heat by passing an electrical current 

through a medium (liquid or solid) with limited conductivity [187]. In Joule heated MD 

process [188], the temperature gradient required for water evaporation could be provided 

directly on the membrane surface. The membrane surface needs to be electrically 

conductive, but with some resistivity to allow surface heating. CNTs have been shown 

efficient for Joule heating as they are relatively cheap with high thermal and electrical 

conductivity in conjunction with medium resistance [189,190] and can be used as a Joule 

heating element (Figure 2.7a). Dudchenko et al. (2017) [188] developed a conductive 

hydrophilic/hydrophobic composite membrane (Figure 2.7b) as an applicable Joule heating 

element for DCMD process. The porous CNTs layer was spray-coated layer by layer on a 

hydrophobic PTFE membrane with crosslinking of polyvinyl alcohol (PVA). Similar to 

other [134–136] dual-layer hydrophilic–hydrophobic membranes, the hydrophobic layer 

prevents liquid transport (i.e., attaining high salt rejection around 99%) while vapor 

formation occurs at the hydrophilic layer. When an electric current was applied through 

the CNTs layer, it heated up and conducted heat to the liquid, thus, directly heating the 

saline solution at the membrane-water interface (Figure 2.7c). Results show that a high 

frequency (10 kHz) alternating current at high potentials (20 Vpp) is required in order to 

prevent CNTs degradation by electrochemical oxidation and to preserve the porous 

structure and conductivity at high salinity feed solutions [188]. Therefore, applying 50 W 

of electrical power resulted in direct heating of the feed solution at the membrane-feed 

interface and subsequently diminished TP.  
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In addition, relatively high permeate flux could be gained at low flow velocities even for 

high saline brines (100 g/L NaCl) as a result of the adequate contact time between the 

solution and the heating element. In contrast, high flow velocities led to lower permeate 

flux. For example, a permeate flux of 7 LMH was measured for a low feed flow velocity 

of 1.5 mm/s with 100 g/L salinity while the permeate flux was around 3.5 kg/m2.h at a feed 

velocity of 6.6 mm/s.  In terms of energy consumption, the specific heating energy 

consumption (Qsh) (i.e., the ratio of total heating energy to distillate flow rate) was in the 

range of other MD processes but relatively high (1.25 ± 0.02 kWh/kg) [191,192].  

In addition to CNTs based Joule heating, a nichrome resistance wire (NRW) incorporated 

with braid-reinforced PVDF hollow fiber membranes (Figure 2.7d) [193] was used in a 

Joule based enhanced MD system. The electro-thermal membranes alleviated TP impacts 

through direct heating of the membrane surface by applying direct current. As hollow fiber 

structures have a higher surface area than flat sheet membranes, they can provide a more 

heated surface area. Under air condition, the heating rate of NRW-PVDF membranes was 

calculated to be around 0.27 oC/s, and they also displayed a good electrothermal ability in 

the feed saline solution (as shown in IR images of Figure 2.7e), leading to high TPC values 

of more than a unity (in the range of 1 to 1.05). NRW membranes showed up to 2.5 times 

higher flux and lower specific energy consumption (SEC) values than the non-electrically 

heated membranes as a result of increased interfacial temperature and minimized TP. 

Despite the decreased SEC compared to the non-electrical system under similar operating 

condition, the specific energy values were not very low, as the SEC at a high current of 

0.15 A was obtained around 60 kWh/kg with initial feed temperature of 30 oC and the 

lowest SEC value was calculated as 11.86 kWh/kg at feed temperature of 70 oC [193]. 
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While at higher feed temperature, SEC value was comparatively lower, it was still high in 

comparison to reported values for conventional and self-heated MD systems 

[188,191,192,194].  

Overall, membrane heated by Joule heating may be useful at low flow velocities but still 

suffer from limitations due to high salinity. Furthermore, the required capital cost of the 

system may be high due to the required modifications and expensive electrodes.  

 

Figure 2. 7. (a) Joule heating effect of CNTs layer in a non-ionizable environment 

(Reprinted from Ref. [188], Copyright (2017), with permission from Springer Nature); (b) 

Cross-section SEM image of dual-layer hydrophilic/hydrophobic CNTs/PTFE membrane 

(Reprinted from Ref. [188], Copyright (2017), with permission from Springer Nature); (c) 

Direct heating of feed solution on the CNTs/PTFE membrane; (Reprinted from Ref. [188], 

Copyright (2017), with permission from Springer Nature); (d) Cross-section SEM of NRW 

membrane (Reprinted from Ref. [193], Copyright (2019), with permission from Elsevier); 

(e) IR image of electro-thermal NRW membrane in the feed solution at different current 

and initial feed solution of 30 oC (Reprinted from Ref. [193], Copyright (2019), with 

permission from Elsevier). 
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CHAPTER 3 

MATERIALS AND METHODS 

Preface: The contents of this section are in part based on the following published articles 

in Journal of Membrane Science and Journal of Separation and Purification Technology:  

I. Anvari, A., Kekre, K. M., Yancheshme, A.A., Yao, Y., Ronen, A., " Membrane 

distillation of high salinity water by induction heated thermally conducting 

membranes ", Journal of membrane science 589 (2019): 117253 [194]. 

II. Anvari, A., Kekre, K. M., Ronen, A., " Scaling mitigation in radio-frequency 

induction heated membrane distillation", Journal of membrane science 600 (2019): 

117859 [195]. 

III. Anvari, A., Yancheshme, A.A., Ronen, A., " Enhanced Performance of Membrane 

Distillation using Radio-Frequency Induction Heated Thermally Conducting Feed 

Spacers", Separation and Purification Technology 250 (2020): 117276 [196]. 

3.1 Materials 

Flat sheet hydrophobic PTFE membranes (pore size 0.2 µm, thickness 150 µm, and water 

entry pressure > 45 psi) were purchased from Sterlitech (Sterlitech Inc. Kent, WA). Multi-

wall carbon nanotubes functionalized with Carboxylic groups via Plasma treatment 

(CNTs–COOH) (outer diameter (30 to 50 nm), length (10-20𝜇𝑚), and purity >95 %) were 

purchased from CheapTubes (CheapTubes Inc., Brattleboro, VT). Polyvinyl alcohol 

(PVA) (MW 146-168 kDa), 50 wt% Glutaraldehyde solution, Hydrochloric acid (HCl) 

37%, Iron (III) chloride hexahydrate (FeCl3), Iron (II) sulfate hepatahydrate (FeSO4), 

Sodium chloride (NaCl), Sodium hydroxide (NaOH), Calcium sulfate (CaSO4) were 
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purchased from Sigma Aldrich (t. Louis, MO). Potassium chloride (KCl) was purchased 

from MP Biomedicals LLC (Solon, Ohio). Magnesium chloride (MgCl) and Magnesium 

sulfate (MgSO4) were purchased from LabChem (Zelienople, PA 16063). 

Four commercial stainless-steel 316 meshes (McMaster Carr) (Figure 3.1) were evaluated 

as feed spacers, spacers had a thermal conductivity of 13 
W

m.K
. While corrosion was not 

observed on the SS 316 spacer during our experiments and is not expected to be an issue 

under standard operating conditions, highly corrosive feed solutions may require using 

spacers made from corrosion resistant alloys such as SS 904L, Super Duplex alloys 

[197,198] or other metal alloys (e.g., titanium alloys [198]) with high corrosion resistance 

and induction heating capability. A non-conductive commercial polypropylene (PP) spacer 

(SWM, GA) was used for comparison.  

 

Figure 3. 1. Images of the SS and PP feed spacers. 

3.2 Feed Solutions 

For the MD experiments without considering scaling, 35 g/L NaCl brine solution, 

representing seawater was used. In addition to this solution, two other brine solutions as 
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10 g/L NaCl solution (saline water) and 100 g/L NaCl solution (RO concentrated brine) 

were tested to assess concentration impact. 

Furthermore, for scaling assessments, deionized (DI) water and a NaCl brine solution (35 

g/L NaCl) with different concentrations of CaSO4 (0, 1.8, 2.7, and 3.6 g/L) were used as 

the feed solutions in all experiments. In addition, the simulated RO brine included 35 g/L 

NaCl, 1.80 g/L CaSO4, 2.91 g/L MgSO4, 4.52 g/L MgCl2, and 1.03 g/L KCl [54]. 

The saturation index (SI) of solutions was calculated based on eq. 3.1 [199]. Solutions with 

SI = 0 are at equilibrium while the solutions with SI < 0 and SI > 0 are undersaturated and 

supersaturated, respectively. 

SI = log (
s

so)                                                         Eq. 3.1 

Where s is the solubility of CaSO4 at I (i.e., ionic strength), sois the solubility at I=0 (i.e. 

solubility product). As I is equal to the molality of (NaCl + 4×molality of CaSO4), s is the 

solubility of CaSO4 at any particular concertation. 

3.3 Synthesis of Iron Oxide Coated Multiwall Carbon Nanotubes (Fe-CNTs) 

Iron oxide coated multiwall carbon nanotubes were prepared as described by Ntim et al. 

(2011),[200]. Briefly, CNTs were dispersed in an aqueous solution of FeCl3: FeSO4 (2:1) 

using a horn sonicator (Fisher Scientific FB705). 5M NaOH solution was added to the 

dispersion, to reach a pH of 10. The solution was stirred moderately at 70 oC for 5 min and 

vigorously stirred at 85 oC for 1 h. The modified MWCNTs, coated with iron oxide, were 

washed and acidified to pH 5 with 1 M hydrochloric acid.  

3.4 Fabrication of Fe-CNTs/PTFE Membrane  

Membrane fabrication was according to previous studies using CNTs and PVA 

[188,190,201]. The CNTs were linked together with a matrix provided by PVA through 
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covalent bonding of carboxyl groups of the CNT–COOH and hydroxyl groups of PVA. 

The prepared Fe-CNTs powder (2.3 mg/cm2) dispersed in the DI water and 0.46 mL/cm2 

of 1 wt.% PVA solution were sprayed layer by layer on a PTFE membrane. Spray coating 

was done using an in-house built spray coater including an airbrush (Master Dual-Action 

Siphon Feed Airbrush, Model S68) which was attached to XY plotter. As the membrane is 

hydrophobic, the heating/drying process was done using a heat gun (TCKLIFE, 

HGP73AC) to immediately dry each sprayed layer. Then, the Fe-CNTs sprayed layer was 

stabilized by a crosslinking solution (1.1 vol% Glutaraldehyde and 0.55 vol% hydrochloric 

acid) and heated at 90 °C for 1 h. The prepared membrane was dried and kept at room 

temperature. 

3.5 Surface Characterization 

Membranes’ surface and cross-sections were characterized by scanning electron 

microscopy (SEM, FEI Quanta 450FEG SEM). The iron-coated carbon nanotubes 

morphologies were imaged by transmission electron microscopy (TEM, FEI Quanta 

450FEG). Fourier-transform infrared spectroscopy (FTIR, Perkin-Elmer Spectrum 100) 

and energy dispersion of X-ray (EDX, FEI Quanta 450FEG) were used in order to detect 

the formation of the Fe-O bonds and scaling on the membrane surface along with the 

percentage of iron oxide coated on the Fe-CNTs membrane surface, respectively. A 

goniometer (Ossila Limited L2004A1) was used to assess membrane hydrophilicity (i.e., 

contact angle) using deionized (DI) water.  
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3.6 Experimental Design 

3.6.1 Vacuum Membrane Distillation (VMD) system with RF heated membrane 

The radio-frequency induction heated-vacuum membrane distillation (RF-VMD) (see 

system diagram in Figure 3.2) contains three main components, a membrane module, an 

induction heating system, and a vacuum distillate collector. The membrane module was 

fabricated by CNC machine using a Nylon sheet (McMaster Carr) and can hold a flat sheet 

membrane with an effective area of 32 cm2. The membrane module including Fe-

CNTs/PTFE membrane, was placed on the heating coil of an IH system (UltraFlex SH-2 

with power ranging from 60-2000 W and frequency of 283 kHz). Feed solution at RT (20 

oC) was continuously fed (velocities varied between 1.05 to 11.25 cm/min) to the 

membrane module using a peristaltic pump (Masterflex 77201-60). In order to keep the 

temperature and feed concentration constant, the concentrate stream was not recycled back 

into the feed tank following MD but was used as a single pass system (except in 

concentration factor experiments (section 4.2.6)). In all experiments, the feed solution’s 

temperature was continuously monitored and controlled using a cooling bath. For section 

4.2.6 experiments (concertation factor experiments), temperature was kept constant while 

the salt concentration increased as the concentrate stream was recycled back into the feed 

tank following MD, thus increasing the ions concentrations in the feed. In addition, the 

feed solutions were continuously mixed using magnetic stirrer to prevent the precipitation 

of CaSO4 in the feed solution. Distillate was collected using a vacuum pump and 

condenser. Vacuum level varied between 20 and 70 kPa. The salinity of condensed and 

concentrated solutions was continuously monitored by using electrical conductivity (EC, 

Thermo scientific- Orion Star A329). 
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Figure 3. 2. Schematic diagram of the RF-VMD system. 

 

3.6.2 Vacuum Membrane Distillation (VMD) system with RF heated spacer 

For this part of experiments, the membrane module in the RF-VMD setup (Figure 3.2), 

contains pristine PTFE membrane instead of a dual layer Fe-CNTs/PTFE membrane and 

is modified with SS feed spacers (Figure 3.3a). Feed solution (35g/L sodium chloride in 

deionized water) at room temperature was continuously fed to the membrane module with 

varying velocities (28.5-300 cm/min). The distillate was collected using a condenser and a 

vacuum pump operating at varying vacuum levels (10-30 kPa). Furthermore, during our 

experiments, no changes in membrane structure were detected and the PTFE membranes 

were reused with no change in their selectivity and transport properties.  

The impact of four SS spacers was evaluated according to their varying mass, filament 

distances (i.e., H), porosity (i.e., opening size), and diameter (D).  In addition, the spacers 

were evaluated at orientations (α) of 45o and 90o (Figure 3.3b, Table 4.4 of section 4.3.5) 

and compared to PP spacer with similar H, D, and porosity as the S4 spacer. As all the SS 
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spacers were purchased as commercial products, it was difficult to decouple the mass and 

structure of the spacers. Therefore, the spacers were evaluated in two groups (S1 and S2 

vs. S3 and S4) with relatively similar mass, while the distance between filaments (H) and 

porosity were varied per each group (Table 4.4 of section 4.3.5). All spacers were placed 

horizontally and adjacent to the PTFE membrane (Figure 3.3a).  

Initially, all parametric assessments were done using an S1 type spacer (Section 4.3.4), 

having the following physical properties: a mass of 1.5 gr per assessed spacer area, H of 

1.45 mm, and a porosity of 73%. Following evaluating the impact of flow velocity, applied 

power, and vacuum level on distillate flux, the additional SS spacers were assessed and 

rated based on the highest distillation values obtained (section 4.3.5). 

 

 

Figure 3. 3. Schematic diagram of the (a) Membrane module; (b) Spacer’s parameters. 

 

3.7 MD Performance 

The performance of the MD process was assessed based on distillate flux (kg/m2.h), 

according to Eq. 3.2.  

J =
M

A.∆t
                                               Eq. 3.2 
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Where M is the mass of collected condensate (kg), A is the active membrane area (32 cm2), 

and  ∆t is the operational time (h). 

Feed and distillate salinity were continuously monitored and salt rejection was calculated 

using Eq. 3.3: 

Rejection (%) = (1 −
Cp

Cf
) × 100                          Eq. 3.3 

Where Cp and Cf are salt concentration or electrical conductivity of the permeate and feed 

solutions, respectively. 

