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Abstract

:

This study presented a detailed investigation into the performance of a plate–frame water gap membrane distillation (WGMD) system for the desalination of untreated real seawater. One approach to improving the performance of WGMD is through the proper selection of cooling plate material, which plays a vital role in enhancing the gap vapor condensation process. Hence, the influence of different cooling plate materials was examined and discussed. Furthermore, two different hydrophobic micro-porous polymeric membranes of similar mean pore sizes were utilized in the study. The influence of key operating parameters, including the feed water temperature and flow rate, was examined against the system vapor flux and gained output ratio (GOR). In addition, the used membranes were characterized by means of different techniques in terms of surface morphology, liquid entry pressure, water contact angle, pore size distribution, and porosity. Findings revealed that, at all conditions, the PTFE membrane exhibits superior vapor flux and energy efficiency (GOR), with 9.36% to 14.36% higher flux at a 0.6 to 1.2 L/min feed flow rate when compared to the PVDF membrane. The copper plate, which has the highest thermal conductivity, attained the highest vapor flux, while the acrylic plate, which has an extra-low thermal conductivity, recorded the lowest vapor flux. The increasing order of GOR values for different cooling plates is acrylic < HDPE < copper < aluminum < brass < stainless steel. Results also indicated that increasing the feed temperature increases the vapor flux almost exponentially to a maximum flux value of 30.36 kg/m2hr. The system GOR also improves in a decreasing pattern to a maximum value of 0.4049. Moreover, a long-term test showed that the PTFE membrane, which exhibits superior hydrophobicity, registered better salt rejection stability. The use of copper as a cooling plate material for better system performance is recommended, while cooling plate materials with very low thermal conductivities, such as a low thermally conducting polymer, are discouraged.
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1. Introduction


The demand for freshwater resources is ever-increasing due to the rising global population and agricultural and industrial uses [1]. To meet the needs of freshwater demands, different desalination technologies have been proposed and developed for desalting saline water or seawater, which is available in abundance. For instance, multi-effect distillation (MED) [2,3], multi-stage flash (MSF) [4], reverse osmosis (RO) [5], mechanical vapor compression (MVC) [6], and thermal vapor compression (TVC) [7] have been widely applied for centralized and large-scale freshwater production from salty water. Most of these desalination systems require huge amounts of energy for their operation and are mostly suitable for large-scale applications [8]. Additionally, these desalination technologies require huge capital investments, are complex or complicated, and demand experts or technical know-how for their maintenance and sustainability. In rural or remote settings where there is an abundance of renewable energy, limited expertise or technological know-how, and low-income sources, decentralized and small-scale or medium-scale desalination systems become the most appropriate technology for freshwater production. A membrane distillation (MD) system is one of the desalination techniques that can be deployed for small- to medium-scale freshwater production, especially in rural, remote, and coastal regions. Membrane distillation is an emerging and promising membrane-based thermally driven desalination process that employs a micro-porous hydrophobic membrane for vapor separation from saline water [9,10,11]. Some of the benefits of the MD process, when compared to other desalination techniques, involve low system fabrication costs, low operation and maintenance costs, a high salt rejection factor, flexibility in hybridizing with low-grade and renewable energy sources, flexibility in equipment control, hydrostatic pressure, and compatibility with other membrane-based and thermal-based systems [9,12].



