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Identification and mitigation of challenges associated with membrane distillation (MD) modeling are very crucial to the applicability of MD technology in the industry. Several research studies have been carried out on direct contact membrane distillation (DCMD) modeling because of its simplicity, while other MD configurations have gained little attention. Most studies conducted on MD modeling were achieved based on uniform membrane pore size and pore size distribution assumption. This study exploits the homogeneity of these assumptions to conduct a modeling review for temperature polarization (TP) and concentration polarization (CP), as they apply to MD configurations. TP and CP phenomena have been identified as two of the main challenges to advance MD modeling for further development of MD technology. Their impact are detailed in the heat and mass transfer mechanisms discussed. Thermal conductivity of common hydrophobic commercial membrane materials at different temperatures are presented in this study. The use of optimal operating flow rates, suitable membranes, and proper module design are recommended as viable solutions to reduce the effect of TP and CP on permeate flux decay.
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INTRODUCTION

As the demand for potable water soars across the globe due to increasing population, industrial booming, and extreme drought, there is a need to maximally explore novel desalination technologies to help augmenting the depleting available fresh water. Several membrane-based desalination technologies such as reverse osmosis (RO), forward osmosis (FO), nanofiltration (NF), and electrodialysis (ED), and thermal-based technologies such as multi-stage flash distillation (MSF), multi-effect distillation (MED), and vapor compression distillation (VCD) have been tested at the laboratory and pilot scales (Camacho et al., 2013). ED and RO are the common types of desalination technology that have widely attracted attention by the industry (Camacho et al., 2013; Ruiz-Aguirre et al., 2017). Membrane distillation (MD), a novel desalination process driven by the combination of membrane and thermal mechanisms has only until recently gained attention and only few pilot scale tests have provided insight into the challenges of scaling up the process (El-Bourawi et al., 2006; Khayet, 2011; Bouchrit et al., 2015; Al-Ghamdi, 2017).

Membrane distillation (MD) is a thermal-membrane enhanced separation process driven by a partial-vapor pressure difference due to a temperature gradient across a hydrophobic porous membrane (Ruiz-Aguirre et al., 2017; Sanmartino et al., 2017b). Generally, the heat and mass transport mechanisms in place and frame or column type MD module involve evaporation of liquid at the hot feed side of the membrane, diffusion of vapor through the membrane pores, and condensation of vapor at the permeate side of the membrane. The mechanisms of vapor recovery after diffusion to the permeate side of the membrane vary depending on the type of membrane distillation configurations (Qtaishata et al., 2008). The four main configurations that are commonly employed in the MD process are direct contact membrane distillation (DCMD), air gap membrane distillation (AGMD), sweeping gas membrane distillation (SGMD), and vacuum membrane distillation (VMD) (El-Bourawi et al., 2006; Khayet and Matsuura, 2011e). However, three additional configurations, which have been recently reported in few studies, are liquid or water gap membrane distillation (LGMD/WGMD), thermostatic sweeping gas membrane distillation (TSGMD) and vacuum-assisted air gap membrane distillation (VA-AGMD) (Khayet and Matsuura, 2011e; Khalifa, 2015). All these configurations are based on heat and mass transfer phenomena (Khayet, 2011). Most of the bench-scale work conducted to evaluate MD process has focused on DCMD configuration due to its simplicity in structure design and process operation (Eleiwi et al., 2016; Gustafson et al., 2016); however, for field or commercial applications, the focus has been on AGMD and VMD configurations (Gude et al., 2013; Lee et al., 2015; Cheng et al., 2016; Deshpande et al., 2017; Ruiz-Aguirre et al., 2017).

MD has been the subject of worldwide academic studies by many experimentalists and theoreticians; however, from the commercial standpoint, MD has gained only little acceptance and is yet to be fully implemented in the industry. The various potential areas of application for MD include desalination industry for pure water production from brackish groundwater, sea water, and produced water; food industry for processing milk, and juice concentration; biomedical and pharmaceutical industry for removal of pure water from blood and protein solutions; textile industry for dyes removal; chemical industry for acid concentration, and separation of alcohol and water mixtures; and more generally for the treatment of wastewater (Table 1) (El-Bourawi et al., 2006; Khayet, 2011). The ability of MD to treat hyper-saline solutions, operate at low temperatures using waste heat and renewable energy sources, and operate at low pressure as compared to other pressure-driven technology, has made it attractive to water experts across the globe as the potential future technology for desalination (Khayet, 2011; Manawi et al., 2014a).


Table 1. Potential areas of application for MD configurations.
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Temperature and concentration polarization effects have been identified as major challenges responsible for limiting MD flux decay (Shakaib et al., 2012; Ali et al., 2013; Alsaadi et al., 2014), which is the major metric for evaluating MD at the industrial level. Detailed modeling studies are required to help identify and simulate the magnitude of these effects on the MD process (Martinez-Diez and Vázquez-González, 1999). Additional barriers may include membrane and module design (Hitsov et al., 2015) as well as membrane pore wetting (Khayet, 2011; Shakaib et al., 2012; Ali et al., 2013; Qtaishat and Matsuura, 2015). For MD applications, Camacho et al. (2013) reported that hydrophobic membranes with low thermal conductivity, high porosity, low surface energy, adequate thickness, large pore size, and narrow pore size distribution will be preferred.