For scaling analyses, the normalized flux (N.F) was measured based on the ratio of 

distillate flux to the initial distillate flux of DI water (J/Jo) and presented as a measure of 

CaSO4 scaling. Each experiment was replicated at least three times and error bars represent 

the standard deviation. In addition, results were analyzed to determine statistical 

significance (p<0.01). In addition, CaSO4 crystals’ number in the concentrate solutions was 

measured by imaging a 1mL of solution using a microscope (Zeiss Axio Examiner Z1) and 

analyzing the images by image processing software (ImageJ).  

3.8 Thermal Imaging and Temperature Profiles  

Temperature profiles of the SS spacers and feed solutions were measured at static and flow 

conditions using a digital IR thermal imaging camera (FLIR T440) equipped with a FLIR 

Lepton IR sensor. The SS spacers were placed in the open module and exposed to the RF 

magnetic field at static and flow conditions. Images were taken at initial conditions and 

following several seconds of RF heating. In addition to the IR surface imaging, surface and 

cross-section temperature profiles of RF heated spacers and feed solutions were 

numerically predicted using a commercial finite-element package (COMSOL Multiphysics 

v5.5) (Section 3.13). 
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3.9 Temperature Polarization Coefficient (TPC) 

The temperature polarization coefficient (TPC) was calculated and used to quantify the 

degree of heat transfer resistances due to the TP versus the total heat transfer resistance 

[80]. In VMD systems, TP is mainly considered to be a result of the thermal boundary layer 

of the feed side [202], therefore, TPC was calculated according to Eq. 3.4:  

TPC =
T̅fm

T̅f
                                                    Eq. 3.4 

Where T̅fm and T̅f are the average temperature of the feed at the membrane interface and 

the average temperature of bulk feed solution, respectively. These values were calculated 

using numerical simulation (Section 3.13). High TPC values (unity or higher) express 

lower TP while low TPC values (converging to zero) express notable TP [60]. 

3.10 Workpiece Power (Pw)  

For RF heating, the power consumed by the system (i.e., the IH system) is constant for a 

specific coil and is not influenced by the volume or mass of the workpiece (i.e., the heated 

element or spacer). Therefore, for a constant supplied power (e.g., 60-90W in this work), 

multiple layers of SS spacers or multiple VMD modules can be heated, thus, increasing the 

overall distillate flux and decreasing the specific heating energy accordingly. The 

connection between the power consumed by the system (Pc) and the power at the workpiece 

(Pw) which is further transported to the feed solution [203] can be calculated according to 

Eq. 3.5: 

Pc =
Pw

ηelηth
                                                   Eq. 3.5 

Where ηel is electrical efficiency and ηth is thermal efficiency, which are in the range of 0 

to 1 and vary by coil and workpiece properties (e.g., effective coil diameter, current 
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penetration depths in the coil and workpiece, electrical resistivities of the coil and 

workpiece, relative magnetic permeability of the workpiece, etc.).   

The power consumption of the heated element, i.e., the SS spacer, was estimated according 

to Eq. 3.6, based on the required power to heat a given mass of workpiece to a final 

temperature [203]: 

Pw = mc
Tfs−Tis

t
                                                                 Eq. 3.6 

where m is the mass of the heated workpiece (g), c is the specific heat (J/g °C), Tfs and Tis 

are final and initial average temperatures of the spacer (°C), and t is the heating duration 

(s). 

3.11 Temperature and Heating Rate Calculations of RF Heated Spacers  

The heating rate of SS spacer was calculated based on the temperature difference over a 

duration of time according to the:  
Tfs−Tis

t
, where Tfs and Tis are final and initial average 

temperatures (°C), and t is heat time (s) [203]. The average final temperatures of SS spacer 

over a duration of 5 seconds were measured using digital IR thermal imaging (Figure 3.4), 

while keeping the initial temperatures at 20-23°C.  

In IH system, the eddy currents are not uniformly distributed [203,204] and the RF heating 

is non-uniform along the spacer, leading to an uneven temperature distribution [204] (See 

Figure 3.4 as an example). Therefore, the IR image of spacer was divided into three regions 

(top and bottom, both sides, and center) and 5 sections to calculate the average spacer’s 

temperatures. The average temperature was calculated according to the overall weighted 

area of each temperature using a graphical analysis software (ImageJ). In addition, the 

heating rate of the SS spacer was calculated based on the temperature difference over a 

duration of time (i.e., five seconds). All measurements were done in triplicates for the SS 
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spacer at a coil power of 60W to 90 W and then the final temperatures and heating rates 

were averaged accordingly. 

 

Figure 3. 4. IR thermal image of the S1 spacer after 5 seconds of induction heating. 

 

3.12 Heating Energy Calculations 

The specific energy used to heat the feed solution was calculated according to the energy 

required to provide a transmembrane temperature gradient divided by a unit volume of 

distillate water [166] according to Eq. 3.7: 

 Qs(
kwh

L
) =

Heating energy [kW]

Volume of  distillate water per time [L
h⁄ ]

                                     Eq. 3.7 

Where Qs is the specific heating energy. For RF heated systems, the heating energy can be 

calculated using Eq. 3.6. In addition, the gain output ratio (GOR) was calculated to analyze 

the efficiency of the RF heating energy. GOR is defined as the ratio of energy required for 

water evaporation to the net added energy according to Eq. 3.8 [188].  

GOR =
J×hv

Qin
                                                 Eq. 3.8 

Where hv is water evaporation enthalpy and Qin is the net input thermal energy, which is 

based on kW/m2 consumed energy. 
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3.13 Numerical Modeling and Simulation 

3.13.1 VMD process with RF heated membrane 

A comprehensive numerical approach was applied in order to describe water transport 

through a hydrophobic flat-sheet PTFE membrane used in the RF-VMD system. Three-

coupled transport equations (i.e., momentum, mass and energy (eq. 3.9-3.12)) were 

numerically solved using FEM (Finite Element Method) to describe the temperature and 

flux gradients near and through the membrane. All simulations were performed in a 2D 

framework with the aid of COMSOL Multiphysics v5.5. 

Momentum transport equation: 

𝜌(u ⋅ ∇)u = −∇p + μ∇2u Eq. 3.9 

Continuity equation: 

∇ ⋅ u = 0 Eq. 3.10 

Heat transport equation:  

𝜌cPu∇T = K∇2T Eq. 3.11 

Mass transport equation: 

u∇Ci = Di∇
2Ci Eq. 3.12 

Where 𝜌  is the density (kg/m3), P is pressure (Pa), u is the 2D velocity vector (m/s), 𝜇 is 

viscosity (Pa. s), cP is the specific heat capacity at constant pressure, K is the thermal 

conductivity (W/m. K), T is the temperature (K), D is diffusion coefficient (m2/s), and C is 

molar concentration (mol/m3). 

The model was developed based on the following assumptions: steady-state condition, no 

water transport through the membrane pores, i.e. full hydrophobicity of membrane, 100% 
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rejection of salt, laminar flow for two phases in all contactors, negligible heat loss to the 

environment, and no-slip condition at the surface of membrane. Operating and initial 

conditions are similar to our experimental system (Table 3.1).  

Table 3. 1. Operating and initial parameters 

Parameter value 

Membrane length 80 mm 

Height flow channel 1 mm 

Membrane pore size 0.2 µm 

Membrane thickness 150 µm 

Vacuum pressure 20 kPa 

Feed flow velocity 2.33cm/min 

Feed concentration 35 g/L 

Inlet temperature 20 oC 

 

The transport equations including momentum transport in the feed, membrane and the 

permeate channel, mass transport for salt in the feed and vapor in the membrane pores, 

energy convection and conduction for all three layers of contactor (Figure 3.5), with the 

appropriate boundary conditions (Table 3.2), were considered according to Hayer et al. 

[205]. In all simulations, the membrane and the Fe-CNTs layer were considered as a 

uniform domain with a boundary heat source at the membrane-water interface. This is done 

to simplify the numerical model as the thickness of the coated layer (30 µm) responsible 

for heat generation, is small in comparison to the membrane module.  
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Figure 3. 5. Computational domain and mesh grid including three distinct regions; feed 

(saline water stream), membrane, and permeate (pure water vapor). 

Table 3. 2. Adopted boundary conditions (BCs) in computational model. 

Feed Side 

Position Momentum transfer Mass transfer Heat transfer 

𝐱 = 𝟎 u = uinlet Velocity Ci = Cinlet Concentration T = Tinlet Temperature 

𝐱 = 𝐋 p = patm Pressure Di∇Ci = 0 Outflow K∇T = 0 Outflow 

𝐲 = 𝟎 u = 0 Wall Ni = 0 Mass Flux q = 0 Insulation 

𝐲 = 𝐰𝟏 Eq. 3.13 Velocity Ni = 0 Mass Flux T = Tmembrane Temperature 

Membrane Side 

Position Momentum transfer Mass transfer Heat transfer 

𝐱 = 𝟎 u = 0 Wall Ni = 0 Mass Flux q = 0 Insulation 

𝐱 = 𝐋 u = 0 Wall Ni = 0 Mass Flux q = 0 Insulation 

𝐲 = 𝐰𝟏 p = pv Pressure pv RT⁄  Concentration Q = 781.25 𝑊
𝑚2⁄  Heat source 

𝐲 = 𝐰𝟐 p = ppermeate Pressure ppermeate RT⁄  Concentration T = Tpermeate Temperature 

Permeate Side 

Position Momentum transfer Mass transfer Heat transfer 

𝐱 = 𝟎 p = pvaccum Pressure - - K∇T = 0 Outflow 

𝐱 = 𝐋 u = 0 Wall - - q = 0 Insulation 

𝐲 = 𝐰𝟐 Eq. 3.14 Velocity - - T = Tmembrane Temperature 

𝐲 = 𝐰𝟑 u = 0 Wall - - q = 0 Insulation 

 

Outlet velocity from feed side to the membrane and inlet velocity from membrane to the 

permeate side are calculated, respectively, as follow (Eq. 3.13 and 3.14) [37]: 
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u =
(
∂Cmembrane

∂y⁄ )Deff.Mw

ρw
− umembrane

ρv

ρw
  Eq. 3.13 

u =
(
∂Cmembrane

∂y⁄ )Deff.Mw

ρv
− umembrane  

Eq. 3.14 

Where Mw (kg/mol), 𝜌𝑤 and 𝜌𝑣 (kg/m3) are water molecular weight, density of water and 

vapor, respectively. Moreover, Deff is the effective diffusion coefficient of water vapor into 

membrane. Effective diffusivity can be estimated using both Fick’s diffusion (Dv) and 

Knudsen diffusion (Dknd) mechanisms (Eq. 3.15- 3.17) [37]: 

1
Deff

⁄ = 1
Dv

⁄ + 1
Dknd

⁄   Eq. 3.15 

 

Dv =
εμv

τ𝜌v
⁄   Eq. 3.16 

 

Dknd =
2ε

3τ
dp√

2RT

πMw
  Eq. 3.17 

Where Dv (m2/s) is the effective Fick’s diffusion coefficient, 휀, 𝜏, and μv (Pa. s) are 

membrane porosity, tortuosity, and water vapor viscosity, in turn. Also, dp (m) and R 

(J/mol. K) are membrane pore diameter and universal gas constant. 

In addition, as COMSOL has no simple built-in induction heating process, we developed 

the model by applying a constant heat flux on the feed-membrane interface as IH based Fe-

CNTs layer produced and conducted heat to the water. The rate of heat production (Q) was 

calculated based on the obtained average temperature changes of the feed solution. 

Simulation results were compared to the experimental results. 
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3.13.2 VMD process with RF heated spacer 

Heating the thermally conductive spacers and temperature profiles of the feed solution 

were numerically simulated using Finite Element Method with the aid of COMSOL. The 

numerical simulations were done in static and flow conditions:  

3.13.2.1 Thermally Conducting Spacers in Static Conditions  

In order to verify the heating of the SS spacers, we used a 3D model configuration which 

included the following elements: flat spiral induction copper coil, SS spacers (i.e., S1 and 

S4), and stagnant air in between (Figure 3.6).  

 

Figure 3. 6. Configuration of coil, spacer, and air domains used for 3D numerical 

simulations-static condition. 

Calculating the heat produced in the workpiece required solving both heat transfer and 

magnetic field propagation simultaneously. The model was solved with a transient 

approach incorporating the following governing equations (Equations 3.18-3.24)[206]: 

Energy balance:  

ρsCp.s
∂T

∂t⁄ − ∇ ∙ ks∇T = Qe                          Eq. 3.18 
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Where ρs is the density, Cp.s is the specific heat capacity, k𝑠 is the thermal conductivity of 

workpiece, and Qe represents the heat source which comes from the electromagnetic losses. 

The RF heating results in eddy currents into the workpiece (i.e., metallic spacer) that 

produce heat due to resistivity of workpiece (i.e., Joule effect). Thus, the heat source term 

in Eq. 3.18 (Qe) is mainly attributed to resistive losses and calculated by Eq. 3.19. 

Qe =
|J′|2

2σ
                          Eq. 3.19 

Where σ and J′ represent the electrical conductivity of the material and conduction current 

density, respectively. The electromagnetic field in the induction heating is calculated by 

Maxwell-Ampere’s law (Eq. 3.20): 

∇ × H′ = J′ + jωD′                                               Eq. 3.20 

Where H′ is the magnetic field intensity, and D′ is the electric flux density. The constitutive 

relation to the magnetic flux density is given as (Eq. 3.21-3.24): 

B = μ′H′                                                               Eq. 3.21 

B = ∇ × A′                                                           Eq. 3.22 

E = −jωA′                                                           Eq. 3.23 

J′ = σE                                                                 Eq. 3.24 

where B, μ′, A′, and E are magnetic flux density, magnetic permeability, magnetic 

potential, and electric field intensity, respectively [206]. 

Numerical simulations were validated with the experimental results by comparing the 

temperature distribution and obtained average surface temperature of the spacers. 

3.13.2.2 Thermally Conducting Spacers in Flow Conditions  

A similar model was incorporated to simulate the temperature profile of the solution in 

contact with the RF heated spacers. Three additional partial differential equations (PDEs) 
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were solved including momentum balance (addressing the liquid flow), energy balance 

(convection heat transfer from the spacer to the solution), and the continuity equation 

(Equations 3.9-3.11). 

Numerical simulations with flow condition have been done in two steps; first we 

considered flow conditions without MD related process (i.e., Section 4.3.3), aiming to 

evaluate the heating process in flow condition and the heat transfer from the spacer to the 

feed solution, all preceding equations were solved in 3D domain with steady-state 

conditions. All simulations were done for a cold feed (23 oC) with a solution containing 35 

g/L of NaCl. Vacuum level, latent heat, and water conductive heat transfer were not used 

at this stage as the purpose was to describe the temperature distribution along the feed 

channel following exposure to the heated spacers. 

In the next step, feed channel temperature distribution and TPC values of the MD process 

(Section 4.3.6) were calculated by incorporating continuity, momentum, and convective 

heat transfer (Eq. 3.9-3.11) in the feed domain. As 3D simulation is time-intensive and 

requires a high computational load, we considered only the feed domain and added an 

additional boundary condition, i.e., the outward heat flux from the top face of the feed is 

equivalent to the latent heat of evaporated stream in MD process. This was incorporated to 

include the impact of water evaporation (Boundary heat flux = Jexp.. hv). Model geometry 

and corresponding boundary conditions are shown in Figure 3.7 and Table 3.3, 

respectively.  
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Figure 3. 7. Configuration of coil, spacer, and feed solution domains used for 3D 

numerical simulations – Flow condition 

 

Table 3. 3. Adopted boundary conditions (BCs) in computational model. 

