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Abstract

:

This study investigated the effects of an electromagnetic field (EMF) on control of membrane fouling and scaling during desalination of brackish groundwater using a pilot reverse osmosis (RO) skid. The groundwater was primarily CaSO4 type with a total dissolved solids concentration of 5850 mg/L and hardness of 2500 mg/L as CaCO3. Two EMF devices were installed in the pipeline before a cartridge filter and in the RO feed inlet to induce an electric signal of ±150 kHz to the groundwater. The effects of EMF on membrane scaling were evaluated under accelerated conditions, i.e., without pH adjustment and addition of antiscalant. Two-phase experiments were conducted: Phase 1 (376 h) with the EMF devices turned on after 150 h baseline operation; and Phase 2 (753 h) with the EMF devices turned on from the beginning of testing. The EMF significantly reduced membrane scaling and improved RO performance by 38.3% and 14.3% in terms of normalized water permeability decline rate after 150 h and 370 h operation, respectively. Membrane autopsy results indicated that the fouling layer formed under the influence of EMF was loose with a low density and was easily removed by hydraulic flushing.
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1. Introduction


Use of alternative water sources has become a viable solution to augment freshwater supplies. Reverse osmosis (RO) is a prevalent desalination process to treat seawater, reclaimed water, and brackish water [1,2]. One of the limitations of the RO process is membrane fouling and scaling caused by accumulation and precipitation of the rejected constituents. Membrane autopsy using scanning electron microscopy, energy dispersive X-ray microanalysis, X-ray diffraction, and other advanced analytical methods indicated membrane fouling and scaling are primarily caused by precipitation of colloidal particles, organic matter, sparingly soluble salts such as silica, calcium sulfate, calcium carbonate, barium sulfate, calcium phosphate, and calcium fluoride after water is filtered through the membrane under high hydraulic pressure [3,4,5,6]. Membrane fouling and scaling reduce membrane performance and increase operating and maintenance costs. Several methods have been developed to control membrane fouling and scaling, such as pretreatment of feedwater, membrane monitoring and cleaning, development of new anti-fouling membranes, and optimization of operating conditions [7,8,9,10]. Common pretreatment for feedwater includes coagulation, addition of acid/antiscalant, media filtration, disinfection, etc. [11]. With these conventional pretreatment methods, RO typically operates at 75–85% water recovery limited by membrane fouling and scaling during desalination of brackish water and reclaimed water [4,6,12,13]. Periodic chemical cleaning (e.g., every 3–4 months) is needed to restore membrane performance. Higher water recovery (>90%) can be achieved when extensive pretreatment is applied, such as softening with lime and ion-exchange resins [14,15]. A combination of brackish RO with electrodialysis [16] or brine evaporator [17] can achieve a water recovery of 90–98%. A semi-batch process such as closed-circuit reverse osmosis (CCRO) can also reach a water recovery higher than 90% with lower energy consumption as compared to standard continuous once-through RO process [18].



Electromagnetic field (EMF) is a non-chemical water treatment process where water passes through an electric, a magnetic, or an electromagnetic field to reduce potential fouling and scaling on the membrane surface [19,20]. The application of EMF for water treatment dates back to the 19th century [21,22,23]. EMF treatment includes employing fixed permanent magnets or fixed electromagnets to induce a magnetic field; employing alternative current through solenoid coils that wrap around or are positioned near an existing pipe to induce an EMF; or employing an electric field by directly putting discharge electrodes in contact with water [20]. A commercially available EMF device typically includes a signal generator and a treatment module [20].