The principal objective of MD modeling is to predict permeate flux and its dependency on MD module configuration, membrane characteristic, and MD operating parameters (Khayet et al., 2004b; Camacho et al., 2013; Khalifa, 2015; Gustafson et al., 2016). Several MD mathematical models have been developed and reported, and in many of them the temperature and concentration polarization effects have been taken into consideration (Shakaib et al., 2012; Ali et al., 2013; Alsaadi et al., 2014; Manawi et al., 2014a). One of the major ways to reduce the effects of temperature and concentration polarization in the MD system is by making the temperature at the surface of the membrane in contact with the feed side to be almost equal to the temperature of the bulk feed solution. This can be possible by increasing the feed flow rate so as to establish suitable hydrodynamic conditions favored under turbulent flow regime (Essalhi and Khayet, 2014; Deshpande et al., 2017). The heat transfer concept adopted by MD models is usually based on correlations originally developed for heat transfer through non-porous and rigid heat exchangers (Hayer et al., 2015; Orfi et al., 2016; Swaminathan et al., 2016b). However, the applicability of empirical heat transfer correlations to the MD system must be verified, because there is a difference between the mechanism of heat transfer in MD system, which is coupled with mass transfer, and the mechanism of heat transfer in heat exchangers (El-Bourawi et al., 2006; Chung et al., 2014; Drioli et al., 2015). The mass transfer model commonly applied to MD is the dusty gas model, in which the transmembrane flux takes place via contributions from Knudsen or Molecular diffusion flow (Khayet et al., 2004b; Kim, 2013; Manawi et al., 2014a; Ogden and Trembly, 2017). Combinations between these types of flow have also been applied (Bui et al., 2010; Jensen et al., 2011; Imdakm and Matsuura, 2012). In all MD Models, transport of adsorbed molecules on membrane surfaces has been neglected under assumption that diffusion area of membrane matrix is small compared to membrane pore area (Lawson and Lloyd, 1997; Khayet and Matsuura, 2003; Koo et al., 2013; Prince et al., 2015; Ashoor et al., 2016).

For the successful implementation and full reliability of MD technology applications, building mathematical modeling knowledge for an in-depth understanding of the processes that take place in MD membrane and module is paramount (Hitsov et al., 2015, 2016, 2017b; Wu et al., 2016). If the operating processes are clearly understood and well modeled, MD technology will move from a potential to a real emerging desalination technology that can either be applied as a stand-alone process to treat saline water and wastewater from impaired sources, i.e., brackish groundwater, seawater and wastewater from food and pharmaceutical industries, and produced water, or it can be integrated into other established desalination technologies such as RO and ED processes (Camacho et al., 2013). To bridge existing knowledge gap, there is need for research to be conducted to investigate wide applicability of heat transfer empirical correlations to MD, particularly applied to AGMD, VMD and SGMD, as well as to the most recently proposed TSGMD, WGMD, and VA-AGMD configurations (El-Bourawi et al., 2006; Khayet and Matsuura, 2011e). Most MD modeling studies were achieved based on uniform membrane pore size and pore size distribution assumptions. Past MD review works have established similarities between results using these two assumptions, even though a better result was achieved when considering a uniform mean pore size assumption (Khayet et al., 2004b; Khayet, 2011). In conducting a modeling review for all the MD configurations, the present study exploits the homogeneity of these assumptions as well as the generally assumed uniform membrane pore size. In this study, further insight is provided on the effects of temperature and concentration polarization, heat, and mass transfer mechanisms on the MD configurations. Highlights on strength, research gaps, and possible future outlooks in MD modeling are also included in this review article.

MD CONFIGURATIONS

The configurations that have been developed in MD process are DCMD, VMD, AGMD, SGMD, LGMD, TSGMD, and VA-AGMD (Garcia-Payo et al., 2002; Rivier et al., 2002; Ugrozov et al., 2003; Ugrozov and Kataeva, 2004; Khayet and Matsuura, 2011e; Adham et al., 2013; Essalhi and Khayet, 2014; Prince et al., 2015; Ashoor et al., 2016; Deshpande et al., 2017; Liu Z. et al., 2017; Amaya-Vías et al., 2018). The schematic diagrams representing the heat and mass transfer for these configurations using plate and frame module and flat sheet membranes are presented in Figures 1–7. In DCMD process as shown in Figure 1, hot feed water is passed on feed side (Region 1) of a hydrophobic membrane (Region 2) while cold water flows on permeate side (Region 3) to directly condense vapor that passes through the membrane (Gude et al., 2013; Orfi et al., 2016; Swaminathan et al., 2016b; Wu et al., 2016). The transmembrane temperature in DCMD module induces a vapor pressure difference, which is the driving force for volatile molecules from hot water interface to cross the membrane and condense in the cold liquid interface (El-Bourawi et al., 2006; Chung et al., 2014). A typical DCMD is the most widely used in research applications because it is the simplest configuration capable of producing a reasonably high amount of permeate flux (Camacho et al., 2013), without the need of an external condenser (Ashoor et al., 2016). The major challenge associated with the application of DCMD is its low thermal energy efficiency (Manawi et al., 2014a), which is caused by the closeness of evaporator and condenser surfaces (Prince et al., 2015), leading to a high heat transfer coefficient on permeate side of the configuration, responsible for high heat conduction losses (Camacho et al., 2013). Despite its simple configuration, the performance of DCMD is better than VMD in terms of permeate production rate at lower temperatures (Koo et al., 2013). DCMD requires less heat energy when compared to AGMD (Camacho et al., 2013), and is less expensive than SGMD, considering external condenser and air blower cost associated with SGMD configuration (Khayet and Cojocaru, 2013).
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FIGURE 1. Heat and mass transfer in DCMD configuration (adapted from Khayet and Matsuura, 2011f).



VMD involves the application of vacuum to permeate side of membrane (El-Bourawi et al., 2006; Lee and Kim, 2013; Zhang et al., 2013; Boutikos et al., 2017; Naidu et al., 2017) to continuously remove vapor from vacuum chamber, which is formed due to vapor pressure difference across the membrane (Khayet and Matsuura, 2011b; Criscuoli et al., 2013). In VMD, condensation occurs in the condensation chamber outside MD module and the applied vacuum pressure is less than the saturation pressure of volatile molecules removed from feed side (Figure 2) (El-Bourawi et al., 2006; Ramon et al., 2009; Mericq et al., 2010). In a patented work presented by Prince et al. (2015) it is hypothesized that VMD provides the greatest driving force due to low pressure on permeate side of the membrane. The driving force is responsible for high-pressure difference across the membrane, which causes high permeate flux compared to diffusive vapor flux observed in SGMD and DCMD. A considerable high thermal efficiency is also possible due to negligible heat conduction (Koo et al., 2013). The major drawback of VMD is the complicated setup associated with vacuum and external condensers (Khayet and Matsuura, 2011b; Shao et al., 2014; Ashoor et al., 2016), and the possibility of having the applied vacuum creating high pressure variations on membrane surface, which could lead to wetting or reduction in hydrophobicity of membrane, responsible for reduced permeate quality (Liu J. et al., 2017; Liu Z. et al., 2017).
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FIGURE 2. Heat and mass transfer in VMD configuration (adapted from Khayet and Matsuura, 2011b).