Depending on the approach for vapor condensation, MD can be classified into four major configurations [13], including air gap membrane distillation (AGMD) [14,15,16,17], sweeping-gas membrane distillation (SGMD) [12,18,19,20,21,22], direct contact membrane distillation (DCMD) [12,23,24,25,26,27], and vacuum membrane distillation (VMD) [12,28,29,30,31,32]. Recently, a new MD configuration that combined the features of AGMD and DCMD processes was introduced and named water gap membrane distillation (WGMD) [33,34,35] or permeate gap membrane distillation (PGMD) [36,37,38,39], or liquid gap membrane distillation (LGMD) [40,41,42,43]. A material gap membrane distillation (MGMD) [44,45] and conducting gap membrane distillation (CGMD) [46] have also been disclosed. In an air gap membrane distillation process, thermal efficiency is high due to the creation of an air barrier (air gap) between the permeate side of the membrane and the condensation surface (reducing heat lost by conduction), while mass flux is low in an AGMD system. On the other hand, the DCMD process exhibits higher mass flux but lower thermal efficiency due to the high heat lost by conduction. The water gap membrane distillation process, which improves the weakness of AGMD, exhibits promising results [37,47]. For the WGMD process, the air gap in an AGMD is filled with clean water, such as permeated water, deionized water, or distilled water. Lately, membrane distillation by a water gap is generating a lot of interest from various researchers, investigators, and innovators. For instance, Elbessomy et al. [33] examined the optimum design configurations of a compact water gap membrane distillation hollow fiber module driven by ultra-low waste heat sources. A new fully coupled computational fluid dynamic model was developed and validated against the experimental data and recorded a maximum percentage error of less than 5%. Results indicate an optimum system configuration of 5 cm shell diameter, 10 cm fiber length, packing of 91 fibers, and 1.62 m/s feed stream flow velocity. Furthermore, the system reached a productivity of 12.1 m3/day at the optimum configuration, 45 °C feed temperature, and 55 °C coolant temperature. Using composite membranes, a comparison between water gap MD and material gap (different gap materials) MD was made via an experimental and theoretical analysis [35]. Results indicated that using graphite to fill the gap in the material gap MD unit registered about 11 to 22% higher flux than the water gap MD system. However, the water gap MD module recorded about 18 to 27% and 17 to 24% higher flux than the material gap MD when the gap is filled with zeolite and silica gel, respectively. Also, a material with a packing density of 40% attained higher flux than 60% packing density when the material’s thermal conductivity is lower than 5 W/mK and vice versa when the thermal conductivity is greater than 5 W/mK. A water gap MD unit with an internal gap rotating impeller has been proposed and investigated [39,48]. The installed impeller was reported to have improved the heat and mass transfer characteristics of the module, which translates into enhanced vapor flux, better system energy consumption, and improved freshwater cost. Results revealed that the impeller revolution and impeller diameter are the most significant impeller design variables influencing system flux, energy efficiency, and water production cost. On the other hand, the impeller blade material and thickness showed marginal effects on the system’s performance. The performance of a water gap MD system where gap water is externally circulated has also been investigated [49]. Recirculating the water in the gap of the WGMD system improves the flux and reaches a maximum value of about 190 kg/m2hr. This also improves the system’s gained output ratio and specific electrical energy consumption in the range of 5 to 22% and 15 to 25%, respectively. Alawad et al. [50] performed a detailed theoretical analysis on a multi-stage water gap membrane distillation unit along with the system economic assessment. Their findings indicated 35 stages as the maximum number of stages and reported a peak freshwater productivity of 5.2 L/h. In the case of an insulated system (insulated module and piping system), the system flux improves by over 35%. Meanwhile, the optimization results indicated an upper limit of 15 stages and a freshwater cost of 3 $m3. By using a response surface methodology approach, a modeling and optimization analysis of a commercial spiral wound permeate gap MD system has been conducted by Ruiz-Aguirre [51]. They found the evaporation temperature to be the most dominant parameter affecting the system flux and specific thermal energy consumption (STEC), while the condenser temperature exhibits negligible impact on the system flux and STEC. Increasing the evaporation temperature increases the vapor flux and decreases the system STEC. The optimization results indicate a maximum vapor flux and minimum STEC of 2.66 L/m2hr and 255.8 kWh/m3, respectively. Through heat and mass transfer analysis, the modeling of hollow fiber permeate gap MD systems has been presented [52]. The model takes into consideration the hollow fiber density and density channel. Their findings showed less effect of cold stream temperature and velocity on the system vapor flux when compared to a DCMD configuration. Also, it was established that the hydrodynamics within the coolant and permeate channels have less impact on flux than the channel thermal conductivity of the gap. Meanwhile, changes in the gap channel of PGMD resulted in a more complex combination. Furthermore, the findings imply that the GOR, which reaches a maximum value of 2.4 with 20 stages, rises with the number of stages.



From the foregoing review and the existing open literature, there is a limited or lack of experimental investigation involving different cooling plate materials and different membrane materials using a flat-sheet plate–frame WGMD module for the desalination of untreated real seawater. A better insight into the impact of different cooling plate materials, which is crucial in the gap condensation phenomenon, will facilitate a better understanding and future scale-up of membrane distillation systems. To the best of the authors’ knowledge, this is the first study to experimentally investigate the effect of different cooling plate materials on the performance of a plate–frame water gap MD unit using different types of polymeric membrane materials. Therefore, this current work is aimed at assessing the impact of different cooling plate materials (copper, aluminum, brass, stainless steel, HDPE, and acrylic) since they play a major role in the heat and mass transfer phenomena in the gap chamber. Furthermore, the study investigates the impact of different membrane materials, including a PTFE membrane and a PVDF membrane, on the system’s performance. The investigated system performance includes vapor flux and gained output ratio (GOR), which are evaluated at different feed stream flow rates and temperatures.




2. Materials and Methods


2.1. Materials


Two different commercially available flat-sheet hydrophobic membranes were characterized: a PTFE (polytetrafluoroethylene) membrane with polypropylene fibrous support and a PVDF (Polyvinylidene Fluoride) membrane with PET substrate, both supplied by TISCH Scientific, Cleves, OH, USA. Their references are SF17386 for the PTFE membrane and SF17387 for the PVDF membrane, with each membrane corresponding to a mean pore size of 0.45 μm, as indicated by the manufacturer. These membranes were used in this work to examine the impact of different cooling plate materials on the system vapor flux and gained output ratio.