The effectiveness of EMF in the control of membrane fouling and scaling has been controversial; there are successful and failed cases that EMF was effective for scaling control. For example, GrahamTek employed EMF in brackish water reverse osmosis (BWRO) and reported a much slower rate of membrane fouling and scaling (<5% after 41 days) [24]. The testing was promising, but there was a lack of further investigation of the EMF mechanisms for the observed results [24]. Al-Qahtani applied EMF to a RO process and observed higher salt rejection when a constant magnetic field was applied as pretreatment for seawater desalination [25]. Zhang et al. revealed that the critical flux of the RO module decreased by 25–50% and fouling was mitigated in an alternating current (AC) field, which is similar to the GrahamTek EMF device [26]. With a solenoid coil wound around an RO membrane module, Ruina et al. observed an enhanced salt rejection and permeate flow rate as well as a powdery form of CaCO3 precipitates with lower density [19].



Different mechanisms for scaling prevention by EMF have been proposed based on their specific experimental results. Some studies suggested that EMF treatment was able to activate colloidal silica in water that leads to adsorption of metal ions (such as Ca2+), and then precipitation in bulk solution through particle coagulation processes. These particles tend to remain in the bulk solution rather than precipitate onto the RO membrane surface [27,28,29]. Some studies discovered that EMF treatment favored homogenous precipitation (in the bulk solution) rather than heterogenous precipitation (on the membrane surface). The precipitates in the bulk solution can be washed away easily by the concentrate flow, resulting in less scaling [19,30]. It has also been reported in other studies that with EMF treatment, CaCO3 formed on the membrane surface as clusters of small and powdery calcite, rather than dense and sticky aragonite [19,31].



Yet, EMF treatment has been sometimes proven to be ineffective in retarding scale formation [32]. For example, Corbett observed EMF was ineffective in the RO process and a significant amount of CaSO4 scaled on the membrane spacer [33]. The reported controversial results are likely related to the use of different types of magnetic or electromagnetic devices, with different frequency and intensity; non-standardized methods; variations in water composition; or differences in the course of the treatment [34]. The efficiency of magnetic water treatment could also depend on the nature of the pipe materials through which the magnetic field is applied [35]. Moreover, some research found EMF could not adequately control scaling under harsh conditions [24,36]. Therefore, further research is required to better understand the EMF mechanisms and demonstrate the effectiveness of EMF for scale control in different water matrices.



In this study, the effectiveness of EMF in RO membrane fouling and scaling was evaluated under well-controlled comparative conditions using a pilot RO skid to desalinate “hard-to-treat” CaSO4 type brackish groundwater with a total dissolved solids (TDS) concentration of 5850 mg/L. The EMF units manufactured by HydroFLOW (Redmond, WA, USA), were residential water conditioning devices, powered by Hydropath technology. These EMF devices induce an electric signal of ±150 kHz in the liquid inside a metal pipe on which they are installed. A specialized transducer connected to a ring of ferrites performs the electric induction.



The objectives of the study were fourfold: (1) to demonstrate if EMF treatment could reduce membrane fouling and scaling during desalination of a challenging groundwater through the testing with and without the installation of the EMF devices; (2) to investigate the effectiveness of EMF devices for cleaning of fouled or scaled membranes; (3) to examine the impact of EMF on solute transport through RO membranes; and (4) to elucidate the mechanisms of EMF treatment in the control of membrane fouling and scaling by analysis of membrane operational performance coupled with membrane autopsy results.




2. Materials and Methods


2.1. Groundwater Quality


The Brackish Groundwater National Desalination Research Facility (BGNDRF) in Alamogordo, New Mexico, has four brackish groundwater wells that provide different source waters to the test bay area throughout the facility. The pilot-scale experiments were conducted at BGNDRF using Well 2 groundwater as feedwater because it has the highest concentrations of TDS (5670 ± 346 mg/L), total hardness (2488 ± 42 mg/L as CaCO3), sulfate (2953 ± 235 mg/L), and dissolved silica (22.5 ± 1.6 mg/L). The groundwater from Well 1 was selected to perform hydraulic flushing to restore membrane performance during the experiment. Table 1 summarizes the water quality of the groundwater from Well 1 and Well 2. More detailed water quality analysis is also available and can be accessed at the BGNDRF website [37].