Feed Side 

Momentum Transfer Heat Transfer 

@ x = 0 u = uin Velocity @ x = 0 T = Tin Temperature 

@ x = L p = patm Pressure @ x = L K∇T = 0 Outflow 

@ y = 0 u = 0 Wall @ y = 0 q = 0 Insulation 

@ y = 𝑤 u = 0 Wall @ y = 𝑤 q = 0 Insulation 

@ z = 0 u = 0 Wall @ z = 0 q = 0 Insulation 

@ z = k u = 0 Wall @ z = k Jexp.. hV Heat flux 

 

In order to validate our simulation results for the flow condition, we compared the predicted 

outlet flow temperature (average T at x=L, Figure 3.7) by simulation and corresponding 

values from our experiments for the case of S4 spacer. Table 3.4 compares the results of 

simulation and experimental values for two different flow velocities with relative errors of 

less than 6%. Then, simulated T̅fm values were used to evaluate TPC values along the 

membrane length. 

Table 3. 4. Validation data for flow condition simulations. 

Spacer S4 

Inlet feed velocity 

(cm/min) 

Feed outlet T (oC) Relative error 

% Experimental Simulation 

100 43.5 40.97 5.8 

300 31 30.14 2 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

 

4.1 Membrane Distillation of High Salinity Water by Induction Heated Thermally 

Conducting Membranes  

Preface: The contents of this section are in part based on a published article in Journal of 

Membrane Science: Anvari, A., Kekre, K. M., Yancheshme, A.A., Yao, Y., Ronen, A., " 

Membrane distillation of high salinity water by induction heated thermally conducting 

membranes ", Journal of membrane science 589 (2019): 117253 [194]. 

4.1.1 Introduction 

The goal of this section is to develop and optimize a novel, efficient and robust VMD 

system utilizing induction heating (IH) as a heat source to the distillation process. To 

enhance membrane heating, we used a composite dual layer membrane.  The top membrane 

layer contained hydrophilic magnetic iron oxide nanoparticles (FeNPs) coated on carbon 

nanotubes (CNTs) and the lower layer was a commercial hydrophobic 

polytetrafluoroethylene (PTFE) membrane. Ferromagnetic particles such as FeNPs are 

ideal for IH applications as they have high ferromagnetic properties and saturation 

magnetization [207,208]. As RF-IH can heat conductive and magnetic surfaces rapidly, 

efficiently, and contactless [209], it can be used to directly heat the surface of the composite 

membrane. IH transfers energy directly to the metallic element (i.e., workpiece) with 

minimal heat loss to the surrounding environment, leading to significant power savings. 

The efficiency of delivered power vs. transferred heat to the element was shown to be 

higher than 90% when heating systems based on electric-radiant and gas were about 55% 

and 50 %, respectively [209–212]. To efficiently heat nanoparticles by IH, a high frequency 
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in the range of kHz is required [213]. An illustration of the RF-VMD process with a 

composite dual layer membrane is presented in Figure 4.1.  

 

Figure 4. 1. Illustration of the RF-VMD process. Bottom layer: temperature profile in the 

feed; Middle layer: composite membrane; Top: vacuum chamber. Right image: 

enlargement of the Fe-CNTs layer. 

4.1.2 Characterization of Fe-CNTs Powder 

Following synthesis, Fe-CNTs powder was imaged by SEM and TEM to detect the 

nanoparticles’ presence on the CNTs and quantified by EDX and FTIR to determine the 

FeNPs’ concentration and structure.  Due to their nature, FeNPs heat rapidly and to 

elevated temperature in comparison to CNTs as a result of magnetic hysteresis. Therefore, 

to allow homogenous heat transport throughout the membrane surface by conduction, it is 

required that FeNPs are in direct contact with the CNTs. Comparison of SEM images of 

untreated CNTs and the synthesized Fe-CNTs powder (Figure 4.2 a, b) shows that the 

CNTs are coated by iron oxide nanoparticles. TEM micrographs of Fe-CNTs powder 

(Figure 4.2c) show the presence of iron oxide nanoparticles on the CNTs, as single particles 

or in clusters, with a typical diameter of 10-20 nm. Furthermore, the electrical resistance 

of the powder did not decrease following the FeNPs modifications, and the CNTs seem 

undamaged with a relatively uniform diameter, which confirms their stability. EDX data 

(Figure 4.2d) indicates the presence of a relatively high load, about 45 % Wt. of iron on 

the surface of CNTs. These results are in agreement with previous data by Ntim et al. where 
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CNTs were coated by 40 Wt. %  of iron [200]. IR spectrum confirms the presence of iron 

in the Fe-CNTs powder at 525 and 545 cm-1 (Figure 4.2e) which are typical for Fe—O 

bonds of iron oxide [200]. 

 

Figure 4. 2. Characterization of the synthesized Fe-CNTs powder: (a) SEM image of 

CNTs; (b) SEM image of Fe-CNTs; (c) TEM image of Fe-CNTs; (d) EDX analysis of Fe-

CNTs film; (e) FTIR analysis of Fe-CNTs. 
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4.1.3 Fe-CNTs Coating Characterization  

IH efficiency is influenced by the membrane’s conductivity and the mass loading of Fe-

CNTs. Therefore, controlling membrane properties, i.e. thickness and Fe-CNTs mass 

loading are critical parameters which can impact the distillate flux. As we deposit the Fe-

CNTs layer on the PTFE support membrane by a spray coating process, the layer’s 

thickness can be controlled through spray duration and the number of sprayed layers. 

Figure 4.3a shows an example of a coating layer with an average thickness of 30±2µm. In 

addition to the layer’s impact on IH performance, which is discussed in section 4.1.5.3, the 

Fe-CNTs coating decreases the membrane contact angle, i.e. increase hydrophilicity 

(Figure 4.3 b, c). While the PTFE membrane is hydrophobic with a water contact angle 

(WCA) of 128±1.8 0, the WCA of the coated Fe-CNTs/PTFE membrane decreased 

significantly to 19.5±1.5 0. The change in surface properties is mainly due to the use of 

carboxylated CNTs and PVA as a cross-linker. The hydrophilicity of Fe-CNTs layer 

increases the overall distillate flux by forming a ‘wet zone’ with elevated temperature and 

elevated partial water vapor pressure near the hydrophobic PTFE membrane. Furthermore, 

it increases salt rejection by preserving the hydrophobic membrane’s pores from wetting 

[134]. In addition, the modified layer serves as an additional barrier which decreases heat 

and energy loss.  According to previous work [30] and our experience, spraying the Fe-

CNTs solution did not penetrate the membrane’s pores, therefore, properties of the PTFE 

membrane i.e. porosity, hydrophobicity, and pore size are kept unmodified following the 

spray coating. 
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Figure 4. 3. Surface characterization of the Fe-CNTs layer: (a) SEM cross section of Fe- 

CNTs/PTFE membrane; (b) Water contact angle of PTFE commercial membrane; (c) 

Water contact angle of Fe-CNTs/PTFE membrane. 

4.1.4 Static Heating  

To estimate the required membrane thickness and mass loading for MD in flow conditions 

(section 4.1.5), the ability to heat water was initially estimated under static conditions by 

placing a water droplet with a volume of 10 µL on the membrane surface and measuring 

the temperature increase rate by an IR temperature detector (Helect Non-Contact Digital 

Laser, H1020). Two mass loadings of FeNPs and CNTs were evaluated according to our 

assessment of the mechanical stability and robustness of the layer, additional layer 

thicknesses were also assessed in section 4.1.5.3. The deposited Fe-CNTs mass was 

calculated according to the volume and mass of spraying solution used per fabricated 

membrane. The thickness of the membrane was evaluated by imaging of the membrane 

cross-section using SEM.  For a 30 𝜇𝑚 layer thickness, we estimated a mass of 23 g Fe-

CNTs/m2 (addressed as high load coating) and for a thickness of 14 µ𝑚 , we estimated a 

mass of 12 g Fe-CNTs/m2 (addressed as low load coating). For both membranes, a constant 

IH (283 kHz, 2 kW) resulted in instantaneous surface heating leading to a temperature 

increase of the water droplet (Figure 4.4). Heating rate was dependent on the mass loading 



 

69 
 

and calculated according to the temperature gradient per time (
∆𝑇

∆𝑡
). For the high load 

membranes, water evaporated in about 20 s while for the low load membrane, the process 

took about 3 minutes. A heating rate of about 7oC/s was detected for the high load coating 

in comparison to the low load coating which was about 18 times lower (0.39oC/s). 

According to these results, all following experiments were performed using a high load 

coating membrane. 

 

Figure 4. 4. Water droplets temperature on the Fe-CNTs membrane as a function of 

membrane coating thickness and contact time. 

4.1.5 Flow Experiments  

To examine the impact of the modified Fe-CNTs membrane on the MD process, VMD 

flow experiments were performed.  A cold feed solution at room temperature (RT) was 

directly heated on the Fe-CNTs coated PTFE membrane by IH. The feed solution 

penetrated the porous hydrophilic Fe-CNTs layer in which iron nanoparticles were rapidly 

heated by IH. Subsequently, heat was conducted to and by CNTs and transported to the 

water. The elevated temperature of the water leads to an increase in vapor pressure and 

vapor transport across the hydrophobic base support (Figure 4.1). Distillate flux was 

obtained by vacuum and condensation of the water vapors.  To find optimum operational 



 

70 
 

conditions and understand the system limitations, we performed a parametric evaluation 

by changing operational parameters: vacuum, flow velocity, layer mass and thickness, and 

solution salinity. Results, in terms of distillate flux and salt rejection, are presented and 

discussed in the following sections.  

4.1.5.1 Impact of Flow Rate  

The impact of feed flow velocity on distillate flux and salt rejection was evaluated using 

constant operational parameters (i.e. 35 g/L NaCl feed concentration and 30 kPa vacuum 

pressure), while flow velocity varied between 1.05 to 11.25 cm/min.  Low flow velocities 

were selected to allow high contact time between the feed solution and the membrane 

surface, thus, obtaining the maximum efficiency of the IH. The hydraulic residence time 

(HRT) in the system changed according to the flow velocity, ranging from 457s to 43s for 

1.05 to 11.25 cm/min, accordingly.  

While in conventional MD processes, high flow velocities are required to increase the 

distillate flux as the feed cools down when it is in contact with the cold membrane surface, 

we see a opposite phenomenon in the IH based MD system (Figure 4.5a). Low flow 

velocity of 2.33 cm/min leads to a high distillate flux of about 4 kg/m2.h while increasing 

the flow velocity leads to a decrease in flux to a minimum of about 2.8 kg/m2.h at the 

highest flow velocity measured. Salt rejection also decreases while flow velocity increases. 

Distillate flux changes according to the temperature of the solution, therefore, at high flow 

velocity, the short contact time with the membrane surface leads to less heat transport and 

lower temperature at the water-membrane boundary.  The decrease in distillate flux as a 

result of lower water vapor pressure is described by the Antoine equation in which water 

vapor pressure has an exponential dependence on temperature [50,64–66]. 
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In our results, we see that flow velocity can be optimized to maximize the flux and salt 

rejection. This can be illustrated by considering the effect of flow velocity on the HRT and 

concentration polarization. The increase of feed flow rate improves the mixing in the flow 

channel. This leads to two phenomena at the boundary layer: 1) a decrease in temperature 

due to the short contact time and 2) a decrease in the concentration layer thickness. A lower 

thickness of boundary layer is followed by an increase in distillate flux [148] while 

concentration polarization formed by concentration at the feed-membrane interface [214]. 

In RF-VMD, at very low flow velocities (lower than 2.33 cm/min), concentration 

polarization is relatively notable due to the rapid increase of temperature and water 

evaporation through the membrane, leading to lower distillate flux. Increasing the flow 

velocity improves mixing and decreases concentration polarization by lowering the 

concentration boundary layer. However, the impact of high flow velocity, more than 2.33 

cm/min in our specific case leads to a decrease in HRT, lower water temperatures, and 

lower distillate flux. It can be concluded that increasing the flow velocity more than a 

certain value has a negative impact on the distillate flux while at very low flow velocities, 

the influence of the concentration boundary is dominant.  

Furthermore, salt rejection is also influenced by the flow velocity and increases to the 

maximum value of about 99 % at a flow velocity of 2.33 cm/min, whereas at higher flow 

velocities of 11.25 cm/min, it reduced to about 96%.  The decrease in salt rejection can be 

explained by the low boundary layer resistance, for flow velocities more than 2.33 cm/min, 

which allows salt to pass through the membrane [148]. Ergo, the optimized operation flow 

velocity at 2.33 cm/min was determined in terms of highest distillate flux and salt rejection. 
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4.1.5.2 Impact of Vacuum Level  

Assessing the vacuum level for the RF-VMD system was required to find optimum 

operating conditions with a maximum distillate flux while retaining a high salt rejection. 

Therefore, the influence of vacuum level on the performance of Fe-CNTs membrane was 

evaluated at two flow velocities and a range of vacuum levels. Vacuum level was shown 

to impact the flux and salt rejection as expected according to the relevant literature 

[148](Figure 4.5b).  

For both evaluated flow velocities, distillate flux increased linearly with the increase of 

vacuum pressure on the permeate side as a result of the overall increase in driving force as 

described by Wang et al. (2012) [215]. In terms of membrane selectivity, salt rejection 

decreased with the increase in vacuum level, since the pressure may exceed the liquid entry 

pressure of the hydrophobic membrane. According to the obtained results, an optimal 

working pressure of 20 kPa was determined as it retains maximum salt rejection and 

relatively high distillate flux. 

4.1.5.3 Impact of Membrane Coating Thickness  

Since in RF-VMD, water temperature is influenced by the mass of conductive/magnetic 

material subjected to the magnetic field, the thickness and mass of the membrane coating 

should have a significant influence on the MD distillate flux.  As previously discussed for 

the static heating experiments (section 4.1.4), Fe-CNTs mass loading can be defined 

according to the deposited solution volume and by analyzing SEM cross section images of 

the membrane. While a thick hydrophobic membrane leads to reduced distillate flux due 

to the increase of mass resistance [70], a thick conductive layer improves distillate flux for 
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RF-VMD because of higher heat production and enhancement of the driving force. It 

should be noted that the hydrophobic layer is not modified.   

The impact of the Fe-CNTs layer thickness on the distillate and rejection was evaluated for 

a range of coating thicknesses (6-30µm) using previously optimized operational parameters 

(i.e. flow velocity of 2.33 cm/min and a vacuum pressure of 20 kPa). Figure 4.5c shows 

the correlation between mass loading, layer thickness, and distillate flux.  Salt rejection 

was not impacted by the thickness and remained elevated, i.e. 99 %.  The thickness of the 

Fe-CNTs layer directly impacts the distillate flux. A thicker Fe-CNTs layer leads to higher 

distillate flux as a result of increase in driving force due to the increased temperature 

gradient at the membrane-water interface. Our results show that the distillate flux can be 

increased 4 times only by controlling the deposited mass on the hydrophobic PTFE 

membrane. Furthermore, since the deposited layer impacts only the hydrophilic layer 

which has high porosity, it has no impact on mass transport between the coating and the 

active membrane (PTFE) and therefore no limitations on distillate flux. According to the 

results, a 30 𝜇m width layer membrane was selected for further experiments as it was 

mechanically stable and produced high distillate flux. 

4.1.5.4 Impact of Feed Concentration 

MD can be used for the treatment of extremely concentrated solutions with limited 

influence on distillate flux in comparison to pressure-driven membrane processes such as 

RO which are impacted by concentration polarization [26]. Nevertheles, flux in MD 

systems is influenced by the decrease of partial vapor pressure according to Raoult’s law, 

leading to a decrease in the MD process driving force with the increase in salt concentration 

[92]. 
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As RF-VMD distillate flux production is based on the same physical principles as other 

thermally driven membrane processes and influenced by temperature and salinity, it is 

important to determine the influence of high salt concentration on its performance. Three 

feed solutions with increasing salinities simulating common wastewater/water species, i.e. 