2.2. Membrane Characterization


Various characterization approaches were used to determine the membrane’s characteristics. The pore size and pore size distribution of the membranes were measured using a capillary flow porometer (3 Gzh, Quantachrome Instruments, Boynton Beach, FL, USA). The used wetting liquid agent was POREFIL 125, and the membranes were first soaked to fill the pores of membranes with the porofil liquid. The mean size of the pores was determined from the intersection between the half-dry curve representing 50% gas flow through the dry membrane sample and the wet curve (the half-dry curve is the mathematical half of the dry curve) using the Laplace equation, as expressed in Equation (1). The bubble point flow rate for the PTFE and PVDF membranes was 0.0451 L/min and 0.0743 L/min, respectively, while the corresponding bubble point pressure was 1.3099 bar and 1.2654 bar. The porosity (ԑ) of each membrane was evaluated using a gravimetric approach, as reported in [53] at ambient temperature. Before and after being soaked in ethanol solvent, the membranes were weighed. After complete soaking of the membrane, filter papers were used to remove any ethanol solvent residue from the membranes’ surface. The membrane’s liquid entry pressure of water (LEPw) was measured using a laboratory-made dead-end LEP apparatus, where DI water was pressurized against one side of the membrane surface until a first drop of water was observed on the other end of the membrane surface [54]. Each membrane’s thickness was measured using an electronic micrometer made by Schut Geometrical Metrology in at least 10 distinct locations. The average values and their standard deviations were then reported. The membrane’s hydrophobicity (water contact angle) was determined at room temperature using a goniometer DM-501 Kyowa Interface Science Co., Ltd., Saitama, Japan, instrument by fixing a piece of membrane sheet on a glass slide. After a droplet of deionized water appeared at five different points on the membrane surface, the average value of the water contact angle (WCA) was calculated and recorded. A source light and a lens were used to create the drop image on a screen, and the WCA was measured with the projected drop image. By placing and depressing the tip of the syringe near the membrane surface to generate a constant water drop volume of 5 μL, the membrane WCA was measured. The digital images of the used membrane surface morphology were obtained by SEM (JEOL, Tokyo, Japan) at 10 kV. To reduce charging and increase image resolution, the DII-29030SCTR smart coater was used to coat all samples with a 2 nm coating of gold.


    d   p   =   4 σ   Δ P   ×   cos  ⁡  θ    



(1)




where σ is the surface tension of the POREFIL 125, ΔP the registered pressure, and θ the contact angle between a drop of POREFIL 125 and the membrane surface.
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(2)




where     w   a   ,   w   b   ,   d   e   ,   and     d   m     are the wet membrane weight, dry membrane weight, ethanol density (0.789 g/cm3), and membrane density (2.20 g/cm3 for PTFE and 1.740 g/cm3 for PVDF), respectively.




2.3. MD Experiment


Figure 1 shows a schematic illustration of the lab-scale water gap membrane distillation (WGMD) test rig. The set-up’s main components included a WGMD module, a cold stream recirculating bath (Accel 500 LT ThermoFisher Scientific, Waltham, MA, USA), and a hot water recirculating bath (WRC-P8 Witeg, Wertheim, Baden Württemberg, Germany). The membrane module consisted of a membrane sheet, a coolant chamber, a feed chamber, a cooling plate, and a water gap chamber. While the coolant chamber, the feed chamber, and the water gap chamber were made from acrylic material, the cooling plate was made of different materials, including copper plate, aluminum plate, steel plate, brass plate, and acrylic plate. The water gap chamber, the hot chamber, and the cold chamber had dimensions of 40 × 40 × 5 mm each, and a cooling plate of 1.5 mm thick was utilized for heat exchange between the water in the gap chamber and the coolant stream. The actual photograph of the experimental set-up is presented in Figure 2. The membrane was supported and prevented from bulging by a 2 mm perforated HDPE material, which also provided a water gap width of 5 mm between the membrane and the cooling plate. The perforated HDPE material creates an effective membrane area of 7.316 × 10−4 m2. Figure 3 represents pictures of different cooling plate materials used in this study.