2.2. Pilot-Scale RO System


Figure 1 shows the pilot-scale RO skid at BGNDRF. It includes three RO membrane elements in series within a pressure vessel to treat the Well 2 groundwater. Brackish water RO membranes BW30-4040 manufactured by DOW FILMTECTM (DOW, Midland, MI, USA) were used in this study.



RO system performance was simulated by Reverse Osmosis System Analysis software (ROSA, version 9.1, DOW, Midland MI, USA) to estimate the hydrodynamic conditions, salt rejection, and scaling indices. ROSA is a commercially available software for the design of desalination processes to meet required water treatment specifications using the RO membranes manufactured by the DOW FILMTECTM. Scaling calculation in this study was simulated using the ROSA model, and the results are summarized in Table 2. The feedwater flow rate was set to 22.7 L/min (6 gpm) and the system recovery was set to 50% in the simulation. Based on the ROSA modeling, the major scalants are expected to be calcium-based, in particular calcium sulfate. Barium sulfate and strontium sulfate may also precipitate on the membrane surface.



Pilot-scale experiments were conducted in two phases independently; new membranes were used in each phase to ensure a defensible comparison between the tests. In both phases, water recovery increased gradually from 20% (6 h) to 30% (24 h) to 45% (47 h), then remained at 50% throughout the testing. The operating pressure for the RO skid during the study was kept at 1241 ± 69 kPa (180 ± 10 psi). The initial feedwater flow rate was 22.7 L/min, but gradually decreased due to membrane fouling and clogging of feed flow channels. In Phase 1 (P1, the control phase), HydroFLOW devices were installed and turned on when the permeate flux declined by 35% after 150 h of operation, aiming to investigate the RO membrane fouling and scaling without the EMF and the effectiveness of the EMF in cleaning of fouled and scaled membranes. In Phase 2 (P2), the HydroFLOW devices were installed and turned on from the beginning of testing with installation of new membranes. The total operating elapsed time was 381 h for P1 and 844 h for P2. The RO system was turned off and flushed using Well 1 water to recover the membrane performance when the normalized water permeability (NWP) declined by more than 60% during the P1 experiment and 80% during the P2 experiment. Also, no chemicals (e.g., acid or antiscalant) were added to the RO feedwater in order to accelerate and challenge membrane fouling and scaling.



The cartridge filters used in this study were GE LD 05-20, with a length of 50.8 cm (20″) and 5 μm nominal pore size.




2.3. HydroFLOW Devices


The HydroFLOW Models S38 and HS48 are residential water conditioning devices with a specialized transducer connected to a ring of ferrites that performs the electric induction and induces an electric signal of ±150 kHz in feedwater. The S38 and the HS48 fit pipes up to 38 mm (1½″) and 63 mm (2½″) outer diameter, respectively. The max. power for both devices is 1.2 W. Both devices were calibrated using an Owon HDS handheld digital storage oscilloscope and digital multimeter (Model HDS1021M-N, Canada) before installation. The voltage of the Hydropath sine wave signal was measured to be 17.2 volts. The HS48 was installed before the 5 µm cartridge filter to prevent the clogging of the fiber filter by sediments while the S38 was installed in the inlet of the RO vessel to control membrane fouling and scaling. Their installation points are shown in Figure 1 and Figure 2.




2.4. Analytical Methods


Water flow rate and quality of the feed, permeate, and concentrate streams were monitored throughout the experiments. Water flow rate was monitored through online sensors. Conductivity, pH and temperature were measured using a hand-held conductivity and pH meter (Model 431-61, Cole-Parmer, Vernon Hills, IL, USA). Common cations and anions including sodium, calcium, magnesium, potassium, chloride, and sulfate were measured using an ion chromatograph (IC, ICS-2100, Dionex, Sunnyvale, CA, USA). The groundwater quality and water temperature remained relatively stable during the experiments.