10 g/L (saline water), 35g/L (seawater), 100 g/L (RO concentrated brine) were tested and 

compared to conventional MD (Figure 4.5d). Experiments were performed according to 

the optimal conditions obtained in the previous steps.   

While conventional VMD [24,26] and self-heating MD based on altering current [188] 

show a decrease in flux as a function of increased salinity, RF-VMD shows (Figure 4.5d) 

a linear increase in flux with the increase of feed salinity whereas salt rejection stayed 

constant i.e. 99 %. As increased salinity leads to a decrease in partial vapor pressure of 

water, an additional phenomenon overcomes the decrease in partial pressure and leads to 

the increase of distillate flux.  

Wang et al. [216], and Sefy et al. [217] showed that hydrogen-bonds in pure water are 

weakened in the presence of magnetic fields. Furthermore, Chang et al. showed that in the 

presence of ions, the magnetic field decreases water clusters’ size; therefore, a high 

concentration of ions such as Na+ and Cl-, may decrease the energy required to break 

hydrogen-bonds between water molecules. The applied magnetic field enhances the 

mobility of Na+ and Cl-   ions which damages the hydrogen network of the water. As a 

result, water molecules’ mobility in a highly-concentrated sodium chloride solution 

increases [218]. Therefore, our hypothesis is that a high frequency magnetic field and high 

salt concentration may lead to elevated water temperature coupled with increased water 

evaporation as a result of the hydrogen bonds weakening [216–219]. According to our 
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results, which show higher flux at high salinity, we estimate that the influence of high 

salinity on mobility in IH is dominant over the decrease of partial vapor pressure. 

Experimental comparison between the RF-VMD system and conventional VMD shows a 

significant advantage to the RF-VMD system with a distillate flux of about 5 kg/m2.h for 

a 100 g/L NaCl solution in comparison to about 0.3 kg/m2.h for a conventional VMD at 

similar conditions. According to these results, thermally conductive membrane distillation 

by IH can be considered a promising technology for treatment of high salinity brine due to 

the overall high distillate flux and salt rejection. 

 

Figure 4. 5. (a) Impact of flow velocity on distillate flux and salt rejection at 30 kPa 

vacuum pressure; (b) Impact of vacuum level on distillate flux and salt rejection with 2.33 
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and 11.25 cm/min feed flow velocity; (c) Impact of Fe-CNTs loading and layer thickness 

on distillate flux at 20 kPa vacuum pressure, and 2.33 cm/min feed flow velocity; (d) 

Impact of feed salt concentration on distillate flux of RF-VMD and conventional VMD at 

20 kPa vacuum pressure, and 2.33 cm/min feed flow velocity. 

 

4.1.6 Comparison between Conventional VMD and RF-VMD 

To evaluate the feasibility of the RF-VMD system, we compared it to conventional VMD 

in terms of distillate flux and specific heating energy. We used a commercial unmodified 

PTFE membrane in a conventional VMD setup under the same operating conditions. Both 

membranes were fed with a solution containing 35 g/L NaCl and kept under the previously 

optimized operating conditions. The feed to the RF-VMD system was kept at 20±2 oC and 

the feed to the conventional VMD was preheated to 65±2 0C. Temperature was selected 

according to our measurements as the average temperature in the RF-VMD was about 65 

oC with a flow velocity of  2.33 cm/min (data acquired using IR temperature meter and 

from COMSOL simulation). 

Results (Figure 4.6a) show that RF-VMD distillate flux is significantly higher than 

conventional VMD flux as a result of the heated membrane surface while salt rejection was 

99% for both systems. The difference can be attributed to three phenomena: first, the Fe-

CNTs layer provides an additional layer with a hydrophilic–hydrophobic structure on the 

PTFE membrane. The porous hydrophilic layer heats the solution while the hydrophobic 

layer rejects the liquid solution (water and dissolved ions). Since water convectively 

transports from the feed solution into the hydrophilic layer and heats up inside, water vapor 

formation on the Fe-CNTs/PTFE membrane will be higher than at the surface of a PTFE 

membrane. Second, the hydrophilic–hydrophobic dual layered structure provides low heat 

loss through the membrane compared to a thin commercial PTFE membrane. The 

hydrophilic layer is assumed to lead to water absorption and heating, while both the 
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hydrophilic and hydrophobic layers prevent heat loss through the membrane matrix. 

Finally, while conventional MD suffers from temperature polarization due to the 

temperature difference between the heated feed and cold membrane interface  (Tfb>Tfm ) 

(Figure 4.6b) [24], in the RF-VMD module, thermal polarization is negligible since the 

bulk feed temperature is notably lower in comparison to the interfacial temperature 

(Tfb<Tfm) (Figure 4.6c). As a result, more water vapor forms at the Fe-CNTs/ PTFE 

interface, resulting in high distillate flux.  

Specific heating energy consumption (Qs), which is the ratio of heating energy (W) to 

distillate flow rate (kg/h) was calculated for both systems (see Eq. 4.1).  

Q = ṁcp(Tf − Troom) Eq. 4.1  

Where Q is the heating energy consumption, ṁ is the feed solution mass flow rate, cp is 

the specific heat of feed, Tf is the feed temperature, and Troom is the room 

temperature[220].  

Results indicate that the RF-VMD system has a lower specific energy i.e. 197 Wh/kg in 

comparison to the conventional VMD, i.e. 1202 Wh/kg (Figure 4.6a). The attained specific 

heating energy of the RF-VMD system is lower than some values reported in the literature 

on conventional MD systems [191,220,221] along with self-heating MD systems 

[188,222,223]. 

Table 4.1 shows a comparison of performance and energy consumption of direct heating 

MD systems as described in the literature. Three heating approaches are evaluated, 

including photothermal, ohmic, and IH heating. The RF-MD system is among the higher 

performances in terms of high distillate flux with lowest heating energy. The calculated 

values of gain output ratio (GOR) (Table 4.1), which defines the ratio of the water 
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evaporation energy to the energy input of the system[188], show a high energy efficiency 

of RF-VMD. This is attributed to the role of the IH coupled with the dual layered membrane 

structure, the heating of Fe-CNTs layer, negligible thermal polarization, and low heat loss. 

According to the experimental results, RF-VMD systems can be considered as an efficient 

MD technology in terms of relatively low heating energy consumption with high distillate 

flux and high salt rejection. 

Table 4. 1. Comparison of performance and energy from different direct heating MD 

systems 

Heating method Heating materials 
Input energy 

(kW/m2) 

Flux 

(kg/m2.h) 

Qs 

(kWh/kg) 
GOR 

Efficiency 

(%) 
Ref. 

Solar irradiation cESM-CNTs 1 1.15 0.87 0.78 >75.6 [222] 

Solar irradiation Carbon black-PVA 0.7 0.5 1.4 0.48 53.8 [223] 

Ohmic heating CNTs-PVA 11.1 7.5 1.23 0.54 NA [188] 

Induction 

heating 
Fe-CNTs 0.781 4 0.2 3.45 >84 

This 

study 

 

Figure 4. 6. (a) Distillate flux and specific heating energy of Fe-CNTs/PTFE membrane in 

RF-VMD and unmodified PTFE membrane in conventional VMD at 2.33 cm/min feed 

flow velocity and 20 kPa vacuum pressure; Temperature Polarization membrane in (b) 

conventional VMD (c) RF-VMD. 
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4.1.7 Simulation and Scale up  

Conventional and IH based VMD, 2D models were developed and compared with the 

experimental data to verify the models’ accuracy. This was done by comparing the 

calculated distillate fluxes, based on mean vapor flux on distillate–membrane interface, 

with obtained experimental distillate fluxes.  

Simulated and experimental data including distillate flux at a range of feed flow velocities 

are shown in Table 4.2 for both RF-VMD and conventional VMD. All data was collected 

at a feed concentration of 35 g/L NaCl with 20 kPa vacuum pressure, while the feed inlet 

temperature for RF-VMD and conventional VMD was 20C ±2 and 65C±2, respectively.  

For the IH based system FEM model, we used a constant heat flux equal to 2.46 W (781.25 

W/m2) to simulate the produced heat at the membrane surface as a result of IH. This value 

was obtained according to measurements of the average temperature of the feed solution 

on the surface of Fe-CNTs membrane exposed to the magnetic field. The computational 

influence of feed flow velocity on the water distillate flux is in consistent with the 

experiment results.  Higher feed velocity decreases the distillate flux of RF-VMD due to 

the decrease in hydraulic contact time while distillate flux of conventional VMD increases 

with higher feed velocity as a result of mixing and low boundary layers[148]. 

Simulation results were corresponding to the experimental results with average errors of 

less than 4.0%, thus, confirming that the developed two-dimensional FEM model based on 

the momentum, mass, and heat transfer is precise. Therefore, the model can be used to 

predict the impact of parametric changes on conventional VMD operation and VMD with 

a self-heating membrane such as seen when applying IH in our case. 
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Table 4. 2. Comparison between simulation and experimental results of distillate flux for 

RF-VMD and conventional VMD 

System 
Flow velocity 

(cm/min) 
Tin (oC) 

Experimental flux 

(kg/m2.h) 

FEM model flux 

(kg/m2.h) 

Error 

(%) 

RF-VMD 2.33 20 4.025 4.17 3.6 

RF-VMD 4.55 20 3.6 3.71 3.05 

RF-VMD 6.75 20 3.23 3.21 0.62 

RF-VMD 11.25 20 2.87 2.65 7.6 

VMD 2.33 65 0.65 0.62 4.6 

VMD 11.25 65 1.39 1.42 2.16 

VMD 14 65 1.53 1.58 3.26 

Average error: 3.56% 

The differences between solution temperature and distillate flux along the membrane 

module for both systems are shown in Figure 4.7. Data was calculated with a hot feed (65 

oC) for conventional VMD and a cold feed (20 oC) for the RF-VMD system. All 

simulations were done at constant flow velocity 2.33 cm/min and 35 g/L of NaCl. Our 

results show a rapid decrease in temperature along with a decrease in distillate flux for the 

conventional VMD module (Figure 4.7 a, b). According to the data, flux reached minimum 

value within the first two centimeters of the module as a result of the heat loss due to water 

evaporation [188] and contact with the cool membrane surface. In contrast, the RF-VMD 

module (Figure 4.7 c, d) reached a high flux value within the first two centimeters of the 

module with an overall rapid increase in solution temperature and distillate flux. 

Simulations are in agreement with experimental results, confirming that the RF-VMD 

system results in elevated membrane surface temperatures and higher distillate fluxes in 

comparison to conventional VMD.  
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Figure 4. 7. (a) FEM simulation of feed temperature distribution and (b) distillate flux 

values along the membrane in the conventional VMD model with feed temperature 65 oC; 

(c) FEM simulation of feed temperature distribution and (d) distillate flux values along the 

membrane in the RF-VMD model with feed temperature 20 oC; feed flow velocity for both 

systems: 2.33 cm/min. 

We also evaluated the ability of scaling up the RF-VMD system using the same FEM 

simulated approach. Our scaled model is based on a larger membrane (1-meter length, 1-

meter wide, and 1 mm height flow channel). Results show that the temperature in the flow 

channel is influenced by the longer residence times. Therefore, a longer membrane module 

leads to an overall higher temperature and higher distillate flux even when flow velocities 

are relatively high (Figure 4.8a). 

Heat flux can be enhanced for IH based systems by increasing the Fe-CNTs layer thickness, 

induction heating power source, frequency, and coil structure. We evaluated the heat flux 

required to use an RF-VMD system for industrial application with a higher flow velocity 

i.e. 750 cm/min. Our results show that even at high flow velocities, distillate flux can be 

significantly increased by controlling the heat flux. Therefore, heat fluxes of 781.25 W/m2 

and 4000 W/m2 showed the ability to distillate 0.5 and 8 kg/m2 hr., accordingly (Figure 
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4.8b).  Based on the scale up estimations (Figure 4.8c), the specific heating energy to distill 

one kg of water is about 0.5 kWh at heat flux of 4000 W/m2. This confirms the efficiency 

of RF-MD in comparison to conventional VMD systems and the other self-heating MD 

according to data acquired from the literature and our FEM model [188].  

Scaling up the RF-VMD requires addressing engineering challenges related to the tradeoff 

between flow rates, heat loss, and concentration polarization near the heated membrane 

and additional technical aspects related to the size and power of the IH system and inducer 

coil.   

As the hydraulic contact time impacts the performance and flux of the system, increasing 

the flow velocity would require optimization of ratio between flow velocity and heat flux. 

This can be done through several mechanisms i.e. increasing the Fe-CNTs layer thickness, 

increasing the induction power, varying the magnetic frequency, and controlling the coil 

structure. Furthermore, to gain higher flux, a higher surface area is required; therefore, 

hollow fiber modules should be considered instead of flat sheets, which are less efficient 

in terms of surface area per volume. Finally, scaling up the IH system will require 

considering the materials used for the modules, as they must be made on non-conductive 

and non-magnetic materials as polymers and plastics. 
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Figure 4. 8. Impact of system scaling on system performance by using a FEM simulation 

of a scaled-up system: (a) Distillate flux along a membrane module as a function of flow 

rate with heat source flux: 781.25 W/m2, (b) Distillate flux along a membrane module as a 

function of heat source energy with flow velocity 750 cm/min; (c) Specific heating energy 

of RF-VMD as a function of heat source energy at 750 cm/min feed flow velocity. 

 

4.1.8 Conclusions 

Composite magnetic-hydrophilic/hydrophobic membranes were fabricated by spraying 

nano particles of iron oxide coated CNTs on the surface of hydrophobic PTFE membrane. 

Radio frequency electromagnetic field was successfully employed as a means to directly 

heat the saline water on the surface of the membrane in a VMD conformation. Heating was 

found to be related to the loading of Fe-CNTs on the base support, where higher mass 

loading provides higher distillate flux. The process was optimized in terms of conductive 

layer thickness, feed flow rate, and vacuum level. The system behaves different from 

conventional VMD processes and optimum distillate flux was obtained at low flow 

velocities. Flux was shown to be affected by the hydraulic residence time in the flow cell 

as a result of heat transport by diffusion and convention from the membrane to the 

surrounding solution. In addition, RF-VMD was shown to be more efficient for feed 

solutions containing high salinity. Therefore, it can be potentially used for concentrated 
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brine treatment. Our CFD simulations were validated by experimental results and predict 

the ability to use IH-VMD for larger scale systems. 

 

4.2 Scaling Mitigation in Radio-Frequency Induction Heated Membrane Distillation 

Preface: The contents of this section are in part based on a published article in Journal of 

Membrane Science: Anvari, A., Kekre, K. M., Ronen, A., " Scaling mitigation in radio-

frequency induction heated membrane distillation", Journal of membrane science 600 

(2019): 117859 [195]. 

4.2.1 Introduction 

In this section a comprehensive investigation of scaling and scaling mitigation behavior of 

MD system, based on RF-IH under high salinity feed conditions, specifically addressing 

CaSO4 scaling due to its severity, will be done. We evaluate and analyze the impact of 

operating parameters and feed concentration on distillate flux and scaling properties (i.e., 

crystal size and quantity) and compare the RF-based approach (RF-VMD) to a 

conventional VMD system (C-VMD).  

4.2.2 Distillate Flux Under Scaling Conditions 

In order to characterize the impact of RF-IH on CaSO4 scaling, C-VMD and RF-VMD 

systems were fed with synthetic solutions designed to simulate seawater salinity (35 g/L 

NaCl and 1.8 g/L of CaSO4). CaSO4 concentration was selected to be close or above the 

saturation limit of CaSO4 according to specific temperatures. At 25°C and 65 °C, the 

maximum saturation concentrations are 2.4 g/L and 1.5 g/L, respectively [224,225].   