For the WGMD bench-scale tests, the coolant stream was chilled to 15 °C in the recirculating cold bath and supplied to the MD coolant chamber at 2000 mL/min, while the feed saline water was heated to the necessary temperatures (40, 50, 60, and 70 °C) in the recirculating hot water bath and fed to the MD feed chamber at 600, 800, 1000, and 1200 mL/min. Other conditions under which each test was conducted are presented below each figure for convenience. The coolant and feed stream temperatures were measured and recorded by K-type thermocouples and the RDXL-12SD—Omega Data Logger. The coolant and feed stream flow rates were monitored using an FTB336D-PVDF Omega microflow meter and an Omega FL50000 flowmeter, respectively. The produced permeate flux was collected in a graduated cylinder and measured using a Radwag PS 8100.R2.M precision balance. All the WGMD tests were carried out using an untreated real seawater sample with a TDS of 48,200 ppm that was collected from the Arabian Gulf, Saudi Arabia. The feed and permeate salt concentrations were measured by a Hanna HI5321 conductivity/TDS meter. It is worth mentioning that each WGMD experimental data set was carried out for about an hour.




2.4. Analytical Methods


The AGMD system’s performance was evaluated in terms of water flux (Jw) and specific thermal energy consumption (STEC). The new AGMD flux and salt rejection efficiency (SR) were calculated from Equations (3) and (4), respectively.


    J   w   =   W   t   A   e m      



(3)






  S R =     C   f   −   C   p       C   f     × 100 %  



(4)




where     J   w     (kg/m2.hr),   W   (kg),   t   (h), and     A   e m     (m2) indicate the vapor flux, weight of the collected permeate, duration of distillate collection, and the effective membrane area. The SR (%),     C   f     (g/L), and     C   p     (g/L) are the salt rejection efficiency, the feed concentration, and the permeate concentration.



The system gained output ratio (GOR), which represents the energy efficiency of the system, is represented by [55]:


  G O R =     J   w   ×   A   e m   × ∆   H   v     3600 ×       Q  ˙    f e e d   +     Q  ˙    c o o l a n t        



(5)




where   ∆   H   v   ,       J   w   ,     A   e m    ,       Q  ˙    f e e d   , a n d       Q  ˙    c o o l a n t     are the enthalpy of vaporization of the water (kJ/kg), vapor flux (kg/m2hr), membrane effective area (m2), heat input from water heater (kW), and thermal demand from water chiller (kW), respectively.





3. Results


3.1. Membrane Characteristics


The membrane properties obtained from the membrane characterization are summarized in Table 1. Figure 4a,b displays the obtained membrane’s pore size distributions and membrane water contact angle, respectively, while Figure 5 and Figure 6 show SEM of the membrane surface morphology before and after use in the MD desalination of seawater. The PTFE membrane with its support layer had a total thickness of 156 μm, while the total thickness of the PVDF membrane was 105 μm. The PVDF membrane had a larger mean pore size and a wider pore distribution when compared to the PTFE membrane. Also, the PVDF membrane had a lower contact angle, which may lead to poor wetting resistance, as confirmed by the lower LEPw of the PVDF membrane. The higher hydrophobicity of the PTFE membrane, as revealed by the contact angle in Figure 4, the smaller membrane pore size, and the higher membrane thickness may be responsible for the higher LEPw in the PTFE membrane.



The scanning electron microscope digital images of the surface morphology of PTFE and PVDF membranes at different magnifications are depicted in Figure 5 and Figure 6. Figure 5a–f is the SEM micrographs of the active surface of the PTFE membrane before and after use in the desalination of untreated real seawater having a TDS of 48,200 ppm, while Figure 6a–f is the SEM micrographs of the top surface of the PVDF membrane before and after use in the desalination of untreated real seawater having a TDS of 48,200 ppm. It can be observed that the two membranes showed porous, spongy, and fibrous morphology. Furthermore, some presence or traces of salts (fouling) were noticed on the surface of the used membranes after 15 h in operation for the PTFE membranes and 7 h under test for the PVDF membrane. The longer testing time of the PTFE membranes revealed why more traces of salt crystals and other contaminants were formed on the membrane's active layer when compared to the PVDF membrane.




3.2. Influence of Feed Temperature and Cooling Plate Material


The variation in system vapor flux and gained output ratio with different cooling plate materials, including a copper plate, an aluminum plate, a brass plate, a stainless-steel plate, a high-density polyethylene (HDPE) plate, and an acrylic plate, at different feed water temperatures is illustrated in Figure 7 for different membrane materials (PTFE and PVDF membranes). For easy identification, the copper plate, the aluminum plate, the brass plate, the stainless-steel plate, the high-density polyethylene, and the acrylic plate were designated as Cu, Al, brass, SS, HDPE, and acrylic, respectively.



It can be noticed that both the vapor flux and the GOR increase with the rising feed water temperature for each cooling plate and for each membrane material. The vapor flux rises exponentially with the feed water temperature due to the exponential growth in the water vapor pressure with temperature. For instance, increasing the feed temperature from 40 °C to 70 °C for the copper plate enhanced the system vapor flux by over 350% when using a PTFE membrane. The exponential boost in vapor flux is also responsible for the increase in the system GOR with feed temperature. The GOR, as described by Equation (3), was largely controlled by both vapor flux and input energy, with higher vapor flux and lower input energy providing the best GOR. An increase in feed temperature increases the external input energy; however, the effect of the recorded improvement in vapor flux was canceled and exceeded the adverse effect of high input energy. Thus, system GOR improves with feed temperature. For the copper cooling plate, the system GOR improves by over 100% when the feed temperature was elevated from 40 to 70 °C.