After testing in each phase, membrane elements were removed from the RO skid for autopsy. The RO membrane samples from the lead and tail-end elements were characterized by a scanning electron microscope (SEM, S-3400N II, Hitachi High-Technologies Corp, Pleasanton, CA, USA) and energy dispersive X-ray microanalysis (EDX, Noran System Six 300, Thermo Electron Corp., Waltham, MA, USA). The crystalline structure of the deposits on the membrane surface was analyzed by X-ray diffraction (XRD, Empyrean Powder Diffractometer, PANalytical, Netherlands), carried out in a Rigaku Miniflex-II with Cu Kα (λ = 1.5406 Å) radiation, 40 kV/40 mA current and kβ-filter. The spectra were obtained at the photoelectron takeoff angles of 5° to 85° in 2θ. The evaluation of the XRD spectra was performed using Jade software (Version 6.5.26, Materials Data, Inc., Livermore, CA, USA).




2.5. Calculations


The membrane performance was evaluated in terms of salt rejection, water recovery, normalized water permeability at 25 °C (NWP, also known as normalized specific water flux), NWP decreasing rate (k), and conductivity of the RO permeate. The experimental parameters calculated in this study were based on the feed concentration of RO influent, averages of permeate concentration, and pressures of the feed inlet and concentrate outlet of the pilot RO skid. The impact of feed spacer geometry on the hydrodynamic conditions and concentration polarization along the RO vessel was not investigated in this study [38]. Salt rejection, pressure drop, and membrane permeability were not studied individually for each RO element, but for the whole RO vessel.



Salt removal in terms of conductivity reduction or ion rejection is defined as


Rejection (%)=(1−CpCf)×100



(1)




where Cp and Cf are electrical conductivities (mS/cm) in the permeate and the feedwater, respectively.



The water recovery is the percentage of permeate water flow over feedwater flow given by


Recovery (%)=QpQf×100



(2)




where Qp and Qf are flow rates (L/min, liter per minute) of the permeate and the feedwater, respectively.



The normalized water permeability (NWP, liter per m2 per h per kPa, Lmh/kPa) corrected to 25 °C is calculated based on Equation (3) [39].


NWP=60×QpA×NDF×TCF



(3)




where Qp is the permeate flow rate (L/min), A is the membrane active surface area (m2), and NDF is the net driving pressure (kPa). The temperature-corrected factor (TCF) is calculated by


TCF=ex



(4)




where the variable ‘x’ in Equation (4) is calculated by


x=U×(1Ta+273−1Ts+273)



(5)




where Ta is the actual water temperature, Ts is the standard temperature of 25 °C, and U is the temperature-corrected flux coefficient that is membrane specific (2300 for most thin film polyamide membranes).



The decreasing rate k (Lmh/kPa-h) of the NWP is calculated using the absolute slope value of the NWP decline curve as a function of operation time:


k=ΔNWPΔT



(6)




where ΔT is the operation time (h) for the changed NWP.





3. Results and Discussion


3.1. Water Flux of the RO System


Water recovery reached 50% after 77 h operation for both phases. HydroFLOW devices were turned on after 150 h operation for Phase 1 (P1) and from the beginning for Phase 2 (P2). The NWP and NWP decline of the RO system are illustrated in Figure 3a,b, respectively, to compare the 77 h to 150 h operation treating Well 2 water without (Phase 1) and with (Phase 2) the EMF devices. In P1, the NWP decreased by 34% from 0.024 to 0.016 Lmh/kPa. In P2, NWP decreased by 23% from 0.024 to 0.019 Lmh/kPa. The decreasing rate of the water permeability is slower in P2 than in P1 and the difference increases with the operation time, indicating that the EMF devices retarded the fouling and scaling on the RO membrane surface. The NWP of the two phases are illustrated in Figure 4 and Figure 5. The NWP decreased continuously despite the installation of EMF devices, revealing the EMF can only retard, not completely eliminate, fouling and scaling on the membrane surface at 50% water recovery in this study. ROSA simulation indicated severe calcium-based scaling at 50% water recovery.