AGMD configuration involves the presence of stagnant air between cold side of membrane and condensation surface (Figure 3). Evaporated volatile molecules pass through both, membrane pores and air gap to condense over a cooling plate surface in permeate side of AGMD module (Khalifa et al., 2015; Ashoor et al., 2016; Alkhudhiri and Hilal, 2017; Janajreh et al., 2017). In AGMD, air gap is typically the controlling factor for mass and heat transfer (Khayet and Cojocaru, 2012a; Alsaadi et al., 2015; Alkhudhiri and Hilal, 2017; Attia et al., 2017), because it helps to reduce heat loss through conduction and improve heat efficiency (Khayet and Cojocaru, 2012a; Liu Z. et al., 2017). Therefore, AGMD is considered the most promising in terms of heat recovery when compared to other basic configurations (Liu Z. et al., 2017). However, according to Cheng et al. (2009) and Liu Z. et al. (2017), air gap and presence of entrapped air transported alongside water vapor which is non-condensable due to air gap pressure above saturation pressure in cold feed stream of AGMD configuration increase mass transfer resistance, which leads to permeate flux decay.
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FIGURE 3. Heat and mass transfer in AGMD configuration (adapted from Khayet and Matsuura, 2011c).



In SGMD, cold inert stream of gas sweeps water vapor from permeate side of membrane into condensation chamber located outside configuration module where condensation takes place (Figure 4) (Shukla et al., 2015; Duyen et al., 2016). SGMD produces higher permeate flux than AGMD due to reduced mass transfer resistance, and higher evaporation efficiency than DCMD due to the presence of low conductive heat loss (Prince et al., 2015; Ashoor et al., 2016). However, the application of SGMD is limited when compared to DCMD, because of high cost associated with the transport of sweeping gas, use of an external condenser, and difficulty in recovering heat associated with its configuration (El-Bourawi et al., 2006; Khayet et al., 2012; Khayet and Cojocaru, 2013; Shirazi et al., 2014).
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FIGURE 4. Heat and mass transfer in SGMD configuration (adapted from Khayet and Matsuura, 2011d).



Liquid or water gap membrane distillation (LGMD/WGMD), which emerged from the combinations of DCMD and AGMD configurations, was proposed by Ugrozov et al. (2003). Unlike AGMD where empty air gap exists between membrane and cooling plate, in LGMD as shown in Figure 5, the gap between membrane and condensing surface in permeate side of the module is filled with distilled water, which acts as stagnant cold liquid solution inside membrane module (Ugrozov and Kataeva, 2004; Amaya-Vías et al., 2018). Water vaporizes on feed side of membrane module, diffuses through membrane pores and condenses in the liquid gap between membrane and cooling plate on permeate side of membrane (Essalhi and Khayet, 2014; Amaya-Vías et al., 2018). A comparative study carried out between LGMD and AGMD by Essalhi and Khayet (2014), indicated that specific internal heat loss is lower for LGMD, whereas thermal efficiency is higher for AGMD. For both configurations, feed inlet temperature was observed to increase linearly with thermal efficiency. The overall heat transfer coefficient and the heat transfer on permeate side of the membrane were also found to be greater for LGMD than AGMD. The concentration polarization effect was slightly higher for LGMD due to its higher permeate flux, whereas the temperature polarization effect was found to be slightly higher for AGMD (Essalhi and Khayet, 2014).
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FIGURE 5. Heat and mass transfer in LGMD configuration.



Thermostatic sweeping gas membrane distillation (TSGMD) combines the concepts of SGMD and AGMD (Rivier et al., 2002). In TSGMD, the driving force along module length is enhanced by including a cold wall to the system, and this reduces sweeping gas temperature (Rivier et al., 2002; Essalhi and Khayet, 2014). The sweeping gas that is introduced into the cold chamber is placed in contact with permeate and cold wall temperature, causing accumulation of condensable vapors and heat in the gas, which results in changes in temperature, concentration, and flux (Figure 6) (Garcia-Payo et al., 2002). Depending on the operating conditions, particularly feed temperature and feed flow rate, some portions of the vapor condense at cold side of module while bulk of the vapor is swept by sweeping gas out of the module to condense in an external condenser (Rivier et al., 2002). According to Garcia-Payo et al. (2002), TSGMD as an improved SGMD provides much higher permeate fluxes than AGMD while maintaining high temperature polarization coefficient and evaporation efficiency. TSGMD has some advantages over DCMD in terms of better selectivity performance, smaller temperature polarization and higher evaporation efficiency, although at a lower permeate flux (Garcia-Payo et al., 2002).
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FIGURE 6. Heat and mass transfer in TSGMD configuration.



Vacuum assisted air gap membrane distillation (VA-AGMD) is a new type of MD configuration that combines AGMD and VMD to reduce air gap pressure that is primarily responsible for the reduction in permeate flux in AGMD configuration (Prince et al., 2015). As shown in Figure 7, in VA-AGMD, vacuum pressure is introduced to the air gap section to bring air gap pressure of cold feed stream below saturation pressure for removal of non-condensable gases (air) (Liu Z. et al., 2017). Studies conducted by Liu Z. et al. (2017), Alsaadi et al. (2015), and Asghari et al. (2015) have shown that permeate flux increases as a result of a decrease in air gap pressure, and this increases the removal rate of entrapped air that diffused with water vapor across hydrophobic membrane. It has been suggested that VA-AGMD is more efficient than basic MD configurations, such as AGMD, VMD, SGMD, and DCMD, in terms of high latent heat and water recovery rates (Prince et al., 2015; Liu Z. et al., 2017). However, the major disadvantage of VA-AGMD compared to DCMD and AGMD configurations may be the cost of providing vacuum pressure to air gap chamber.
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FIGURE 7. Heat and mass transfer in VA-AGMD configuration.