Scale development of both systems was evaluated according to operational parameters of 

the MD system, i.e. flux changes over time. Both systems had similar inlet conditions based 
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on previous section (Section 4.1), i.e., flow velocity of 2.33 cm/min and a vacuum pressure 

of 20 kPa, but different feed temperatures of 65oC for C-VMD and 20 oC for the RF-VMD. 

While distillate flux changed during our experiments, no decrease in rejection was 

observed in both systems (NaCl rejection>99%). Although the deposited inorganic salt 

layer was shown to decrease the hydrophobicity of the PTFE membrane and cause a 

decrease in rejection [47], the modified dual hydrophilic/hydrophobic membrane structure 

was previously shown to reduce the influence of scaling on membrane rejection [134].   

Distillate flux changes are addressed as normalized flux (N.F) values and are presented as 

a function of time (Figure 4.9). The C-VMD system (J0=0.6±0.3) resulted in a 50% 

reduction in N.F over 7 hours of experiment, the reduction is attributed to the precipitation 

of CaSO4 crystals on the membrane surface due to CP. Scaling occurs as calcium and 

sulfate ions are rejected by the membrane, leading to their supersaturation and precipitation 

on the membrane surface. In addition to CP, the elevated temperature was shown to 

decrease the solubility of CaSO4 due to its exothermic formation energy [226]. In all 

experiments, the average solution temperature was 65 oC, leading to supersaturation and 

resulting in CaSO4 crystals formation on the membrane surface. While scaling led to the 

N.F decline in the C-VMD, an opposite behavior was seen in the RF-VMD system 

(J0=3±0.2), where N.F values increased by up to 115% and stabilized within the first two 

hours of heating as presented and discussed in our previous section. The proposed 

explanation for the RF-MD scaling mitigation mechanism is presented in the next section 

(section 4.2.3).   
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Figure 4. 9. N.Fs of C-VMD and RF-VMD systems as a function of time at feed velocity 

of 2.33 cm/min and vacuum pressure of 20 kPa for the distillation of 35 g/L NaCl with 1.8 

g/L CaSO4 solution and feed inlet temperatures of 65 oC and 20 oC, respectively. 

EDX and SEM images of the membranes’ surface following distillation (feed solution of 

1.8 g/L CaSO4 and 35 g/l NaCl) are presented in Figure 4.10. SEM image of the C-VMD 

shows the presence of cubical needle-like shaped crystals, which are hypothesized as the 

reason for N.F decline (Figure. 4.10a). EDX analysis (Figure 4.10c) indicates the presence 

of calcium, oxygen, and sulfate elements, which are the main components of CaSO4 

crystals. In contrast, no apparent crystals were detected at the surface of the membrane 

following the RF-VMD processes (Figure 4.10 b, d). EDX data also confirms the presence 

of iron nanoparticles embedded in the CNTs matrix composing the membrane. The data 

obtained by EDX and SEM images are consistent with the distillate flux results, indicating 

that the RF-MD distillation process may result in limited or complete mitigation of CaSO4 

scaling.  



 

87 
 

 

Figure 4. 10. Morphological images of used membranes’ surface in (a) C-VMD; (b) RF-

VMD systems, and EDX images of selected parts of membranes in (c) C-VMD; (d) RF-

VMD systems for the distillation of 35 g/L NaCl with 1.8 g/L CaSO4 solution. Feed 

velocity of 2.33 cm/min, vacuum pressure of 20 kPa, and feed inlet temperatures of 65 oC 

and 20 oC, respectively. 

4.2.3 Proposed Scaling Mitigation Mechanism 

Previous studies have described the influence of magnetic fields on ions and inorganic salt 

crystallization along with their fouling behavior by several mechanisms including an 

increase of nucleation and crystal growth in the bulk solution due to an increase in ion 

collision frequency in the magnetic fields and rapid ions reactivity in the water, leading to 

the lack of ions in the solution to precipitate [227–229]. In the current work, the RF-VMD 

system exhibits an increase in N.F rather than the decline as seen in C-VMD as a result of 

CaSO4 scaling.  

The results of this study provide a qualitative description of the RF-IH mechanism that 

leads to scaling mitigation and reduction. In order to address scaling phenomenon under 

RF-IH conditions, two plausible factors should be considered: (1) the influence of the high-
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frequency electromagnetic field on Ca+2 and SO4
-2 ions collision, leading to crystallization 

in the bulk solution; (2) the influence of high frequency magnetic field on the mobility of 

Na+ and Cl- ions, leading to damage of intermolecular bonding of CaSO4 crystals in 

addition to the damage of intermolecular bonding of water molecules. Ions exposed to an 

electromagnetic field were shown to be influenced by Lorentz force, which is perpendicular 

to the magnetic field and enhances linearly according to the ion’s charge [230,231]. This 

leads to movement and fluctuation of ions and to enhance their collisions, resulting in 

improved crystal nucleation and the formation of small suspended CaSO4 crystals in the 

bulk solution [227–229,231–233]. As permeate drag force is influenced by size and mass 

[234], the suspended small crystals tend to remain in the solution rather than reach the 

membrane surface. Furthermore, Silva and et al. [235] showed that Ca2+ ions were more 

hydrated in a solution exposed to a magnetic field, resulting in the formation of small 

insoluble crystals because of the weak adhesion between cations and anions. Small 

suspended crystals can be more easily removed from the surface of the membrane by shear 

as a result of the cross-flow. The formation of crystals with small size under magnetic fields 

was addressed in several studies considering magnetic fields as a method to increase 

crystallization of inorganic salts in the bulk solution [227–229,236,237]. In order to prove 

the influence of RF-IH on the formation of crystals in our system’s bulk solution, the 

concentrate stream was collected and evaluated for the average crystal number and size 

(Figure 4.11a-d). Several mL from the concentrate were imaged using light microscopy 

and images were analyzed by an image processing software. As theorized, a higher number 

of suspended crystals were detected following the RF-VMD (13,620±1,853 crystals/mm2), 

while for C-VMD, a significant lower concentration of crystals was measured (i.e., 6 times 
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less, 2,380±493 crystals/mm2). In both cases, suspended crystals had an average size of 5-

10 µm, therefore, we assume larger crystals deposited on the membrane surface. 

 

Figure 4. 11. Light microscopy images of the concentrated flow of (a) C-VMD; (b) RF-

VMD, and ImageJ counting images for the concentrated flow of (c) C-VMD; (d) RF-VMD. 

 

In addition to the influence of the high-frequency magnetic field on calcium and sulfate 

ions, the mobility of other ions may also contribute to scaling mitigation. High-frequency 

magnetic fields were shown to increase the mobility of Na+ and Cl-   ions [218]. High ion 

mobility and magnetic fields were shown to decrease CaCO3 scaling [230]. We assume a 

similar phenomenon occurs in our system, where the RF-IH leads to breaking of crystals’ 

structure and prevents the formation and deposition of CaSO4 scaling.  

As a result of both factors, scaling formation was limited in the RF-VMD system and no 

distillate N.F decline was observed. Furthermore, the N.F increased over time as a result 

of mainly direct heating of the feed on the surface of the membrane, the negligible TP along 
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with limited heat loss, and breaking of water hydrogen-bonds due to the high mobility as 

discussed previously. The temperature of Fe-CNTs layer exposed to the high frequency 

electromagnetic field increased over time until reaching a steady-state, therefore, the 

solution in contact with the heated layer is heated while passing through it, leading to higher 

distillate flux over time until it stabilizes (Figure 4.9). A schematic illustration of the 

proposed RF-IH impact on CaSO4 crystals deposition and mitigation in comparison to the 

scaling in the C-MD system is presented in Figure 4.12. 

 

Figure 4. 12. Schematic illustration of (a) CaSO4 scaling in the C-VMD system (b) 

declined CaSO4 scaling in the RF-VMD system. 
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To assess the influence of ions and concentrations on scaling, we evaluated three solutions 

and measure the changes in N.F as a function of time; (S1) a solution containing only 35 

g/L of NaCl; (S2) a solution containing a mixture of 35 g/L NaCl and 1.8 g/L CaSO4, and 

(S3) a solution containing only 1.8 g/L CaSO4. All the experiments were done at feed flow 

velocity of 2.33 cm/min, vacuum pressure of 20 kPa, and feed inlet temperature of 20 oC. 

When assessed with the RF-VMD system, there was no decline in N.F for all solutions 

(Figure 4.13); therefore, scaling formation can be considered negligible. The limited scale 

formation is assumed to be a result of the high-frequency magnetic field as discussed in 

the previous section. Furthermore, it should be noticed that for all the feed solutions, 

distillate flux increased to values higher than the initial flux value (i.e., J>J0, or N.F>1, 

where J= up to 7 kg/m2.h and J0=3±0.2 kg/m2.h) as a result of the heating process through 

the membrane module (i.e., thermally conducting membranes with limited TP) and impact 

of the high frequency magnetic field on the mobility of ions, leading to enhanced water 

evaporation through breaking hydrogen bonds [218]. A maximum value of N.F=2.5 was 

measured for the solution containing only NaCl (S1) but, in contrast to the expected 

increase in N.F with the increase in ionic strength, the presence of both salts (i.e., NaCl and 

CaSO4 in S2) led to a reduced N.F value (N.F=2). Furthermore, the solution containing 

only CaSO4 (S3) resulted in the lowest N.F value (N.F=1.4). While sodium and chloride 

ions have shown to increase N.F (S1), the presence of calcium and sulfate led to a negative 

impact (S2). This is assumed to be a result of small crystals formed in the bulk solution as 

some of the sodium and chloride ions are presumed to break/damage the CaSO4 crystals 

instead of weakening the water intermolecular forces (hydrogen bonds). The solution 

containing only calcium and sulfate (S3) led to the lowest N.F value as a result of crystal 
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formation and a relatively low ionic strength in comparison to the previous NaCl pure 

solution (S1). This demonstrates that both mobility and bulk crystallization, which are 

affected by the magnetic field, have an important role in the low or negligible scaling of 

RF-VMD systems. 

 

Figure 4. 13. Influence of RF-VMD on N.F as a result of solution composition. Feed 

velocity of 2.33 cm/min, vacuum pressure of 20 kPa, and feed inlet temperature of 20 oC. 

4.2.4 Impact of CaSO4 Concentration  

The influence of CaSO4 concentration at supersaturation on the scaling was assessed for 

both MD systems. CaSO4 concentration in the feed solutions was varied between 1.8 to 3.6 

g/L (saturation index (SI) of 0.78 to 0.8, Eq. 3.1).  

Based on the literature [37,54,238], the RO brine was initially used at a concentration of 

1.8 g/L CaSO4. Higher concentration (i.e., supersaturated values such as 3.6 g/L) was 

assessed to describe extreme conditions where the RO brine is concentrated as part of a 

brine management approach or when assessing wastewater such as produced water. While 

the feed solution reached supersaturated conditions, it was continuously mixed at high 

velocity (high rpm) to prevent precipitation of CaSO4 in the feed stank as done by Ge et al. 

[54] and Hou et al. [99]. The feed was not filtered to remove preformed crystals prior the 
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experiments as this will impact the concentration of ions entering the MD system. 

According to Yan et al. [37], CMD systems are influenced by different fouling mechanisms 

for filtered and unfiltered solutions as a result of the formed crystals in the feed. It was 

shown that for hypersaline supersaturated solutions (e.g. 3.6 g/L CaSO4), crystallization of 

CaSO4 was based on homogenous nucleation in the bulk solution and heterogeneous 

nucleation on the surface of membrane simultaneously, both impacting the scaling 

behavior. The small bulk crystals speed up the homogeneous nucleation which can easily 

migrate and deposit on the membrane surface. Meanwhile, at the RF-VMD, the heating 

occurs while the solution is in the MD cell, therefore, it is expected to reach supersaturation 

conditions in the flow cell and when in contact with the membrane. Therefore, we did not 

filter the feed as we wanted to compare both systems (C-VMD and RF-VMD) at similar 

concentrations and assess ‘realistic’ conditions, where the system is exposed to both crystal 

formation mechanisms.  

In this study, as expected for supersaturation conditions (SI> 0), the C-VMD system 

(Figure 4.14a) showed a decrease in N.F with the increase of Ca+2 and SO4
-2 concentrations 

due to crystals formation and growth. Following a 420 mins filtration experiment, distillate 

flux was reduced by more than 50% for all CaSO4 containing solutions with the maximum 

reduction for the highest concentration of CaSO4 (i.e., 3.6 g/L of CaSO4). The N.F of the 

RF-VMD system, however, did not decrease over time (Figure 4.14b) and displayed a 

similar trend as previously shown (Figure 4.13). Interestingly, while the high concentration 

of CaSO4 did not decrease N.F with time, it decreased the maximum N.F value. For the 

solution containing 1.8 g/L of CaSO4, the maximum N.F obtained by the system was 25% 

lower than the solution containing only NaCl, and for a higher concentration of 3.6 g/L 
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CaSO4, the N.F was reduced to about 44% of the N.F with only NaCl.  The change in N.F 

values is hypothesized to be a result of the presence of Ca+2 and SO4
-2 ions and their crystals 

in the bulk solution and their influence on hydrogen bonds breaking by Na+ and Cl- ions as 

previously discussed. 

 

Figure 4. 14. Influence of CaSO4 feed concentration on the N.F of (a) C-VMD; (b) RF-

VMD systems. Feed velocity of 2.33 cm/min, vacuum pressure of 20 kPa, and feed inlet 

temperatures of 65 oC and 20 oC for C-VMD and RF-VMD, respectively. 

SEM images of the membranes following the distillation of solutions containing high 

CaSO4 concentration (3.6 g/L CaSO4) are shown in Figure 4.15 and include EDX analysis 

to confirm crystal composition. While imaging of the membranes following C-VMD and 

RF-VMD shows the presence of CaSO4 crystals, there is a significant difference in crystal 

size and concentration between the assessed systems. SEM analysis of the C-VMD 

membrane (Figure 4.15a) showed multiple large CaSO4 crystals, with sizes larger than 200 

µm. When comparing these results with the previous data regarding the lower CaSO4 

concentration (1.8 g/L CaSO4, Figure 4.10a), we see an increase in crystal size and overall 

number of crystals. This confirms the data obtained regarding the influence of CaSO4 

concentration and N.F decrease, as seen in Figure 4.14a. While for the RF-VMD system, 

no crystals were found on the membrane surface for low CaSO4 concentrations (1.8 g/L 
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CaSO4, Figure 4.10b), higher concentration of CaSO4 in the treated solutions resulted in 

sporadic small crystals with sizes ranging between 20-180 µm, indicating that scaling 

formation was relatively minor (Figure 4.15b). As solutions in both systems had similar 

ionic strength and compositions, and both solutions reached similar average temperatures 

(65 oC), scaling mitigation is assumed to be a function of the magnetic field according to 

the proposed fouling mitigation mechanisms. Briefly, the high mobility of Na+ and Cl- ions 

in the RF magnetic field limits crystal size and prevents them from precipitating and 

growing on the membrane surface. Instead, multiple smaller crystals are removed at the 

concentrated stream as a result of shear.    

 

Figure 4. 15. EDX and SEM images of membranes surface at 3.6g/L CaSO4 feed 

concentration in: (a) C-VMD; (b) RF-VMD systems. 