When the EMF devices were turned on after 150 h operation in P1, the feedwater flow experienced an abrupt decline due to the clogging of the feedwater flow channels (spacers) inside the RO elements; water recovery increased from 47.5% to 70.6% as a result of reduced feedwater flow. The EMF induced a high frequency electric signal, which can loosen colloidal particles, fouling and scaling layer on cartridge filter, membranes, and pipelines, and the shed fine solids accumulated and clogged the spacers in the RO feed flow channel. Under oscillating electric field, charged particles start to vibrate and take off from filters and pipeline surface. It has been reported that the applied EMF would potentially lift charged particles from membrane surface and release them into the bulk fluid, which could be used as a cleaning method to restore the already fouled membranes [20]. Also, RO membrane autopsy in Section 3.2 indicated some scale existed in the water pipeline was broken down and accumulated in the membrane surface by the EMF devices. Hence, the presence of the EMF generated by the HydroFLOW devices released particles, obstructed the RO water flow channels, and caused the abrupt decrease of feedwater and concentrate flow. Hydraulic flushing using Well 1 groundwater was performed for 2 h to rinse the system and to decrease the water recovery to 50% at 175 h point. However, the NWP was not completely restored, which indicated this flush only removed the clogged materials in the flow channel. Another 5 h hydraulic flushing occurred after 24 h to reinstate the membrane performance, and increased NWP from 0.0072 to 0.022 Lmh/kPa. In both phases thereafter, a 5 h hydraulic flush was performed when the NWP decreased to less than 0.01 Lmh/kPa, shown as the red vertical lines in Figure 4 and Figure 5. After the hydraulic flush, the NWP recovered partially for both phases, indicating that the outer fouling layer could be detached but the inner scaling layer was difficult to remove.



To better evaluate the NWP, the absolute slope value of the NWP as a function of operating time was used to describe the NWP decreasing rate of the RO membranes, referred to as the k value (Lmh/kPa-h). A large k means a fast decrease in NWP and indicates a high scaling rate and low desalination performance. Table 3 summarizes the calculated k values for different operating conditions in this study. Between 77 h to 150 h operation, k for P2, (0.74 ± 0.17) × 10−4 Lmh/kPa-h, decreased by 38.3% compared to the k, (1.2 ± 0.32) × 10−4 Lmh/kPa-h, for the same operation period in P1, which implies the HydroFLOW devices reduced membrane scaling and improved RO membrane performance. After 370 h operation, even though P1 had three hydraulic flushes compared to one for P2, k for P2, (1.2 ± 0.11) × 10−4 Lmh/kPa-h, was still 14.3% lower than the k for P1, (1.4 ± 0.51) × 10−4 Lmh/kPa-h. It is worth noting that after over 700 h operation and four hydraulic flushes, the k value for P2 remained almost the same as the first 150 h period. This observation suggests that hydraulic flushing can partially remove the scaling layer; however, is not sufficient to remove the fouling layer formed in P1, due to a denser and more compact fouling layer formed on the RO membrane surface than that in P2, which is also verified by the membrane autopsy in Section 3.2.




3.2. Characterization of RO Membrane Fouling and Scaling


To characterize the impact of EMF on RO membrane fouling and scaling, RO membrane specimens were cut from the membrane elements for autopsy. The RO membranes from the Phase 1 first element (lead-element) are referred as P1E1 and the third element (tail-element) as P1E3. Deionized water was used to gently remove the loose foulants and salt residues from the membranes surface; those samples are referred as P1E1-DI and P1E3-DI. Corresponding names are given to the membranes from Phase 2 as P2E1 and P2E3 for the lead and tail elements, and P2E1-DI and P2E3-DI after deionized water rinse.



In this study, SEM (Figure 6) and EDX (Figure 7) were used to observe the morphology of the membrane surface and to identify the elements in the foulants and scalants. XRD (Figure 8) was used to characterize the crystalline structure of the scales on the deionized water-rinsed membranes.