HEAT AND MASS TRANSPORT IN MODELING MD CONFIGURATIONS

Heat Transfer in MD

The mechanisms of transport in MD incorporates concurrently both heat and mass transfer (Qtaishata et al., 2008). Determination of the governing heat and mass transfer mechanisms is needed in order to be able to generate accurate and reliable predictions of interfacial membrane temperature and permeate flux from MD models (Hwang et al., 2011; Andrjesdóttir et al., 2013). The average temperature inside the membrane is calculated from the predicted interfacial membrane temperature. This average membrane temperature is used to determine vapor pressure at membrane interface, which is needed as input for estimating mass transfer in MD process (Hitsov et al., 2015). Thus, heat and mass transfer are interrelated in MD process. Generally, for all MD configurations, estimation of heat transfer is a prerequisite for prediction of mass transfer. In all MD configurations except VMD, heat is transferred through membrane via conduction in the form of sensible heat and latent heat when vapor molecules diffuse through the pores of hydrophobic membrane. In VMD heat transfer by conduction is negligible (Camacho et al., 2013; Hitsov et al., 2015; Ashoor et al., 2016). It is noteworthy that heat transfer does not only depend on the membrane geometry but also on type of MD configuration (Khayet, 2011).

Heat Transport Mechanisms in MD Configurations

The condition of heat transfer at permeate side of membrane module is the major difference among MD configurations (Zhang et al., 2013). Heat transfer is believed to be the rate-controlling step in MD process (El-Bourawi et al., 2006). It is noteworthy that bulk feed solution is in direct contact with the surface of hydrophobic membrane at the feed side in all MD configurations (Deshpande et al., 2017). There are three regions (feed side, membrane, and permeate side) through which heat is generally transferred in MD process (Qtaishata et al., 2008; Andrjesdóttir et al., 2013; Camacho et al., 2013; Gude et al., 2013; Bouchrit et al., 2015). In the first region, heat is transferred from bulk feed solution by convection through thermal boundary layer to the membrane surface on feed side of MD module (Qtaishata et al., 2008; Chen et al., 2009; Suárez et al., 2010; Bouchrit et al., 2015). The feed heat flux, Qf, depends on feed heat transfer coefficient, hf, temperature difference between bulk feed temperature, Tbf, and membrane surface temperature at feed side, Tfm, as illustrated in Equation (1). Tbf is the bulk feed temperature estimated from average temperatures of the solution that enters (Tf, in) and leaves (Tf, out) feed side of the module and is calculated using Equation (2). The expression in Equation (1) is applicable to all MD configurations.

[image: image]

[image: image]

The second region consists of heat transfer through membrane (polymer) by conduction (sensible heat) and heat transfer due to water vapor transport through gas/air filled pores of the membrane (latent heat) (Khayet, 2011; Khayet and Matsuura, 2011e; Hitsov et al., 2015). These two forms of heat transfer mechanism across the membrane are expressed in Equation (3). Equation (3) is applicable to DCMD, AGMD, LGMD, SGMD, and TSGMD, with the exception of VMD. The presence of low vacuum pressure at permeate side of VMD module makes sensible heat loss by conduction through membrane negligible in the second region of this configuration (Khayet and Matsuura, 2011b; Zhang et al., 2013; Boutikos et al., 2017).
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where Qm, is the membrane heat flux, hm is the membrane heat transfer coefficient, Tpm is the membrane surface temperature at permeate side, J is the permeate flux, and ΔHv is the latent heat of vaporization. As expressed in Equation (4), membrane heat transfer coefficient (hm) is calculated as the ratio of thermal conductivity of membrane (km) and membrane thickness (δm).
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In a complex mixture, thermal conductivity of membrane matrix, which comprised of the mixture of air, polymer, and vapor, may be difficult to estimate (Qtaishata et al., 2008; Andrjesdóttir et al., 2013; Hitsov et al., 2015). Generally, the two models given in Equations (5, 6), have been considered good predictors of thermal conductivity of membranes (Garcia-Payo et al., 2002; Hitsov et al., 2017b).
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Where ε is the membrane porosity, and kmm and kg are thermal conductivities of membrane material (polymer) and gas in the pores of the membrane, respectively.

The thermal conductivity of gas (air) and water vapor in the pores of the membrane are considered similar and can be calculated as a function of membrane temperature using Equation (7). The average of thermal conductivity of gas in Equation (7) is obtained from gas thermal conductivity expressions reported by Eleiwi et al. (2016) and Bahmanyar et al. (2012). This expression is believed to give a better prediction of gas thermal conductivity.
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The thermal conductivity for common hydrophobic membrane materials (polymer) as presented in Table 2, can be estimated at various temperatures using the linear fit expression of Equation (8) reported by Hitsov et al. (2015), based on data presented by Phattaranawika et al. (2003).
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where α and β are constants derived from linear fit expressions for different membrane material and Tm is membrane temperature (K) derived from average membrane surface temperatures as given by Equation (9) (Qtaishata et al., 2008; Hitsov et al., 2015).
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Table 2. Thermal conductivity of common hydrophobic commercial membrane materials at different membrane temperatures (Tm) [Adapted from Hitsov et al. (2015)].
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In the third region, there is convective heat transfer from the membrane surface through thermal boundary layer to bulk permeate side, as described by Equation (10).
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However, AGMD has a different heat transfer mechanism in the third region due to the presence of an air gap between the surface of the membrane and the cooling plate at cold side of MD module. The heat transfer mechanism is also different for VMD at the third region due to the presence of vacuum. The temperature at membrane surface on permeate side is higher than the bulk permeate temperature in the AGMD module, due to the effect of temperature polarization in this region (El-Bourawi et al., 2006). Conversely, the temperature at membrane surface on permeate side is lower than bulk permeate temperature in the VMD module, due to application of vacuum in this side of membrane module (El-Bourawi et al., 2006; Khayet, 2011).