4.2.5 Impact of Feed Flow Velocity on Distillate Flux  

Our previous section (4.1) showed that in RF-VMD systems, feed flow velocity impacts 

the temperature of the solution at the membrane-water interface, as a result of contact time 
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between liquid and heated membrane (i.e. hydraulic retention time, HRT). Therefore, 

higher feed velocity resulted in lower solution temperature and lower distillate flux. In 

addition, flow velocity was hypothesized to impact scaling as the solubility of CaSO4 in 

water decreases with increasing temperature [97]. Moreover, at higher velocities, feed 

containing ions is exposed to the magnetic field for a shorter time, leading to limited 

influence of the magnetic field on the mobility and crystallization in the bulk. Therefore, 

there is a tradeoff between high flow rate and scaling. For a high flow velocity with low 

HRT, the solution is not heated as required due to the limited contact time between the 

liquid and the membrane surface. Therefore, low distillate flux is expected. On the other 

hand, as temperatures are relatively low, CaSO4 solubility is higher and there is limited 

crystallization on the membrane surface. In addition, at short HRTs, Na+ and Cl- ions are 

less impacted by the RF-IH and will do limited damage to the formed crystals in addition 

to limited impact on water evaporation. At low flow velocities, high solution temperatures 

are expected at the membrane-solution interface, and therefore, higher distillate flux is 

expected. However, at higher temperatures, CaSO4 solubility decreases, and more scaling 

is expected. In addition, Na+ and Cl- ions are expected to be impacted by the RF-IH 

magnetic field, thus, ion mobility can damage the formed crystals and decrease the scaling 

phenomenon.  

To validate our hypothesis, the influence of feed flow velocity on CaSO4 scaling was 

assessed at a flow velocity range of 2.33 to 11.25 cm/min, corresponding to flow rates of 

1 to 5 ml/min and a residence time of 206 to 43 seconds, respectively. Experiments were 

done using similar solutions as before (1.8 g/L and 3.6 g/L CaSO4 with 35 g/L NaCl). 

Results revealed that increasing the flow velocity to the extent of 6.75 cm/min, improved 
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the N.F by 20% and 25% for 1.8 and 3.6 g/L feed concentrations, respectively (Figure 

4.16). As expected, at feed velocities lower than 6.75 cm/min (about 3 ml/min), the solution 

temperature increases to higher values due to the longer membrane-liquid contact time but 

at the same time, the elevated temperature leads to a decreased CaSO4 solubility and 

increased scaling, even under the influence of RF-IH magnetic fields. Therefore, the overall 

distillate flux is relatively low. On the other hand, increasing the flow velocity to values 

higher than 6.75 cm/min led to a decrease in solution temperature due to shorter membrane-

liquid contact time, at the same time, the lower temperature limited scaling due to a higher 

CaSO4 solubility. As a result, the overall distillate flux is relatively low. Overall, for RF-

VMD systems, high HRT may positively influence the solution’s temperature and distillate 

flux but at the same time have a negative impact on CaSO4 solubility. HRT may also 

influence the mobility of ions, which was shown to impact crystallization and distillate 

flux. For the assessed RF-VMD system, a maximum distillate flux was obtained at a feed 

flow velocity of 6.75 cm/min regardless of the CaSO4 concentrations. 

 

Figure 4. 16. Influence of feed flow velocity on the N.F of RF-VMD system at 35 g/L 

NaCl with (a) 1.8 g/L; (b) 3.6 g/L CaSO4 feed solution. 
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4.2.6 Impact of Concentration Factor on Distillate Flux  

As CaSO4 solubility increases with the increase in ionic strength [239], we evaluated the 

influence of high salts concentrations on scaling in both systems to assess the influence of 

the RF-IH. The salt rejection was determined to be high (about 99%) in both systems. 

Therefore, the concentration factor (CF) was calculated according to Eq. 4.2 [100]. 

CF =
Cf

Ci
                                                                            Eq. 4.2 

Where Cf and Ci are the concentration of both salts in the feed solution with recycled 

concentrate and the initial feed concentration (g/L), respectively. The values of  
Cf

Ci
 were 

calculated based on the described ratio in the previous studies [54,99,240], which are based 

on the ratio of cumulative permeate volume to the initial volume of feed solution (R) at 

any point. Therefore, we used the defined equation by Martinetti et al. [240] and Hou et al. 

[99] which is  CF= 
1

1−𝑅
 to calculate CF values. 

The solubility values (s) were calculated at a range of concentration factors (CFs) and 

ionic strengths with saturation indexes of 0.7 to 1, according to Eq. 4.3 [241]. 

log s = log so + 4S
√I

1+Asp√I
+

B′

2
I −

C′

2
I2                         Eq. 4.3 

where I is the ionic strength, which is equal to the molality of (NaCl + 4×molality of 

CaSO4), s is the solubility (mol/L) of CaSO4 at I, sois the solubility at I=0 (at 65 oC, so 

=34.41×10−6[241]), S is the limiting Debey-Hiickel slope (at 65 oC, S=0.55 [239]). Asp, 

B′, and C′ are empirical parameters according to temperatures [241], where at 65 oC, 

Asp=1.564, B′ = 0, and C′ = 0.009. 

To evaluate the impact of the RF-IH at higher salt concentrations such as found in 

concentrated RO brine or produced water and to assess how increased salinity may 
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influence N.F and scale formation, the concentrate stream was recycled back into the feed 

tank following MD, thus increasing the ions concentrations in the feed containing 35 g/L 

NaCl with/without 1.8 g/L CaSO4. Results of previous studies [54,239] and our calculated 

values (Figure 4.17a) show that increasing the ionic strength to the extent of about 1.5M 

(corresponding to a CF of about 2) increases CaSO4 solubility, while higher ionic strengths 

lead to lower solubility or have limited effect. Figure 4.17b addresses these values by 

displaying the CaSO4 concentrations and corresponding solubility values at different CFs.   

For C-MD, the decrease in N.F can be correlated with an increase in CF (Figure 4.17c) and 

attributed to the CaSO4 scaling and decrease in partial vapor pressure [93]. Lower N.F 

values of salt solutions containing NaCl in the absence of CaSO4 are only associated with 

the lower partial vapor pressure (i.e., driving force) because of the high NaCl concertation 

[93], whereas in the presence of CaSO4, the decrease of N.F can be a result of both lower 

vapor pressure and scaling at the membrane surface. At CF below 2, both feed solutions 

(with and without CaSO4) had a similar N.F decrease trend (Figure 4.17c) while in the 

presence of CaSO4 the N.F is 10% lower. The difference is attributed to the decrease in 

partial vapor pressure due to the additional CaSO4 ions. At these CF values, the ionic 

strength is lower than 1.5 mol/L (as shown in figure 4.17a) and the concentration of CaSO4 

in the feed solution is lower than the saturated solubility (Figure 4.17b), leading to limited 

or no crystallization. At higher CF values (above CF of 3), the solution is above the 

solubility limit of CaSO4, leading to 20% more flux reduction in comparison to the solution 

containing only NaCl. This is hypothesized to be a result of scaling on the membrane 

surface. The influence of CaSO4 scaling and supersaturation can be seen in CF values 

between two and four, resulting in 55% flux reduction in comparison to the solution 
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containing only NaCl which suffered from 40 % flux reduction. Our results are consistent 

with data from the literature[54]. Ju et al. showed that an increase in ionic strength to more 

than 1.5mol/L (corresponding to the CF more than 3.5 ) led to CaSO4 scaling [54].  As 

expected, SEM imaging of the membrane following C-VMD with CaSO4 at CF=4 

exhibited very large CaSO4 crystals (with sizes ranging between 300-950 µm) on the 

membrane surface (Figure 4.17c). The large crystals and scaling layer on the membrane 

surface can also increase the concentration boundary layer resistance on the membrane 

surface in addition to blocking the membrane pores to prevent vapor transport, leading to 

a notable decrease in the N.F [37]. 

In contrast, for the RF-VMD system, high-frequency magnetic fields increased N.F values 

as previously shown; this is especially seen when the solution contains high salinity without 

CaSO4. Therefore, distillate flux was shown to increase with the increase in CF (Figure 

4.17d) and the N.F reached values of about 400% when the solution was concentrated four 

times (i.e., CF of four).  This phenomenon was hypothesized to be a result of the high-

frequency vibration of Na+ and Cl- ions, leading to a decrease in water molecules’ bonds 

[218] as previously discussed. In contrast to C-VMD, where CaSO4 ions in the feed led to 

a decrease in distillate flux due to scaling, the RF-IH process was shown to mitigate 

membrane scaling, leading to constant and stabilized N.F over time (Figure 4.14b). A 

decrease of about 40% in N.F was measured for solutions with CaSO4 in comparison to the 

solution containing only NaCl at high CF due to the negative impact of Ca+2 and SO4
-2 

ions. Interestingly, even at CF larger than two, the reduced value of N.F for feed solutions 

with CaSO4 is approximately constant, inferring that the ionic strength has a negligible 

impact on scaling procedure under the influence of an RF-IH magnetic field. SEM images 
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of the membranes following RF-VMD experiments with CaSO4 solutions (at CF=4) show 

that although some CaSO4 crystals can be detected at the membrane surface, they are 

relatively small (<100 µm) and limited in number (Figure 4.17d). 

 

Figure 4. 17. (a) Impact of ionic strength on the CaSO4 solubility; (b) Impact of CF on the 

solubility and concentration of CaSO4; (c) Impact of CF on N.F of C-VMD and SEM image 

of membrane surface at CF=4 in the C-VMD; (d) Impact of CF on N.F of RF-VMD and 

SEM image of membrane surface at CF=4 in the RF-VMD.  
 

4.2.7. Treatment and Scaling behavior of Simulated RO Brine  

Assessing scaling mitigation of RO brines is gaining interest as RO is currently the most 

common desalination approach and there is a growing understanding of the need for RO 

brine management. We used a synthetic solution containing 35 g/L NaCl, 1.80 g/L CaSO4 

, 2.91 g/L MgSO4, 4.52 g/L MgCl2, and 1.03 g/L KCl, with a total salinity of 46.5 g/L to 

simulate RO brine according to Ge et al[54]. Similar values were used for describing RO 
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brine in the literature [37,238]. The RF-IH magnetic field is assumed to influence RO brine 

solutions containing multiple ions in addition to Na+, Cl-, Ca+2, and SO4
-2. Figure 4.18a 

presents N.F values of synthetic RO in comparison to saline solutions with/without CaSO4. 

Results indicate that the N.F values of the RO brine are relatively similar to the solution 

containing only NaCl, while a solution containing Na+, Cl- and CaSO4 have lower N.F 

values. Accordingly, ions that will not contribute to precipitants formation, including 

additional K+, Cl-, and Mg+ may enhance the distillate flux by a similar mechanism as 

described for Na+ and Cl- ions. Among all existent salts in the RO brine solution, the 

tendency of CaSO4 to crystallize and form scaling is the highest as its solubility in water is 

very low. At 25 oC, the saturation solubility of KCl, MgCl2, MgSO4, and NaCl in the water 

are 350.5, 540.6, 360, and 358.9 g/L, respectively, which are much higher than the 

solubility concentration of CaSO4 (2.4 g/L). As previously explained, we have not 

addressed calcium carbonate fouling as it was shown to form scaling prior to the MD 

process, mainly by precipitation on heat exchangers and pipes [53]. In addition, the 

solubility of all salts in RO brine (except CaSO4 and CaCO3) increases with the increase in 

temperature. Therefore, exposure and direct heating of RO brine by RF-IH is assumed to 

mainly form CaSO4 crystals. Furthermore, additional ions such as K+, Cl-, Na+, and Mg2+ 

may have increased mobility under the RF-IH field and therefore may lead to higher 

distillate flux value and physical breakdown of existing CaSO4 crystals. Images of the 

membrane following RF-VMD using RO brines solutions (Figure 4.18b), revealed limited 

sporadic small CaSO4 crystals.  
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Figure 4. 18. (a) Impact of RF-VMD on N.F of RO brine compared to saline solutions with 

and without CaSO4; (b) EDX and SEM images of membranes surface of RO brine in RF-

VMD system. 

4.2.8 Conclusions 

CaSO4 scaling formation and mitigation were assessed in the RF-VMD system using 

thermally conducting membranes modified by carbon nanotubes functionalized with 

magnetic iron nanoparticles. In contrast to C-VMD, where CaSO4 crystallization and 

fouling led to a decrease in distillate flux, RF-VMD showed limited fouling and no flux 

decline. Membrane analysis following distillation showed only sporadic small CaSO4 

crystals on the membrane surface, even when treating solutions with high ionic strength. 

Furthermore, high concentrations of small crystals were detected at the concentrate stream, 

indicating limited deposition on the membrane surface. In addition, the presence of 

additional ions typically found in concentrated RO brine leads to enhanced distillate flux 

and limited scaling. The influence of different ions was assessed, showing a decrease in 

distillate flux as a function of CaSO4 concentration and an increase in distillate flux as a 

result of increased Na+ and Cl- ions. Results are attributed to the RF-IH magnetic fields 

used for directly heating the membrane surface, leading to high mobility and collision of 
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ions as a result of Lorentz force. These are hypothesized to enhance distillation flux and 

diminish scaling by weakening intermolecular water bonds and damaging the formed 

CaSO4 crystals. The RF-VMD system was also assessed as a function of feed flow velocity, 

showing optimized results at low-velocity values (6.75 cm/min).  

 

4.3 Enhanced Performance of Membrane Distillation using Radio-Frequency 

Induction Heated Thermally Conducting Feed Spacers   

Preface: The contents of this section are in part based on a published article in Journal of 

Separation and Purification Technology: Anvari, A., Yancheshme, A.A., Ronen, A., " 

Enhanced Performance of Membrane Distillation using Radio-Frequency Induction Heated 

Thermally Conducting Feed Spacers", Separation and Purification Technology 250 (2020): 

117276 [196]. 

4.3.1 Introduction   

The self-heated membranes including Joule, solar, and radio frequency (RF) heated MD 

systems (previous sections) were shown efficient when treating saline water as they 

directly heat the water near the membrane surface, leading to decrease TP over the 

membrane length and relatively high distillate flux in comparison to CMD systems at 

similar conditions. However, to date, self-heating MD systems were shown efficient only 

at low feed flow velocities in the range of 0.2-9 cm/min (i.e., 9 cm/min for Joule heating 

[188], 2.3 cm/min for RF heating (previous sections), and 0.19 cm/min for solar heated 

MD systems[178]), as a long contact time is required between the liquid and the heating 

element. Consequently, low flow velocities were shown to hinder local mixing and increase 

CP, thus, leading to limited distillate flux in the range of 0.5-7.5 kg/m2.h [178,188,194].  
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Therefore, the goal of this section is to develop a proof-of-concept for a self-heated MD 

approach based on feed spacers that is able to reduce TP at relatively high flow velocities 

(100-300 cm/min), thus, coupling heating and mixing. We addressed this by developing a 

vacuum membrane distillation (VMD) system that includes thermally conducting feed 

spacers. The thermally conducting spacers are heated in-situ by radio-frequency 

electromagnetic fields.  

 In this research, inert commercial polypropylene (PP) feed spacers were exchanged with 

stainless-steel (SS) spacers (Figure 4.19) and these were used to directly heat the feed 

solution near the membrane surface instead of preheating the bulk feed solution. Feed 

spacers were shown to reduce CP in CMD systems at flow velocities in the range of 60-

850 cm/min by increasing the mixing near the membrane’s surface [85,151,152,154–

156,162,163]. Similar to self-heated membranes [178,188,194], the RF heated feed spacers 

are assumed to increase the solution’s temperature near the membrane surface and reduce 

TP while also promoting local mixing. An illustration of the VMD process using RF heated 

spacers is presented in Figure 4.19. 