For this study, it is anticipated that changing the cooling plate material will have an impact on the overall heat transfer from the cold coolant to the gap water. It can also be observed that the copper plate registered the highest vapor flux, which was closely followed by the aluminum plate, then the brass plate, which was trailed by the stainless-steel plate, followed by the HDPE plate, and lastly, the acrylic plate. The order of the recorded flux is in conformity with the cooling late thermal conductivity, with the cooling plate having the highest thermal conductivity (Cu), attaining the highest flux, and the cooling plate possessing the lowest thermal conductivity (Acrylic) attaining the lowest vapor flux. The thermal conductivity associated with each cooling plate is presented in Table 2 [56,57].



On comparison between the plates with the highest and the lowest thermal conductivity, the copper and the acrylic plates had thermal conductivities of 397 W m−1 K−1 and 0.20 W m−1 K−1, respectively, and thicknesses of 2 mm and 2.3 mm, respectively. The sensible conductive heat transfer across a cooling plate is directly proportional to the plate’s thermal conductivity (k) and inversely proportional to the plate thickness (t). Thus, the sensible conductive heat transfer across a plate is related by k/t. Using the corresponding thermal conductivities and thicknesses of Cu and acrylic plates in Table 2, the copper plate recorded over 2000-fold the conductance of the acrylic plate, which showed that the copper plate had a considerably lower thermal resistance than the acrylic plate. This is evident in Table 3, where the mean gap temperature at 70 °C feed temperature was 32.5 °C and 62.2 °C for the copper plate and the acrylic plate, respectively, when using a PTFE membrane. The same findings can be observed in Table 2 for the PVDF membrane at various feed temperatures, which conveys the reason why the vapor flux for the copper plate was considerably higher than that of the acrylic plate.



The copper plate also attained a better GOR than the acrylic plate, even though the temperature drops in the feed and coolant chambers was considerably higher for the copper plate, which indicates higher external input energy for the copper plate. However, the recorded flux in the copper plate greatly exceeded that of the acrylic plate, which consequently resulted in a better GOR for the copper cooling plate. The stainless-steel cooling plate attained a slightly higher GOR than the copper cooling plate due to the larger temperature drops in the feed and coolant chambers of the copper cooling plate, which translates to a higher input energy and, consequently, a lower GOR.



At each test condition, the PTFE membrane was seen to edge over the PVDF membrane in terms of vapor flux and GOR. The PTFE and PVDF membranes attained a flux variation between 6.66 and 30.36 kg/m2hr and 4.67 and 27.46 kg/m2hr, respectively, when using a copper cooling plate. A corresponding GOR variation of 0.2146–0.4049 and 0.21972–0.4028 was obtained when using stainless-steel cooling plates at 70 °C feed water temperature. Based on Table 1, the PVDF membrane had a slightly larger mean pore size and porosity with a lesser total thickness, which should have supported higher flux. However, the PTFE membrane was a composite membrane with a very thin active layer of around 8 ± 2 μm and a fibrous support layer of about 143 ± 16 μm. The thinner active layer of the PTFE membrane and its higher water contact angle resulted in its superior flux against the PVDF membrane. In addition, the PTFE membrane has a lower surface energy compared to the PVDF membrane [58], which also contributes to more vapor attraction, thereby improving the membrane flux and pore-wetting resistance of the PTFE membrane. The GOR for the PTFE membrane was also higher than the PVDF membrane due to the higher vapor flux, although both had a similar thermal conductivity with values of 0.18–0.22 W/m-K and 0.235–0.2651 W/m-K for PVDF membrane and PTFE membrane, respectively [59,60]. The slightly lower thermal conductivity and thicker active layer thickness of the PVDF membrane supported the lower mean gap temperature reported in Table 3. The PVDF membrane attains a slightly lower gap temperature due to poorer heat conduction from the membrane feed side and across the membrane thickness.