For the lead element, it is obvious that the deionized water rinse removed most of the loose foulants and salt residues from the membrane surface when comparing the SEM images. For example, Figure 6b (P1E1, with DI rinse) shows a rough and “3D” structure compared to Figure 6a (P1E1, without DI rinse). Furthermore, the P1E1-DI membrane (Figure 6b) shows more compact and denser fouling on the membrane surface, as compared to the fouling layer formed on P2E1-DI (Figure 6d) that is powdery with a lower density, despite that P1 was installed in the HydrowFLOW devices after 150 h operation and P2 (844 h operation) had a longer operation time than P1(381 h operation). This result indicates that the EMF treatment prevented adhesive fouling layer forming on the lead element membrane surface at the beginning of the RO process. The EDX results show the relative ratio of Si in P2E1-DI (Figure 7c) is much lower than in P1E1-DI (Figure 7a), indicating that the EMF had a positive effect in controlling silica-related colloidal fouling in the first element. This finding agrees with other studies that the EMF treatment worked effectively in colloidal silica related fouling [19,33]. An important finding from the EDX results is the Fe peak in both P1E1-DI and P2E1-DI. Based on BGNDRF water quality report (available on its website [37]), the total amount of iron in both Well-1 and Well-2 groundwater was either extremely low (below 0.1 mg/L) or not detected during the last 7 years (03/2011–12/2017). The Fe peak from membrane surface suggests HydroFLOW devices descaled some rust inside the pipelines in BGNDRF facility. This hypothesis was supported by our following research (data not reported in this paper) that a more powerful EMF device was tested in BGNDRF; a large amount of rust was descaled from the pipeline and accumulated in the cartridge filter. The descaling effect of HydroFLOW devices supported the clogging of feedwater flow channel discussed in Section 3.1. The XRD results (Figure 8) show the colloidal clay fouling in the lead elements was amorphous and there was no crystal formed on the membrane surface in both phases.



For the tail-end element (E3), the DI water rinse did not significantly change the morphology of the membrane based on the SEM images (Figure 6e vs. Figure 6f and Figure 6g vs. Figure 6h). The scales found in the XRD results for both phases (Figure 8) are crystallites. The major crystals are identified as SiO2, MgO, and CaSO4, consistent with EDX results. The dissolved silica concentration in the groundwater is 21 mg/L, which was not expected to precipitate on RO membrane surface at the operating water recovery of 50% as predicted by the ROSA model. However, silica scales were detected in both the EDX and XRD analyses, which may be caused by the aggravated concentration polarization due to membrane fouling and scaling.



Mass transfer is the movement of material from one location to another in solution, as a result of differences in chemical or electrical potential at the two locations, or from motion of the solution. It contains three modes: (1) diffusion, the movement of a species under the influence of a gradient of chemical potential; (2) migration, the movement of a charged body under the influence of an electric field; and (3) convection, the movement of a material under stirring or hydrodynamic transport [40]. During the RO filtration process, the minerals left in the feedwater side accumulate on the membrane surface and concentration polarization occurs after water passes through the RO membrane. The concentrated materials can diffuse to the bulk solution under chemical potential; however, when the diffusion process is slow, and the concentration of salts becomes saturated, precipitates start to deposit on the membrane surface, resulting in scaling. Once a nascent scaling layer develops on the membrane surface, it could exacerbate concentration polarization at the membrane surface by reducing fluid convective forces close to the membrane surface [8]. Concentration polarization plays a vital role in scale formation in RO membrane systems; it is determined by the operating conditions such as water recovery, temperature, membrane properties, and solution chemistry [7,41]. Enhanced convection by increasing the feed flow rate for the RO system can help to remove the highly concentrated ions away from the membrane surface and to alleviate the concentration polarization and decelerate the scaling process. However, the RO system usually has an upper limit for feedwater flow rate.