The permeate heat flux, Qp, for all MD configuration, except AGMD and VMD, depends on permeate heat transfer coefficient, hp, and temperature difference between bulk permeate temperature, Tbp, and interfacial membrane temperature, Tpm at the permeate side. Tbp is estimated from average temperature of cooling water that enters (Tp, in) and leaves (Tp, out) permeate side of the module using Equation (11) (Qtaishata et al., 2008; Khayet and Matsuura, 2011e).
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The overall heat transfer flux around the membrane on feed and permeate sides of the module, under steady state conditions, for all MD configurations except AGMD and VMD in Equation (12) is derived from combining Equations (1, 3, 10).
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The energy balance expression in Equation (12) can be used to calculate membrane surface temperature on feed and permeate sides in the MD module, which otherwise cannot be measured experimentally. Equations (13, 14) are used to iteratively predict membrane surface temperature on feed and permeate sides, respectively (Qtaishata et al., 2008; Andrjesdóttir et al., 2013; Bouchrit et al., 2015; Hitsov et al., 2017b).
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It is important to first make an initial guess by assuming that Tfm and Tpm are equal to bulk feed and permeate temperatures, which can be determined from Equations (2, 11), respectively. The predicted flux is used to continue the iteration until the difference between two consecutive iterations is <10−7 (Andrjesdóttir et al., 2013), or until a level of accuracy is achieved for membrane surface temperatures or fluxes (Hitsov et al., 2015). The membrane surface temperature for feed and permeate sides can be easily predicted for an experimental analysis by substituting the observed permeate flux into Equations (13, 14).

The heat transfer mechanisms for VMD in the second region are given in Table 3. The Equation (15) represents the heat transfer that occurs at the second region, which is the membrane surface in VMD configuration, while the overall heat transfer at steady state, and the surface membrane temperature are expressed by Equations (16, 17), respectively. There is no equation developed for VMD to represent the presence of vacuum in the third region (Figure 2). The heat transfer mechanism described in Equation (1) for the first region is also applicable to VMD.


Table 3. Heat transfer mechanisms for VMD at the membrane.
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The heat transfer mechanisms at the third region (cold side) of both AGMD and VA-AGMD are represented by Equations (18–23) (Table 4), as reported in recent studies (Khalifa et al., 2015; Pangarkar and Deshmukh, 2015; Swaminathan et al., 2016a; Attia et al., 2017; Hitsov et al., 2017a). The expressions from Equations (1–9) are also applicable to obtain heat transfer at the first and second regions of both AGMD and VA-AGMD.


Table 4. Heat transfer mechanisms for AGMD.
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In Equations18–23 for AGMD modeling, Qag, Qcd, Qcp, and Qcf (W/m2) are heat fluxes through air gap, condensation film, cooling plate, and cooling fluid, respectively. As shown in Figure 3, Tcd, Tp1, Tp2, and Tcf are temperature of condensation film, surface temperature at condensation side of cooling plate, surface temperature at cold side of cooling plate, and temperature at the bulk cooling film, respectively. The heat transfer coefficient (W/m2C) of condensate and cooling fluid are hcd and hcf, respectively. The air gap thickness, thickness of cooling plate, and thermal conductivity of cooling plate are ∂ (m), ∂c (m), and kc (W/m K), respectively.

Many Nusselt number relationships for laminar and turbulent flows are used to calculate heat transfer coefficient, as have been reported in several studies (Khayet, 2011; Andrjesdóttir et al., 2013). However, based on experimental and predicted results by Andrjesdóttir et al. (2013), Equations (24, 25) may provide best predictions for heat transfer coefficients in the feed and permeate sides for laminar and turbulent flows, respectively.
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The heat transfer coefficients in the feed and permeate boundary layers can be estimated by using Nusselt number relationship obtained from combining Reynolds and Prandtl numbers (Equations 26, 27) (Andrjesdóttir et al., 2013; Bouchrit et al., 2015).
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Once Equations 24, 25 are substituted into Equations (26, 27) to obtain Nusselt number for feed and permeate streams, the heat transfer coefficients can then be calculated using Equations (28, 29) (Qtaishata et al., 2008; Khayet, 2011; Andrjesdóttir et al., 2013; Bouchrit et al., 2015).
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where dh, L, cp, ν, ρ, μ, Nuf, and Nup are the hydraulic diameter, length of membrane module, specific heat, velocity, density, viscosity, Nusselt number for feed stream, and Nusselt number for permeate stream, respectively.

Temperature Polarization in Modeling MD Configuration

An increase in the temperature of a MD system will cause more heat to flow from the higher to the lower temperature region, leading to high temperature difference (El-Bourawi et al., 2006). A decline in permeate flux results from the resistances imposed on heat transferred from bulk feed and bulk permeate, caused by the formation of thermal boundary layers on the feed and permeate sides of the MD module (Lin et al., 2014; Hitsov et al., 2015; Alkhudhiri and Hilal, 2017; Ruiz-Aguirre et al., 2017). The temperature polarization coefficient (TPC) is generally expressed as the ratio of the difference between membrane surface temperature at feed (Tfm) and permeate (Tpm) sides, and the difference between bulk feed (Tbf) and bulk permeate (Tbp) temperatures as given by Equation (30) (Qtaishata et al., 2008; Khayet, 2011; Shakaib et al., 2012; Alsaadi et al., 2014).
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As TPC decreases, its effect on the MD process increases (Abu-Zeid et al., 2015; Hitsov et al., 2015). Even though an increase in the feed temperature in the process leads to an increase in the permeate flux, TPC decreases as reported in the experimental work conducted by Bouchrit et al. (2015). The negative impact of temperature polarization on permeate flux in MD process has been a concern for MD researchers (Shakaib et al., 2012; Ali et al., 2013; Alsaadi et al., 2014). MD modeling has been used as a viable tool to predict membrane surface temperature of the feed and permeate sides, which otherwise cannot be determined experimentally (Khayet, 2011; Bouchrit et al., 2015; Hitsov et al., 2015), and further estimate the effect of temperature polarization.