 

Figure 4. 19. Schematic diagram of the RF heated MD process. Bottom layer: vacuum 

chamber; Middle layer: membrane-feed spacer interface; Top: feed solution and 

temperature profile (red: hot; blue: cold). 
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4.3.2 SS Spacer Heating at Static Conditions   

To evaluate the heating rate of the SS spacers and to calculate the energy required for 

heating (i.e., workpiece power), the spacer was exposed to RF heating at varying power 

(Pc) values. The average temperature of the spacer, at Pc of 60W to 90W, was obtained 

using IR thermal imaging (Figure 4.20a, Table 4.3). As the thermal stabilities of the 

polymeric membrane (PTFE, Tg=126 oC) and filtration module (thermally resistant Nylon 

sheets with high thermal stability of ~110 oC) are limited, measurements in static conditions 

(exposed to air) were restricted to a short duration of 5 seconds as the elevated temperatures 

reached could impact the integrity of the system. All measurements were triplicated and 

the temperature at the spacer’s surface (Tfs) was averaged accordingly (as discussed in 

Section 3.11). 

As eddy currents are not uniformly distributed [203,204], the heating is non-uniform along 

the spacer’s length and width, leading to an uneven spatial temperature distribution [204]. 

The nonuniform heating pattern depends on the material properties, applied frequency, and 

ratio of coil and workpiece length and orientation [203,204]. Accordingly, the IR thermal 

imaging (Figure 4.20a) shows that the temperature profile along the SS spacer is not 

constant, with faster heating and higher temperatures along the spacer’s edges. Numerical 

simulation was used to verify the IR measurement of the spacer’s surface temperature. The 

simulation results (Figure 4.20b) show an average surface temperature of 47.36 oC for a 60 

W power which is in agreement with IR image (46.82 oC) as shown in Figure 4.20a and 

Table 4.3. The experimental results and numerical simulation also show a similar 

temperature distribution pattern (Figure 4.20 a, b). Accordingly, the workpiece power (Pw) 

was calculated (using Eq. 3.6) as 3.57W to 5.65W (for Pc of 60W to 90W) which are 
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proportional to 1.12 to 1.77 kW/m2, respectively. These values are also in agreement with 

the numerical simulations (i.e., 1.205 kW/m2 for Pc of 60W). 

Table 4. 3. Averaged temperatures and heating rates of S1 spacer according to Pc values. 

 

 

Figure 4. 20. (a) IR thermal image of the heated SS feed spacer (Pc of 60W); (b) Numerical 

simulation of the temperature profile of the RF heated SS feed spacer at similar conditions. 

The temperature scale is in oC units. 

 

4.3.3 SS Spacer Heating in Flow Conditions 

To evaluate the influence of RF heated SS spacers on the performance of the VMD process, 

experiments were conducted using a ‘cold’ feed solution at room temperature without prior 

heating. Under flow condition, heat was transferred from the heated spacer to the cold feed 

solution, thus preventing overheating of the module. IR thermal imaging of the feed 

solution and SS spacer prior to heating (Figure 4.21a) showed approximately similar 

temperatures (19-23 oC) for the SS spacer and the surrounding liquid. 

Pc(W) Average Tfs (oC) Heating rate (oC/s) Pw(W) 

60 46.82±3 4.76±0.6 3.57 

70 50.83±0.8 5.57±0.2 4.17 

80 56.68±1 6.7±0.2 5.03 

90 60.68±4 7.53±0.8 5.65 
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Following 30 seconds of RF heating at Pc of 60W and a low flow velocity  (1 cm/min), both 

the solution-filled channel and the spacer exhibited a significant increase in temperature, 

reaching 60-90 oC (Figure 4.21b). Due to technical limitations, IR imaging was not possible 

at higher flow velocities but numerical simulation of the feed solution and cross-section 

temperature distribution (Figure 4.21 c, d) were used to show the temperature distribution 

along the feed channel at higher flow velocity (50 cm/min). The simulations were done 

with an inlet solution at a temperature of 23 oC. Cross-section of the temperature profiles 

were calculated at three positions at y-axis, centerline (y=0 cm), middle (y=1cm), and edge 

(y=2cm) and along the x-axis (total length of 8 cm). Results show a continuous increase in 

the solution’s temperature along the length of the membrane as a result of the contact 

between the solution and heated SS spacer. Furthermore, according to the non-uniform 

heating pattern of RF-IH (as presented in Figure 4.20), higher temperatures were seen near 

the membrane’s edge (y=1-2 cm). As the simulations were done in a small-scale system, 

similar to the dimensions of the experimental system, the temperature profiles presented 

are not fully developed and are expected to become homogeneous in a longer distillation 

module as previously shown for RF heated membranes [194].  
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Figure 4. 21. IR thermal images of SS spacer and the feed solution in the flow module: 

(a) Initial conditions; (b) Following 30 seconds of RF heating; Numerical simulation of 

temperature profile of the RF-heated SS spacer and the feed solution in the flow module: 

(c) top view; (d) cross-section. Temperature scale is in oC units. 

 

4.3.4 Parametric Evaluation of Operating Conditions on Distillation Flux 

4.3.4.1 Vacuum Level 

Vacuum level has a significant influence on distillate flux and selectivity in VMD systems. 

Therefore, the RF-VMD system was optimized in terms of distillate flux and salt rejection 

according to the applied vacuum level (i.e., 10-30 kPa under constant flow velocity of 50 

cm/min and Pc of 60 W). 

The transmembrane mass flux (Nv) is dependent on the difference of water vapor pressure 

across the membrane [148] ( ∆P = Pfm − Pvacuum) as described in Eq. 4.4 [215]: 

NV = KmA ∆P                                               Eq. 4.4 

Where Km, Pfm, and A are membrane mass transfer coefficient, water vapor partial pressure 

at membrane surface in the feed side, and the surface area [215,242]. Therefore, a higher 
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vacuum level increases ∆P, leading to higher distillate flux. Results (Figure 4.22a) and the 

related literature [148,194,215] show that the distillate flux increases linearly with the 

increase in vacuum level. While higher vacuum level leads to higher distillate flux, it may 

lead to a decrease in selectivity as a result of pore wetting at local pressures exceeding the 

liquid entry pressure [148]. In the evaluated VMD system, rejection was higher than 99% 

until a vacuum level of 20 kPa. Therefore, according to the distillate flux (Figure 4.22a) 

and the obtained membrane selectivity, an optimal working pressure of 20 kPa was selected 

for all following experiments.  

4.3.4.2 Feed Flow Velocity 

While for CMD systems, increasing the flow velocity of the heated feed solution was 

shown to increase distillate flux [142,160], for self-heating MD systems, high flow velocity 

of the cold feed solution was shown to decrease distillate flux [188,194] as a result of the 

limited liquid-heated element contact time. Higher feed flow velocity was also shown to 

increase the overall energy requirement, as pumping energy requirement may reach up to 

10 % of the overall energy [232,243], in addition to buildup of internal pressure in the flow 

channel, resulting in lower salt rejection [148]. Therefore, typical flow velocities were 

shown to be in the range of 50-3600 cm/min for CMD systems [21,25,151,154,157] and 

0.2-9 cm/min in self-heated MD systems including our previous sections [178,188,194].  

The influence of feed flow velocity on distillate flux was evaluated at a 28.5 to 300 cm/min 

flow velocity range while maintaining all other parameters constant (i.e., feed 

concentration of 35 g/L NaCl, vacuum pressure of 20 kPa, and Pc of 60 W). The selected 

flow rate is in the low CMD range [21,25,151,154,157] and significantly above the highest 

flow rate described for self-heated systems [178,188,194] and was selected to allow 
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internal mixing near the membranes while giving the solution and heated spacer adequate 

contact time.  

Results (Figure 4.22b) show that lower flow velocity and a longer residence time led to 

higher distillate flux. For example, distillate flux increased from 0.5 to 5.5 kg/m2.h by 

reducing the feed flow velocity from 300 to 28.5 cm/min and therefore increasing the 

liquid-spacer contact time from 2 to about 17 seconds. Overall, distillate flux values 

obtained by the RF-VMD configuration are comparatively higher than values obtained by 

conventional VMD (C-VMD) systems with and without spacer, even at high flow 

velocities. In addition, for RF-VMD, flux values corresponding to low velocities are much 

higher in comparison to values of C-VMD systems (Section 4.3.6). Furthermore, the 

obtained distillate flux was high in comparison to previously studied self-heating MD 

systems [178,188,194], even when assessed at velocities up to 30-100 times higher than 

the flow velocities used in other self-heated MD systems (Section 4.3.7). The high distillate 

flux at high feed flow velocities is assumed to be a result of the relatively fast RF heating 

rate as addressed in section 4.3.4.3 and the internal mixing by the spacers.  
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Figure 4. 22. (a) Impact of vacuum level on distillate flux of the SS spacer in RF heated 

based VMD, at 50 cm/min feed flow velocity and Pc of 60 W; (b) Impact of feed flow 

velocity on distillate flux of the SS spacer in RF heated based VMD, at 20 kPa vacuum 

pressure and Pc of 60 W. 

 

4.3.4.3 Required Power to Heat SS Spacers (Pw) 

In addition to controlling the feed flow velocity, enhancing the RF-MD distillate flux can 

be controlled by increasing the RF heating rate while keeping flow parameter constant. 

This was experimentally assessed by varying the energy input to the SS spacer, ranging 

from 3.57 to 5.65W (Pc of 60W to 90 W) which are corresponding to 1.12 to 1.77 kW/m2. 

Accordingly, distillate flux was measured at three relatively high feed flow velocities  (100-

300 cm/min). Results show a linear relationship between the supplied power to the spacer 

and distillate flux for all flow velocities (Figure 4.23a) as higher power resulted in elevated 

membrane-spacer interface temperature. Even for a high flow velocity of 300 cm/min, 

distillate flux was increased by about 300% as a result of increasing the power from 1.12 

kW/m2 to 1.77 kW/m2 (a 60% increase). Furthermore, increasing the supplied power has a 

relatively low impact on specific heating energy at lower flow velocities in the range of 

100-200 cm/min (Figure 4.23b), resulting in approximately constant values (i.e., 0.63±0.04 
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kWh/m2 for 100 cm/min and 1±0.08 kWh/m2 for 200 cm/min). For higher flow velocity in 

the range of 300 cm/min, the specific heating energy decreases with the increase of input 

power as a result of the high distillate flux obtained (Figure 4.23b). These results confirm 

that for RF heated MD systems, higher input power may result in a constant or even 

reduction in specific heating energy as the produced distillate flux is high enough to 

compensate on the excess amount of consumed heating energy.  

 

Figure 4. 23. (a) Impact of Pw on distillate flux of SS spacer in RF-IH based VMD, at 20 

kPa vacuum pressure. (b) Impact of Pw on specific heating energy of SS spacer in RF-IH 

based VMD, at 20 kPa vacuum pressure.  

 

4.3.5 Optimization of Spacer’s Physical Properties and Impact of Orientation  

To assess the impact of spacer’s physical properties (i.e. mass and dimensions) and 

orientation on the efficiency of RF heating and distillate flux, four SS spacers with different 

physical properties (Table 4.4 and Figure 3.1) were evaluated. Generally, the efficiency of 

RF heating is influenced by the mass and composition of the heated element (Eq. 3.6), 

therefore an element with a higher mass and high thermal and magnetic properties should 

heat better and faster than a non-metallic/non-magnetic component with similar geometric 
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properties [203,209,244]. As previously mentioned, SS spacers are commercial products, 

and therefore it is difficult to decouple their mass and structure properties. To compare 

properties, SS spacers were divided into two groups with relatively similar masses and 

mesh diameters per group (1.5-1.85 gr for S1, S2 and 3.7-3.87 gr for S3, S4). Within each 

group, spacers had different geometric parameters including filament distances (H), surface 

area, and porosity. In addition, spacer’s orientation (α) was evaluated at two conditions, 

where α=45o and 90o (Figure 3.3b, Table 4.4).  

Table 4. 4. Geometric characteristics of assessed feed spacers. 

 

Results (Figure 4.24a) demonstrate the impact of the spacer’s mass on the heating process, 

as RF heating is a function of the heated element mass (according to Eq. 3.6). Accordingly, 

spacers with higher mass (e.g., S3 and S4 spacers) produced more heat at the same applied 

power and duration, thus, resulting in higher temperatures near the membrane surface and 

significantly higher distillate flux in comparison to SS spacers with a lower mass (e.g., S1 

and S2 spacers). 

Spacer’s filament opening size (H) was also shown to influence the distillate flux. While 

for PP spacers, distillate flux increased with the decrease in the spacer density, expressed 

as the decrease in filament distances [156], a contrasting result was seen for SS spacers as 

Spacer Material 
Mesh mass 

(gr) 

H 

(mm) 

D 

(µm) 

Surface area 

(cm2) 

Porosity 

(%) 

S1 Stainless Steel 1.5 1.45 245 27.7 73 

S2 Stainless Steel 1.85 1.04 229 35.7 67 

S3 Stainless Steel 3.7 0.92 356 54.1 52 

S4 Stainless Steel 3.87 1.85 457 37.3 64 

PP Polypropylene 0.22 2.03 483 37 65 
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a higher distillate flux was measured for spacers with larger H values. This trend can be 

seen within each spacer group, where S1 has higher flux than S2 and S4 has higher flux 

than S3 (Figure 4.24a). This is assumed to be a result of improved mixing of the heated 

solution and improved heat transfer within the spacer open areas. Furthermore, while 

spacer orientation (α) was shown to significantly impact distillate flux in CMD systems, 

leading to an increase of the heat transfer coefficient by up to two times at α= 45° [152,155], 

changing RF heated SS spacers orientation to 45° resulted in a relatively minor impact on 

distillate flux (an increase of up to 1.5 times) in comparison to the impact of spacer’s mass 

(an increase of up to 9 times) (Figure 4.24b).  

Furthermore, for the assessed configuration, the surface area of the spacers (Table 4.4) had 

no specific influence on distillate flux. Comparison between spacer groups (i.e., S1 and S2 

with S3 and S4 as shown in Figure 4.24a,) showed that the highest distillate flux was 

obtained for spacers with the highest surface area and highest mass (i.e., S3 and S4). 

However, comparing spacers with relatively similar mass and varying surface area, led to 

the conclusion that a higher surface area does not result in higher distillate flux. Therefore, 

high distillate flux as a result of RF heating is related to the spacer’s mass. It should be 

noted that for our experimental conditions, spacers surface area differences are not 

significant and may result on about 50-100% difference. Longer module with more 

significant differences between the spacer’s surface area might show different behavior as 

higher surface area will have higher heat transfer with the surrounding water. Overall, the 

highest distillate flux (i.e., 5-12 kg/m2.h for flow velocities of 100-300 cm/min) was 

obtained for S4 SS spacers having the highest mass. 
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Figure 4. 24. (a) Distillate flux of SS spacers in RF-VMD as a function of feed flow 

velocity; (b) Distillate flux of S1 and S4 spacers with 45o and 90o spacer filament 

orientations as a function of feed flow velocity. 

 

4.3.6 Comparison of RF Heated SS Spacers with Conventional MD System 

The tested system was compared to a C-VMD system in order to evaluate its feasibility. 

This includes testing the C-VMD system with and without a PP spacer and using SS spacers 

without RF heating. According to the previously obtained data, all further experiments 

were done using an S4 SS spacer due to its ability to produce a relatively high distillate 

flux in RF-VMD system. Both systems were evaluated at similar operating conditions (i.e., 

feed solution containing 35 g/L NaCl, feed velocity of 100 and 300 cm/min, and vacuum 

pressure of 20 kPa) with difference related only to the feed temperature and heating 

approach. The feed to the RF-VMD system was at room temperature (20±3 oC) with 

constant applied power (Pc =60 W), while the feed to the C-VMD system was preheated to 

55±3 oC with an input heating energy of 95-285 W depending on the feed flow velocity 

(i.e., 100-300 cm/min, respectively). The C-VMD inlet temperature was selected based on 

the local maximum temperature of the RF heated system, acquired using COMSOL 
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simulation, to maintain an initial similar driving force for both systems. Both systems were 

assessed at continuous mode without recirculation. 