3.3. Impact of Feed Flow Rate and Cooling Plate Material


The effect of feed-flow rate cooling plate material on the system vapor flux and gained output ratio is demonstrated in Figure 8 for PTFE and PVDF membranes. For both membranes and each cooling plate, increasing the feed flow rate improved the vapor flux and decreased the GOR. Boosting the feed flow rate enhanced the turbulence level on the feed side of the membrane. This reduced the thermal boundary layer thickness on the feed side of the membrane and improved the heat and mass transfer coefficient of the system. Consequently, the vapor flux of the system was improved. Also, increasing the feed flow rate provides a shorter residence time and lessens the heat polarization effect. Figure 8 revealed that GOR decreased with the feed flow rate. The observed reduction in the GOR when increasing the feed flow rate is due to the higher input energy, which is caused by higher heat and mass transfer activities on the feed channel at a higher feed flow rate. Increasing the feed flow rate improves the system productivity; however, the external heat load of the water heater also increases, leading to a decline in the system GOR. The findings in Figure 8a,b revealed that the copper cooling plate yielded the highest flux, while the acrylic cooling plate produced the lowest vapor flux. The variations in the vapor flux for various cooling plates can be attributed to the variations in their thermal conductivity, as discussed in Figure 7.



Figure 8a,b revealed that the stainless-steel plate registered a slightly higher GOR when compared to the rest of the cooling plate materials. The copper cooling plate attained the highest vapor flux; however, the temperature drop in the feed and coolant chambers of the module is also higher for the copper cooling plate. This resulted in higher input energy and, consequently, lower GOR. But in the case of acrylic, its thermal conductivity is extremely low, which leads to its ultra-low vapor flux and resultantly lower GOR. As previously observed in Figure 7 and its comments, the PTFE membrane recorded superior performance (flux and GOR) over the PVDF membrane at various feed water flow rates in Figure 8. For instance, for the copper cooling plate, the PTFE membrane flux ranges between 23.60 and 33.01 kg/m2hr, while the corresponding vapor flux for the PVDF membrane varies from 20.21–29.92 kg/m2hr when the feed water flow rate increases from 600 mL/min to 1200 mL/min. This represents about a 9.36% to 14.36% rise in flux for the PTFE membrane.



The general findings from Figure 7 and Figure 8 pointed to small performance variations in cooling plate materials with high thermal conductivities, including copper, aluminum, brass, and stainless steel. However, cooling plates with ultra-low thermal conductivities (acrylic and HDPE) performed poorly, with a huge performance discrepancy when compared to cooling plates with high thermal conductivities.



Figure 9 displays the variation in vapor flux and membrane salt rejection efficiency with time for the PTFE and PVDF membranes. The PVDF membrane was tested for 7 h, compared to 15 h for the PTFE membrane. A nearly stable vapor flux and salt rejection efficiency were observed when using the PTFE membrane, with both the flux and the salt rejection efficiency declining from 28.35 kg/m2hr to 27.31 kg/m2hr and 99.92% to 99.86%, respectively, after 15 h of continuous operation. The PVDF membrane recorded a lower flux and lesser salt rejection factor when compared to the PTFE membrane, with the PVDF membrane vapor flux decreasing from 25.06 kg/m2hr to 24.83 kg/m2hr and salt rejection efficiency deteriorating from 99.67% to 99.48%, respectively, after 7 h of continuous operation. Longer testing of the membrane may lead to further membrane degradation. The decline in vapor flux with time can be attributed to the concentration polarization as well as the effects of fouling and salt deposition on the membrane surface, as noticed in Figure 5 and Figure 6. The better salt rejection stability of the PTFE membrane may be attributed to its better hydrophobicity, as confirmed by the higher water contact angle reported in Table 1 and Figure 4b. The higher flux of the PTFE membrane may be due to its thinner active layer and higher contact angle, which encourage faster vapor transport across the membrane pores.



Table 4 shows the performance comparison between the current work and some other studies involving different MD membranes, MD modules, and cooling plates. The recorded vapor flux from the current study was relatively higher than those recorded using the AGMD module and quite comparable to those utilizing the WGMD or DCMD modules. However, the flux reported in [61] was far higher than the current flux due to the superior operating conditions and the adopted integrated SGMD-bubble column dehumidifier. The recorded GOR from this study falls within the previously registered GOR from other studies, including SGMD, AGMD, DCMD, and WGMD configurations.