Equation (30) is applicable to all MD configurations except VMD due to the existence of a vacuum on the permeate side of the membrane. Unlike DCMD and other MD configurations, temperature polarization takes place only at the feed side of VMD configuration (Alsaadi et al., 2014). The TPC expression reported by Abu-Zeid et al. (2015) and given by Equation (31) is valid for VMD and is defined as the ratio of surface membrane temperature on feed side to bulk temperature on feed side.
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Effects of Temperature Polarization on MD Performance

As heat is transferred from bulk feed through boundary layer to membrane surface on the feed side, temperature polarization causes heat at the surface of the membrane to be lower than temperature in the bulk feed. The temperature polarization effect is very significant at the surface of the membrane when heat is lost by conduction through membrane polymer, and by convection through the gas-filled pores of the membrane (Shakaib et al., 2012). To prevent temperature polarization at membrane interfaces, membranes with high thermal conductivity, small tortuosity, and minimal pore size should be employed in all MD configurations (Khayet, 2011). A reduced temperature at membrane surface on the feed side caused by temperature polarization will bring low water vapor pressure across the membrane, resulting in a reduction of permeate flux (El-Bourawi et al., 2006). The effect of temperature polarization is responsible for the high temperature observed at the membrane surface of permeate side of MD module when compared to bulk permeate temperature (Essalhi and Khayet, 2014). To minimize the effect of temperature polarization in all the MD configurations, it is necessary to ensure good mixing conditions, and this will be possible if optimum flow rate conditions are applied (El-Bourawi et al., 2006; Essalhi and Khayet, 2014; Deshpande et al., 2017). Optimum flow rate should be considered at the start of the process. In all MD configurations, if flow rate adjustment is needed to reduce the effect of temperature polarization, caution must be taken to avoid high pressure drops, which may cause membrane pore wetting and reduction in the quality of permeate flux (El-Bourawi et al., 2006; Deshpande et al., 2017). In a computational fluid dynamics (CFD) study of MD modules conducted by Shakaib et al. (2012), the effect of spacer orientation, inlet velocity, and filament spacing on temperature polarization was investigated. Shakaib et al. (2012) reported that the main advantage of having spacers between module and membrane is that they disrupt concentration and thermal boundary layers, which helps in increasing the permeation rate. The CFD study established that when spacer filaments touch the top or bottom surfaces of the membrane, the temperature polarization is high, which results in low heat transfer rates, but when the filaments are detached from the membrane, the temperature polarization is lower. Improvement of the design of module for all MD configurations has also been established to minimize the effect of temperature polarization (Hitsov et al., 2015).

MASS TRANSFER IN MD

Mass transfer of water vapor molecules through pores of hydrophobic membranes in MD process has been described by various MD models (Hitsov et al., 2015). The existing mass transfer models differ based on the configuration of pores of membrane. The most widely studied and applied model is the Dusty Gas (DG) model (Hitsov et al., 2017b), which employs the average pore size for the prediction of mass transfer of volatile water molecules, and assumes an average temperature across the membrane. The Fick's law model is another model based on the assumption that water vapor molecules diffuse through the pores of the membrane filled with air (Hitsov et al., 2015). The estimation of mass transfer of vapor under the assumption of pore size distribution has been proposed by Khayet (2011) and the Schofield and Dusty Gas models have been proposed for the estimation of mass transfer of vapor under uniform mean pore size assumption (Hitsov et al., 2015, 2017b). Even though, it is believed among MD experts that the membrane does not play a direct role in enhancing the mass transfer phenomena (Khayet and Matsuura, 2011e), the membrane material (polymer), membrane design, and method of membrane fabrication determine the membrane pore formation, which ultimately provides the medium for mass transfer (Khayet and Matsuura, 2011e). Khayet (2011) pointed out the knowledge gap that exist on the effect of membrane characteristics and MD configurations on the permeability of membrane. This gap can be filled by carrying out more investigations on mass transfer in MD configurations. Mass transfer modeling of MD configurations is paramount because the mechanisms of mass transfer can be different even when similar membranes are used. The effect of assuming pore size distribution in mass transfer modeling compared to uniform mean pore is considered insignificant (Phattaranawika et al., 2003; Khayet and Matsuura, 2011e; Hitsov et al., 2015); therefore, in this study, the Dusty Gas Model will be used to discuss mass transfer for all MD configurations.

Mass Transport Mechanisms in MD Configurations

The mass transport of water vapor molecules in MD process is diffusive and viscous in nature as expressed in Equation (32).

[image: image]

where J, Jv and Jd are total flux, viscous flux, and diffusive flux, respectively. The total flux varies according to MD configuration employed.

The total mass flux in Equation (32) is generally defined according to Darcy's law as expressed in Equation (33). In this equation, it is considered that mass transport of water vapor through hydrophobic porous membrane is directly proportional to partial water vapor pressure across membrane Equation (33) (Drioli et al., 2005; Bouchrit et al., 2015).
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Where i, and j, Bm (Lm−2 s −1 Pa−1), Pfm (Pa) and Ppm (Pa) are the type of flux [diffusive (d) or viscous (v)], mass transfer coefficient, partial vapor pressure at the feed membrane surface, and partial vapor pressure at permeate membrane surface, respectively. It should be noted that, Bm is a function of MD configuration, membrane temperature, and membrane characteristics (Bouchrit et al., 2015).

Surface diffusion, molecular or ordinary diffusion, Knudsen diffusion, Knudsen-molecular diffusion, and viscous or Poiseuille flow are the mass transfer mechanisms employed to theoretically predict mass flux of vapor through a porous membrane in Dusty Gas (DG) Model. However, in MD modeling using DG model, the surface diffusion is negligible (Lawson and Lloyd, 1997; Khayet, 2011; Hitsov et al., 2015). The dominant mass transport mechanism across the pores of membrane is established from the ratio of mean free path (λ) of water vapor molecule (Equations 34, 35) to membrane pore diameter (dp), known as the Knudsen number (Kn) (Khayet and Matsuura, 2011e; Andrjesdóttir et al., 2013; Attia et al., 2017; Hitsov et al., 2017b).
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where kB is Boltzmann constant (1.38 × 10−23 JK−1), Tm is mean membrane temperature, Pm is average pressure in the membrane pores, and σv is the water vapor collision diameter (0.2641 nm) (El-Bourawi et al., 2006; Andrjesdóttir et al., 2013; Hitsov et al., 2015).