Results show that in the C-VMD system, the presence of the PP spacer slightly increased 

the distillate flux in comparison to a similar system without a feed spacer (Figure 4.25a). 

Distillate flux values obtained in the C-VMD system with the PP spacer at flow velocity 

of 100 cm/min are in the range of 1.5-2  kg/m2.h as a result of the relatively low feed flow 

velocity [160]. Replacing the PP spacer with the SS spacer at similar feed conditions 

without RF heating resulted in a higher distillate flux (up to 3 kg/m2.h). As both spacers 

(PP and S4) have similar geometric properties, the increase in flux is a result of a better 

heat distribution along the membrane module, leading to a decrease in TP. A similar result 

was shown by Tan et al.[166], using metallic spacers. Finally, applying 60 W of RF heating 

resulted in a significant increase in distillate flux, reaching 11-12 kg/m2.h which is about 

seven times higher than the distillate flux obtained in the C-VMD system with a PP spacer 

at the same temperatures and flow conditions (100 cm/min). As expected for the thermally 

conducting spacers heated by RF (RF-S4 spacer), reducing the feed flow velocity resulted 

in an increase in distillate flux (Figure 4.25a), while an opposite behavior was demonstrated 

for all spacers in the C-VMD system.  

The high flux in the RF-VMD system is attributed to the negligible TP (TPC> 1) as a 

result of heating the feed solution by the RF heated SS spacer along the membrane length. 

This was confirmed by numerical simulation to obtain the average temperature at the 

membrane’s surface (T̅fm) and calculate TPC values along the membrane length. Results 

show that TPC values increase along the RF heated flow channel, indicating that the 

average temperature along the membrane is higher than the bulk feed temperature (T̅fm >
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T̅f, Figure 4.25b). Similar results were shown for other self-heating membranes based on 

Joule and RF heating [188,194], resulting in an increase in TPC and reduced TP along the 

length of the heated element. 

 

Figure 4. 25. (a) Distillate flux of C-VMD with and without PP and S4 spacers in 

comparison to the RF heated VMD system with S4 spacer at flow velocities of 100 and 

300 cm/min.; (b) Numerical simulation results of TPC along the membrane length in the 

RF heated MD system. 

 

4.3.7 Comparison with Self-heated MD Systems 

The RF heated MD system with S4 spacer was compared to novel self-heated MD systems 

in terms of distillate flux and specific heating energy. The assessed self-heating MD 

systems are based on direct heating of the membrane surface by Joule, solar, and RF 

heating (our previous sections) [178,188,194]. It should be noted that most of self-heating 

MD systems operate at low flow rates to provide adequate contact time and heat transfer 

between the heated element and the feed solution, e.g., Joule heating was tested at 9 cm/min 

[188], RF heating at 2.33 cm/min (our previous sections) [194], and solar heating at 0.192 

cm/min [178]. While distillate flux increases as a result of direct membrane heating at low 
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flow velocity, the limited mixing near the membrane surface may lead to limiting 

phenomena as CP. Therefore, to mitigate CP while directly heating the SS spacers, the 

experimental system was evaluated at relatively high feed flow velocities of about 100 

cm/min which are in the lower range of CMD systems. Results show that even at high flow 

velocities, the distillate flux values were in the range of 11-12 kg/m2.h which are relatively 

high in comparison to other self-heated MD systems (Figure 4.26).  

Furthermore, energy calculations based on the experimental work show that the tested 

system obtained high GOR and low specific heating energy values (GOR of 2.1 and 

specific heating energy of 0.32 kWh/L at feed velocity of 100 cm/min) in comparison to 

other self-heated systems (e.g., GOR values of 0.54 and 0.48 in addition to the specific 

heating energy values of 1.23 and 1.4 kWh/L for Joule and solar-heated MD systems, 

respectively [178,188]). Specific heating energy values reported by other conventional 

[191,220,221] and self-heated MD systems [178,188,193,222] are generally also higher 

(Figure 4.26). The relatively high distillate flux and low specific heating energy are 

attributed to the fast and efficient heating by RF electromagnetic fields and the presence of 

SS spacers along the membrane length, leading to direct heating near the membrane surface 

and negligible TP in addition to adequate mixing near the membrane surface (although it 

should be noted that CP was not assessed in this work).  
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Figure 4. 26. Distillate flux and specific heating energy comparison of self-heated MD 

systems [178,188,194]. 

 

4.3.8 Conclusions 

Thermally conducting SS feed spacers heated by RF electromagnetic fields were shown 

for the first time as a new and appealing approach to directly heat the feed solution near 

the membrane surface. RF heating was found to be related to the mass of the spacer and 

therefore spacers with higher mass led to higher distillate flux. In addition to the spacer’s 

mass, the geometric structure of the spacer was shown to impact distillate flux while the 

spacer’s orientation was found negligible. Similar to other self-heating MD systems, higher 

distillate flux was obtained at lower flow velocities as the contact time of the feed solution 

and heated element increased. Results comparing the RF heated system to CMD systems 

are encouraging as they show a significant increase in distillate flux which is attributed to 

limited TP. In addition, the RF heated SS spacer-based MD system was able to significantly 

lower the energy requirement in comparison to other previously assessed self-heated MD 

systems even at relatively high flow velocities.  
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CHAPTER 5 

COMPARISON, OVERALL CONCLUSION, AND FUTURE DIRECTIONS 

 

Preface: The contents of this section are in part based on a published review article in 

Journal of Membrane Science: Anvari, A., Yancheshme, A.A., Kekre, K. M., Ronen, A., 

"State-of-the-art methods for overcoming temperature polarization in membrane 

distillation process: A review", Journal of membrane science (2020): 118413 [114]. 

5.1 Comparison of Self-heating MD Systems 

Self-heated MD systems including solar, Joule, and induction heating (present study) were 

shown efficient in terms of decreasing TP as the temperature of the feed solution at the 

membrane’s surface was higher than the bulk feed solution. However, the applicability of 

these systems should be assessed in terms of distillation performance and energy 

consumption. While solar heated MD systems have been shown very efficient in terms of 

energy as they use a renewable heat source, the applicability of these systems should be 

considered if they can produce adequate distillate flux. Furthermore, as solar systems 

require UV or IR light, they are not productive during about 50% of the time unless exposed 

to an external light source. Similarly, Joule heating and IH based MD configurations were 

shown to obtain high distillate flux; however, implementing them should be assessed in 

terms of energy as they use electricity to provide the heating energy. Therefore, in this 

section, the distillation performance and energy efficiency of self-heated MD processes 

have been summarized and compared. Generally, the distillation performance, energy 

consumption, and thermal efficiency of the MD process are evaluated based on the concept 
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of distillate flux (J), specific heating energy consumption (Qsh), and gain output ratio 

(GOR).  

Table 5.1 and Figure 5.1 present a comparison of the distillation and energy performance 

of self-heated MD systems as described in the literature and present research (i.e., induction 

heated MD process). As all the systems are self-heated, the initial feed solutions (Tf) were 

mostly at room temperature (20-25 oC), while for some experiments, the feed was heated 

to the temperature of 30-35 o. All energies in Table 5.1 and Figure 5.1 are reported as 

heating energy. Qsh and GOR values are either reported in the literature or calculated based 

on equations 3.7 and 3.8 using the available data (e.g., Qin, J, etc.) in the literature. The best 

MD performance corresponds to the highest distillate flux, lowest Qsh, and highest GOR. 

Higher GOR can be attained as consumed heating energy is reduced, or the distillate flux 

for a certain input heating energy is increased.  

As shown in Table 5.1 and Figure 5.1, all solar heated MD systems, expect Ag NPs coated 

membranes, applied relatively low input energy (around one sun irradiation energy, 0.7-

1.367 kW/m2). However, their produced distillate flux values are comparatively low and 

varied between 0.33-6.1 kg/m2.h depending on the coated photothermal materials and 

operating conditions. Therefore, for solar heated systems, Qsh values were obtained in the 

range of 0.22-2.1 kW/kg and GOR values of 0.32-3 (Figure 5.1). It should be noted that 

the self-assembled photothermal CB NPs and the metal nanoshell (SiO2/Au) based 

membranes displayed the lowest Qsh values and the highest GORs, but the feed was 

preheated to 35 oC. The required energy for preheating was not considered here. In 

addition, the solar-heated Ag NPs coated membranes had high distillate flux as the result 

of very high input energy (23 kW/m2) through UV irradiation, leading to the low GOR and 
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high Qsh. Overall, the performance and efficiency of solar energy typically lead to low 

GOR and low distillate flux and should be further optimized by increasing the photonic 

properties of the membrane and developing efficient optical designs under irradiation equal 

to solar energy (0.7-1 kW/m2). For Joule heating MD systems, higher distillate flux (7.5 

kg/m2.h) was obtained for CNTs based membranes in comparison to the NRW hollow fiber 

membranes (2 kg/m2.h), this confirms the high efficiency of CNTs membranes as Joule 

heating elements. However, the obtained Qsh values for both Joule heated MD systems are 

still high (Figure 5.1). The reported specific energy consumption value that included a 

vacuum pump, water bath, and the DC power supply for the Joule heated NRW membranes 

is 60 kWh/kg, which is the highest among all self-heated MD systems. However, Qsh values 

presented in Figure 5.1 include only the specific heating energy as calculated in this 

research. Preheating (water bath) and pumping energy were not considered as the goal of 

this section is to compare only the required heating energy for the self-heating process. In 

addition, CNTs based membranes require additional optimization in terms of materials or 

designs to increase their energy efficiency. A comparison of all self-heated MD systems 

reveals that IH based MD with Fe-CNTs membranes had the highest GOR value (3.49) and 

lowest specific heating energy (0.197 kWh/kg), therefore, it can be considered highly 

effective. The relatively high distillate flux and low specific heating energy are attributed 

to the fast and efficient heating by RF electromagnetic fields. While the distillate flux of 

IH heated membranes is among the highest distillate flux values for self-heated MD 

systems, additional optimization is required to further increase distillate flux by increasing 

magnetic properties of membranes (e.g., thickness and mass loading of magnetic layer) or 

promoting local mixing by using IH-heated spacers.  



 

124 
 

Among all self-heated MD systems, except solar-heated Ag NPs coated membranes which 

have very high input energy, IH based spacers showed the highest distillate flux as spacers 

provide adequate local mixing near the membrane surface in addition to the direct heating 

process, leading to mitigation of both limiting phenomena as CP and TP. In addition, 

spacers allow distillation at higher flow velocities while all other self-heated MD systems 

are limited to the low flow velocities, leading to low mixing near the membrane surface 

and increase CP. Therefore, additional self-heating designs such as 

photothermal/electroactive heated flow promoters (i.e., spacers) should be considered as a 

method to prevent TP while simultaneously promoting local mixing. 

Table 5. 1. Comparison of self-heated MD systems. 

System code Heating method Heating materials 
Qin 

(kW/m2) 

Tf 

(oC) 

J 

(kg/m2.h) 
Ref. 

SH-Ag NPs Solar irradiation Ag NPs 23 30 25.7 [143] 

SH-E Ag NPs Solar irradiation Electrospun Ag NPs 3.2 20 2.5 [179] 

SH-CB PVA Solar irradiation Carbon black-PVA 0.7 20 0.5 [178] 

SH-CB NPs Solar irradiation CB NPs 1.367 35 6.1 [180] 

SH-SiO2/Au Solar irradiation SiO2/Au nanoshells 1.367 35 5.8 [180] 

SH-Graphene Solar irradiation Graphene array 1 25 1.1 [181] 

SH-PDA Solar irradiation PDA 0.75 20 0.49 [183] 

SH-cESM-

CNTs 
Solar irradiation cESM-CNTs 1 21 1.15 [184] 

SH-Lens CB 

NPs 
Solar irradiation 

Lens array on CB 

NPs 
0.7 20 0.33 [186] 

JH-CNTs PVA Joule heating CNTs-PVA 11.1 20 7.5 [188] 

JH-NRW Joule heating NRW 1.56 30 2 [193] 

IH-Fe CNTs Induction heating Fe-CNTs 0.781 20 4 
This study 

[194] 

IH-SS  Induction heating SS spacer 3.6 20 11.33 
This study 

[245] 
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Figure 5. 1. Specific heating energy consumption (Qsh), gain output ratio (GOR), and 

energy efficiency of recently self-heated developed MD processes. Labels correspond to 

Table 5.1. Colors represent the efficiency percentage (%) of systems. NA: not available. 

 

Overall, solar-heated MD systems could be promising in comparison to conventional MD 

systems as long as they are able to increase the produced distillate flux. Meanwhile, Joule 

heating and IH systems, which use electricity to provide the required heat can be 

comparable to solar-heated systems if they provide high distillate flux with very low 

specific heating energy or use renewable energy (i.e., PV cells) as their electricity source. 
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In terms of commercialization, solar-heated MD is still challenging as it is dependent on 

environmental conditions (i.e., sunny days). Furthermore, a large membrane surface area 

is required to receive adequate solar or UV light. For Joule heated MD systems, the 

commercialization challenges include expensive electrodes, high input energy, and large 

membrane surface area. Induction heated MD may be able to utilize the same input power 

to heat multiple layers of MD and therefore increase the produced distillate flux and energy 

efficiency accordingly. However, it still requires electricity to provide energy for heating 

which can be minimized by utilizing renewable energy (e.g., solar) to produce electricity 

for Joule heating and IH based MD configurations.  

5.2 Overall Conclusion and future directions  

Temperature polarization and scaling are limiting factors that can affect the performance 

of MD processes in terms of distillate flux and energy efficiency. However, the advanced 

heating method based on induction heating was shown to be effective in mitigating TP and 

scaling of MD processes. In this research, RF-MD system with the ability to directly heat 

the feed solution at the membrane-water interface was presented and discussed.  

Overall, the RF-VMD system was more efficient than conventional VMD system in terms 

of flux, specific heating energy, and scaling due to its negligible thermal polarization, low 

heat loss, direct feed heating on the membrane surface, and high mobility of ions under 

electromagnetic fields. Although MD commercialization is limited by the substantial 

energy required to generate distillate flux, results of this research are encouraging in terms 

of energy and flux, specifically for applications that require high salinity distillation with 

scaling tendency where pressure-based applications such as RO cannot be used.  
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Future studies are needed to evaluate the detailed TP and CP profiles theoretically, the 

detailed impact of membrane properties (e.g., mass and size of NPs along with using other 

conductive nanomaterials as graphene oxide (GO)), the detailed impact of spacer geometry 

(e.g., filament distances, surface area, and porosity), and the influence of different magnetic 

materials used for fabrication of magnetic element embedded to the hydrophobic 

membrane. In addition, heating patterns in the workpieces are known to be related to the 

difference in the eddy current distribution, therefore, material properties, applied 

frequency, and the IH system configuration (i.e., ratio of coil and workpiece length, 

distance, and orientation) are critical for optimizing the RF-MD system.  

To gain higher flux, a higher surface area is required; therefore, hollow fiber modules 

should be considered instead of flat sheets, which are less efficient in terms of surface area 

per volume. In addition, organic fouling behavior of RF-MD system should be evaluated 

to improve the overall performance of the proposed RF-MD system for the application in 

realistic conditions. 

Furthermore, additional studies are required on MD configurations integrating induction 

heating with renewable energy (solar/PV) to further decrease their energy consumption. 

Scaling up the IH system will require considering the materials used for the modules, as 

they must be made on non-conductive and non-magnetic materials such as polymers and 

plastics. Therefore, long term experiments are required prior to scale-up and 

commercialization of such systems. 
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