4. Conclusions


A detailed investigation into the performance of the WGMD system for desalination of untreated real seawater with a TDS of 48,200 ppm was presented. The effect of using different cooling plate materials was examined and discussed. Furthermore, two commercial polymeric membranes of similar mean pore sizes were utilized in this study. The influence of key operating parameters, including the feed water temperature and feed water flow rate, was investigated against the vapor flux and gained output ratio. At all conditions, the PTFE membrane exhibited superior vapor flux and energy efficiency (GOR), with 9.36% to 14.36% higher flux when compared to the PVDF membrane at 0.6 to 1.2 L/min feed flow rate. Owing to its highest thermal conductivity, the copper plate attained the highest vapor flux, while the acrylic plate recorded the lowest vapor flux. The decreasing flux order of arrangement for different cooling plates is Cu > Al > Brass > SS > HDPE > Acrylic. The stainless-steel cooling plate registered the highest GOR, while the acrylic cooling plate obtained the lowest GOR. The increasing GOR order of arrangement for different cooling plates is Acrylic < HDPE < Cu < Al < Brass < SS. On the key operating variables, increasing the feed temperature increased the vapor flux almost exponentially (over 350% enhancement in flux when feed temperature increased from 40 to 70 °C) and improved the GOR in a decreasing trend. Whereas increasing the feed water flow rate enhanced the vapor flux and deteriorated the system GOR. Due to its superior hydrophobicity, the PTFE membrane also displayed better salt rejection stability in long-term tests. The performance variations in high thermally conducting cooling plates were meager while cooling plates with ultra-low thermal conductivities performed poorly and experienced a huge performance discrepancy in comparison to cooling plates with high thermal conductivities. In general, it is recommended to use copper as a cooling plate material for better system performance. On the other hand, cooling plate material with a very low thermal conductivity, such as a low-conducting polymer, should be avoided.
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Figure 1. A schematic diagram of the WGMD experimental test rig. 
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Figure 2. A picture of the WGMD experimental test rig. 
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Figure 3. Different cooling plate materials. 
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Figure 4. Characteristics of PTFE and PVDF membranes (a) Pore size distribution, (b) Membrane water contact angles. 
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Figure 5. SEM images of the top surface of PTFE membrane (a–c)—before and (d–f)—after the desalination of untreated real seawater. 
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Figure 6. SEM micrographs of the active surface of PVDF membrane (a–c)—before and (d–f)—after the desalination of untreated real seawater. 
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Figure 7. (a–d). Influence of cooling plate material and feed temperature on vapor flux and GOR for PTFE and PVDF membranes. Test Conditions: Coolant temperature = 15 °C, Coolant flow rate = 2000 mL/min, and Feed flow rate = 1000 mL/min. 






Figure 7. (a–d). Influence of cooling plate material and feed temperature on vapor flux and GOR for PTFE and PVDF membranes. Test Conditions: Coolant temperature = 15 °C, Coolant flow rate = 2000 mL/min, and Feed flow rate = 1000 mL/min.



[image: Membranes 13 00804 g007]







[image: Membranes 13 00804 g008] 





Figure 8. (a–d). Impact of cooling plate material and feed flow rate on vapor flux and gained output ratio for PTFE and PVDF membranes. Test Conditions: Feed temperature = 70 °C, Coolant temperature = 15 °C, and Coolant flow rate = 2000 mL/min. 
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Figure 9. Variations of vapor flux and salt rejection factor with time for PTFE and PVDF membranes. Test Conditions: Coolant temperature = 15 °C, Coolant flow rate = 2000 mL/min, Feed Temperature = 70 °C, Feed flow rate = 1000 mL/min, and Brass cooling plate. 
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Table 1. Summarized properties of the used membrane.
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Properties

	
PTFE

	
PVDF






	
Active layer thickness

	
8 ± 2 μm

	
105 ± 3 μm




	
Support layer thickness

	
143 ± 16 μm

	
-




	
Total thickness

	
156 ± 14 μm

	
105 ± 3 μm




	
Pore Size

	
Mean

	
0.45 μm

	
0.50 μm




	
Min.

	
0.40 μm

	
0.43 μm




	
Max.

	
0.50 μm

	
0.57 μm




	
Porosity

	
74.78%

	
75.35%




	
Water Contact Angle

	
111.8°

	
85.4°




	
Liquid Entry Pressure (LEP)

	
2.4 ± 0.1 bar

	
0.4 ± 0.1 bar




	
Effective Area

	
7.316 × 10−4 m2











 





Table 2. Cooling plates' thermal conductivity [56,57] and thickness.
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	Materials
	Copper (Cu)
	Aluminum (Al)
	Brass
	Stainless Steel (SS)
	HDPE
	Acrylic





	Thermal Conductivity (W/m-K)
	397

[57]
	239 [56]
	126 [57]
	25

[56]
	0.38–0.51 [57]
	0.20

[56]



	Thickness (mm)
	2
	2
	2
	2
	2
	2.3










 





Table 3. Gap temperature at different cooling plates, membranes, feed flow rates, and feed temperatures.
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Feed Temperature [°C]

	
PTFE Membrane

	
PVDF Membrane




	
Cu

	
Al

	
Brass

	
SS

	
HDPE

	
Acrylic

	
Cu

	
Al

	
Brass

	
SS

	
HDPE

	
Acrylic






	
40

	
22.3

	
23.7

	
24.4

	
25.7

	
31.7

	
32.1

	
22.1

	
23.1

	
23.9

	
25.0

	
30.9

	
31.5




	
50

	
26.1

	
27.0

	
27.9

	
28.2

	
40.8

	
41.6

	
25.7

	
26.2

	
27.1

	
27.7

	
39.6

	
40.1




	
60

	
28.7

	
29.5

	
30.6

	
31.8

	
49.0

	
49.9

	
28.0

	
29.0

	
29.9

	
30.7

	
48.3

	
49.0




	
70

	
32.5

	
34.0

	
35.3

	
37.1

	
61.3

	
62.2

	
32.0

	
33.3

	
34.6

	
36.4

	
61.0

	
61.6




	
Feed Flow rate [mL/min]