Based on Knudsen number, there are three common ways to determine the governing mass transfer mechanism in MD configurations (Khayet, 2011; Hitsov et al., 2015). Knudsen diffusion governs in the absence of air when water vapor molecules collide with walls of membrane pores, because mean free path for water molecules is greater than membrane pore diameter (λ > dp or [image: yes]n > 1) (Andrjesdóttir et al., 2013). However, if air exists in the pores of the membrane and membrane pore diameter is larger than mean free path of the molecules of the diffusing water vapor (100 λ < dp or [image: yes]n < 0.01), there will be collision between water vapor molecules as a result of molecular (ordinary) diffusion dominance (Khayet and Matsuura, 2011e). In the case where Knudsen molecular diffusion prevails in the transition region (λ < dp < 100 λ or 0.01 < [image: yes]n < 1), collision occurs between water vapor molecules and also between walls of membrane pores and vapor molecules (Bouchrit et al., 2015). It is worth mentioning that, the estimation of mass transfer coefficient depends on the dominant mass transport mechanism (Phattaranawika et al., 2003; Khayet, 2011; Andrjesdóttir et al., 2013; Bouchrit et al., 2015; Hitsov et al., 2015).

The mechanism of mass transfer for DCMD, LGMD, SGMD, and TSGMD is the same, due to direct contact of fluids with membrane at feed and permeate sides of MD module (Essalhi and Khayet, 2014), except for VMD, and AGMD and VA-AGMD, where vacuum and empty air gap exist at permeate side, respectively. The Knudsen, Molecular, and combined mechanisms for DCMD, LGMD, SGMD, and TSGMD, assuming that viscous flow is negligible, are expressed in Equations (36, 37, 38), respectively (Lagana et al., 2000; Ding et al., 2002; Srisurichan et al., 2006; Andrjesdóttir et al., 2013; Bouchrit et al., 2015; Shirazi et al., 2016; Ullah et al., 2018). The mass transfer mechanisms for VMD assumes that molecular diffusion is negligible and is described in Equations (39–41) (Table 5). The mass transfer mechanisms for both AGMD and VA-AGMD, which assume negligible viscous diffusion, are expressed in Equations (42–44) (Table 6). Equations (36–45) for MD configurations are based on the prevailing mass transfer mechanisms and assumed uniform mean membrane pore size.
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Table 5. Mass transfer mechanisms in VMD.

[image: image]




Table 6. Mass transfer mechanisms in AGMD and VA-AGMD.
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In Equations 39–44, [image: image], [image: image], [image: image], and [image: image] are the MD mass transfer coefficients when Knudsen, molecular, viscous flow, and combined mechanisms, respectively, are dominant. Mw, Dwa, PT, Pa, τ, ε, ∂, and μv are molecular weight of water vapor molecule, water-air diffusion coefficient, average pressure of air inside the membrane, total pressure, tortuosity, hydrophobic membrane porosity, air gap thickness, and vapor viscosity, respectively. The PTDwa value for water-air can be estimated from Equation (45) (Khayet and Matsuura, 2011e; Bouchrit et al., 2015).
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The partial water vapor pressures at feed and permeate sides can be determined from the estimated membrane surface temperatures using Equation (46) (El-Bourawi et al., 2006; Khayet, 2011), the Antoine equation expressed in Equation (47) (El-Bourawi et al., 2006; Qtaishata et al., 2008; Khayet, 2011; Andrjesdóttir et al., 2013; Bouchrit et al., 2015; Ruiz-Aguirre et al., 2017) and water activity expression in Equation (48) (El-Bourawi et al., 2006; Khayet and Matsuura, 2011e; Andrjesdóttir et al., 2013; Attia et al., 2017).
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where Pim is the partial water vapor pressure at membrane surface for feed or permeate side, [image: image] is partial pressure of pure water vapor for feed or permeate, and aiw is water activity for feed or permeate. A, B, and C are average constant values for water, and are given as 23.2, 3878.6, and −43.2, respectively (Khayet, 2011; Andrjesdóttir et al., 2013; Bouchrit et al., 2015; Hitsov et al., 2015). The water activity is considered most of the times equal to one for the permeate side since mole fraction of salt in solution (φ) is very small (Khayet, 2011). Even though activity of water depends on temperature, its effect is considered negligible for salt solutions (Hitsov et al., 2015).

Concentration Polarization in Modeling MD Configurations

To investigate the effects of concentration polarization in MD modeling, it is necessary to understand mass transfer of water vapor molecules, and resistance imposed on membrane by concentration boundary layer that forms close to the surface of membrane on feed side of MD module (El-Bourawi et al., 2006; Qtaishata et al., 2008). As shown in Figures 1–6, concentration boundary layer forms in region close to membrane surface of the feed side, as particles of salts escape with water vapor molecules, making concentration at membrane surface to be higher than at bulk feed. The resistance imposed by concentration boundary layer (concentration polarization) becomes more significant on mass transfer of water vapor molecule as MD separation process progresses with time, leading to decline in transmembrane flux (El-Bourawi et al., 2006; Qtaishata et al., 2008; Chen et al., 2009; Khayet, 2011). Even though, MD process operates at low to moderate flow rates and high heat transfer coefficients, which could help to minimize the impact of concentration polarization (El-Bourawi et al., 2006), there is need to determine favorable optimum conditions to avoid pore wetting, which could result from high flow rate. The significance of the impact of concentration polarization could be deduced from decline in permeate flux as MD process progresses, from physical observation of used membrane, and from characterization of membrane surface (Camacho et al., 2013). However, the effect of concentration polarization on MD, which is best explained through Concentration Polarization Coefficient (CPC), can be better quantified by estimating concentration of salt built at the surface of membrane on feed side in the MD module. Unfortunately, salt concentration at membrane surface has never been determined experimentally (El-Bourawi et al., 2006; Khayet, 2011; Camacho et al., 2013). This can only be estimated theoretically through MD modeling approach. The CPC is generally expressed as ratio of concentration of salt on membrane surface at the feed side (Cfm) to concentration of saline bulk feed (Cfb), as expressed in Equations 49, 50 (El-Bourawi et al., 2006; Khayet, 2011; Andrjesdóttir et al., 2013; Bouchrit et al., 2015; Gustafson et al., 2016). From experimental observations and Equation (50), it can be stated that increase in concentration of particles on membrane surface leads to an increase in CPC (El-Bourawi et al., 2006; Essalhi and Khayet, 2014; Abu-Zeid et al., 2015). This means that high CPC does not favor permeate flux (J).
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Where ksp is mass transfer coefficient of salt particles, and can be calculated from Equation (51) by using Sherwood number obtained from Sherwood number correlations reported by Bouchrit et al. (2015), as expressed in Equations (52, 53) for laminar and turbulent flows, respectively. The Sherwood number correlations consist of two dimensionless numbers, namely Reynold's number expressed in Equations (26, 27) and Schmidt number given in Equation (54) (Andrjesdóttir et al., 2013; Bouchrit et al., 2015).
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Where Dm is the molecular diffusivity of feed solution. The mass transfer of water vapor molecules can be enhanced with the purpose of obtaining high permeate flux, if suitable hydrophobic membrane with proper pore characteristics, and optimal operating conditions are employed in MD process and modeling (Martinez-Diez and Vázquez-González, 1999; Ashoor et al., 2016).

Effect of Concentration Polarization on MD Performance

The most significant effect of concentration polarization on MD process is its contribution to scaling of membrane. Concentration polarization causes blockage of pores in membrane and prevents transmembrane water vapor molecule flow, leading to permeate flux decay (Martinez-Diez and Vázquez-González, 1999; Soni et al., 2009; Liao et al., 2013; Alkhudhiri and Hilal, 2017). As feed concentration increases, there is a decrease of water activity in feed stream, and more salts accumulate on surface of membrane at feed side due to the effect of concentration polarization (Close and Sørensen, 2010; Khayet and Matsuura, 2011e; Essalhi and Khayet, 2014; Alkhudhiri and Hilal, 2017). The concentration polarization effect on mass transfer of vapor molecules is the same for all MD configurations; it is mainly observed on feed side of the membrane, and depends on the design of module (El-Bourawi et al., 2006). An increase in feed concentration leads to an increase in concentration polarization at surface of the membrane on feed side of module, and this increases the risk of scaling of the membrane (Martinez-Diez and Vázquez-González, 1999; Khayet, 2011; Andrjesdóttir et al., 2013; Alsaadi et al., 2014; Bouchrit et al., 2015). When modeling MD configurations, the optimum way to achieve high separation and reduce the effect of concentration polarization is through selection of proper membrane with MD-oriented characteristics, and also through selection of proper operating conditions that favor the transport of volatile components over water (El-Bourawi et al., 2006; Ashoor et al., 2016). According El-Bourawi et al. (2006), by increasing concentration of non-volatile molecules close to surface of membrane causes reduction of transmembrane flux, due to formation of concentration polarization (CP) layers of thickness that behaves as mass transport resistance to vapor molecule across hydrophobic membrane at feed side of MD module. Contrary to most membrane pressure-driven desalination processes, such as reverse osmosis (RO), nanofiltration (NF), and ultrafiltration (UF), where concentration polarization is usually considered a major cause for flux decline, low to moderate flow rates and high heat transfer coefficients can help to reduce CP effects in MD configurations (Martinez-Diez and Vázquez-González, 1999).

CONCLUSION, RESEARCH GAPS, AND FUTURE OUTLOOK

In this study, modeling and research gaps on existing configurations for the emerging membrane distillation (MD) desalination technology have been highlighted. There exists many challenges confronting wide industrial application of this novel technology, due to a significant effect of temperature and concentration polarization based on the principles of heat and mass transfer, which are largely responsible for permeate flux decline in MD process. The use of an optimal operating flow rate, among other factors, such as suitable membranes and module design, is recommended as a major approach to reduce the effect of temperature and concentration polarization with the purpose of increasing water recovery and efficiency of MD. There is no doubt that DCMD modeling has been well researched. However, challenges such as lack of suitable membranes and poorly designed modules are associated not only to DCMD, but also to other common MD configurations, such as VMD, AGMD, and SGMD, as well as newly developed configurations, such as LGMD, TSGMD, and VA-AGMD. These challenges limit the deployment of MD at industrial and commercial scale. As mentioned before, design of suitable membranes and modules are currently lacking. Membranes with low tortuosity, high thermal conductivity, large pore size, high porosity, small thickness, and suitable polymer materials are required to reduce the effects of concentration and temperature polarization.

Aside the energy cost associated with MD and the lack of suitable membranes, it is believed that the full industrial application of emerging MD has been slowed down by the lack of appropriate module design. Therefore, more research is needed to provide adequate knowledge of module design for all MD configurations. Module design must allow for effective flow and mixing on feed and permeate sides of MD module to reduce temperature polarization effects. Optimum flow rate is usually recommended to avoid high hydrostatic pressure drop along the length and across the membrane module, which may threaten the integrity of the membrane, cause pore wetting, and eventually reduce permeate quality. However, optimum flow rate may depend on many other factors, which impact can only be determined through modeling and experimentation.

Less or no studies have been conducted to investigate and identify the contributing effect of concentration polarization on membrane scaling, and to determine how MD modeling can help reducing this effect through proper module, membrane, and parameter optimization. It is worth mentioning that the integrity of modeling results on permeate flux obtained from empirical heat and mass transfer models have been questioned among researchers, indicating the need for more research to establish their validity. The effects of stirring rates at the feed and permeate sides of MD modules on transmembrane flux have not been extensively investigated either. Therefore, more MD modeling studies are needed to account for the effects of stirring rate and the interactions among MD operating parameters on permeate flux for existing configurations.
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