	
PTFE Membrane

	
PVDF Membrane




	
Cu

	
Al

	
Brass

	
SS

	
HDPE

	
Acrylic

	
Cu

	
Al

	
Brass

	
SS

	
HDPE

	
Acrylic




	
600

	
31.9

	
33.2

	
34.6

	
36.3

	
60.1

	
60.9

	
31.1

	
32.4

	
33.8

	
35.3

	
59.9

	
60.3




	
800

	
32.2

	
33.7

	
35.0

	
36.6

	
60.8

	
61.6

	
31.6

	
32.8

	
34.2

	
35.8

	
60.5

	
61.1




	
1000

	
32.5

	
34.0

	
35.3

	
37.1

	
61.3

	
62.2

	
32.0

	
33.3

	
34.6

	
36.4

	
61.0

	
61.6




	
1200

	
32.9

	
34.3

	
35.9

	
37.7

	
61.8

	
62.9

	
32.4

	
33.8

	
35.0

	
37.1

	
61.6

	
62.0











 





Table 4. Performance comparison of various MD modules, membranes, and cooling plates.
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	Module Type/Cold Plate
	Membrane Type
	Conditions
	Feed

Salinity
	Vapor Flux

(kg/m2hr)
	GOR

(-)
	References





	Plate–Frame SGMD—bubble column dehumidifier/NA
	PTFE
	Feed temperature of 50 to 80 °C.

Feed flow rate of 2.38 to 4.85 L/min.

Coolant temperature of 15 °C.

Coolant flow rate of 2.3 L/min.
	2 g/L
	60
	0.76
	[61]



	Circular Plate–Frame AGMD module/NA
	PP, PVDF, and PTFE
	Feed temperature of 50 °C.

Cold temperature of 7 °C
	NA
	7.6
	1.01
	[62]



	Plate–Frame AGMD/NA
	PTFE
	Feed temperature of 40–85 °C.

Feed flow rate = Cold flow rate = 20 L/min.
	1 g/L and 35 g/L
	6.5
	0.28–0.79
	[63]



	Spiral wound AGMD/NA
	PTFE
	Feed temperature of 55–95 °C.

Feed flow rate:1000 to 1300 L/h.
	Untreated real seawater

(55,000 μS/cm)
	1.5
	0.4–0.7
	[64]



	Tubular helical AGMD/copper
	PTFE
	Feed temperature of 45 to 75 °C. Feed flow rate = Coolant flow rate = 3 L/min.
	20 g/L
	20
	0.11
	[65]



	Plate–Frame AGMD/copper
	PVDF
	Feed temperature of 20 to 85 °C.

Gap width of 1.55 mm.

Feed flow rate of 1 kg/s
	NA
	0.4
	0.25
	[66]



	Plate–Frame AGMD/NA
	PVDF and PVDF/PVP
	Feed temperature of 40 to 80 °C.

Feed flow rate of 1 to 2.5 L/min.

Air gap width of 4, 6, 8, and 10 mm.
	0.021 g/L and 35 g/L
	8.734
	NA
	[67]



	Plate–Frame WGMD, AGMD, DCMD/Metal
	PVDF/PMMA
	Feed temperature of 50–70 °C.

Feed flow rate of 0.4–0.8 L/min. Coolant temperature of 20 °C. Coolant flow rate: 0.6 L/min.
	35 g/L
	26.04
	0.653
	[68]



	Plate–Frame AGMD, WGMD/Stainless steel
	SMM and PEI composite
	Feed temperature of 35 to 80 °C
	12 g/L and 30 g/L
	16
	NA
	[43]



	AGMD and WGMD/polymeric film
	PTFE with PP support
	Feed temperature of 80 °C.

17–20 °C coolant temperature.
	35 g/L
	12
	<1 to 3.3
	[69]



	Plate–Frame WGMD/Copper, Aluminum, Brass, Stainless steel, HDPE, and Acrylic
	PTFE with PP support and PVDF with PET substrate
	Feed temperature of 50–70 °C.

Feed flow rate of 0.6–1.2 L/min. Coolant temperature of 15 °C.

Coolant flow rate: 2.0 L/min.
	Untreated real seawater of 48.2 g/L
	33.01
	0.429
	Present Study







PP = Polypropylene; PVP = Polyvinylpyrrolidone; PMMA = Poly (methyl methacrylate); SMM = Surface modifying macromolecule; PEI = Polyetherimide; PET = Polyethylene terephthalate.
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