Another approach to improve the mass transfer in the flow channel would be to increase the migration of charged particles. In this study, the electromagnetic field induced by the HydroFLOW devices in the RO system increased the migration of charged bodies in the solution, which improved the mass transfer on the RO membrane surface, resulting in weaker concentration polarization. Weaker concentration polarization slows down the precipitation process in the vicinity of the membrane and makes the formed crystals much softer and less sticky on the membrane surface. Rouina et al. reported the presence of EMF reduced the concentration polarization on the membrane surface, but further explanation was not discussed [19]. In this study, less scale observed in P2 than in P1, a smaller k value, and fewer hydraulic flushes needed in the P2 testing suggested the concentration polarization was weakened by the HydroFLOW devices. In addition, other researchers claimed the EMF increased the nucleation of crystals in the bulk solution and then large quantities of particles could be carried away from the membranes by the concentrated flow [7,30].




3.3. Solute Transport


The impact of EMF on the RO membrane performance was also evaluated in terms of the solute transport between the feed and permeate streams. The permeate conductivity in P1 is presented in Figure 9. The permeate conductivity was approximately 0.10 mS/cm after the membranes reached equilibrium and before installation of the HydroFLOW units. After the installation of HydroFLOW units, there was an abrupt increase in permeate conductivity because of the descaling of the colloidal particles, fouling and scaling layer in the system and the high-water recovery caused by the clogging of the feedwater flow channels in the RO elements, as discussed in Section 3.1 and Section 3.2. After two hydraulic flushes to recover the RO membrane performance, permeate conductivity decreased to approximately 0.07 mS/cm. Figure 9 shows the permeate conductivity remained relatively stable for about 80 h, then started to increase after the NWP decreased to a certain level (0.016 Lmh/kPa and 0.014 Lmh/kPa without and with HydroFLOW units, respectively), indicating the declined RO membrane performance.



Figure 10 illustrates the permeate conductivity in P2 testing, which was higher than that in P1. During the 50 to 150 h operation period, average permeate conductivity of P2 with the EMF was 150 ± 4.4 μS/cm, 26.1% higher than in P1 without the EMF (110 ± 90 μS/cm). The salt rejection difference was 0.59%, 98.2% for P1 and 97.5% for P2 when the feedwater salinity was considered. The increased permeate conductivity for P2 was attributed to feedwater conductivity variation in a natural groundwater and also due to the increased concentration of dissolved ions near the membrane surface because the electric field prevented the ions from precipitating on the membrane surface (smaller k value in P2) [42]. Free dissolved ions with higher concentration resulted in more ions transported through the RO membrane, which increased the permeate conductivity. After the first hydraulic flush in P2 testing, the permeate conductivity decreased to 0.07 mS/cm, similar to P1, indicating the EMF slightly increased the permeate conductivity in this study.



During both phases, the permeate conductivity changed in reverse to the specific water flux, implying a reduced RO membrane performance associated with lower quality permeate. The permeate conductivity decreased after hydraulic flushing, indicated partially regained membrane performance. On the contrary, another study found the EMF reduced the amount of salt transported through the membrane, thus decreasing the permeate conductivity. However, their experiment was conducted in a lab-scale system with a different configuration of EMF device for a shorter operation time [19]. Thus, more research under different operating conditions is needed to identify the key factors that affect EMF treatment in terms of RO permeate quality.




3.4. Preliminary Cost Estimate


The max. power for both devices is 1.2 W; the estimated cost would be 0.34 U.S. cents/day (Electricity rate in Alamogordo is 5.87 cents/kWh). The cost for water production would be 0.021 cents/m3 when the permeate flow rate is 11.4 L/min (3 gpm). The cost of EMF treatment is much lower than chemical cost of antiscalants estimated for this study, 2.9 cents/m3.





4. Conclusions


This study investigated the effect of electromagnetic field (EMF) on the control of membrane colloidal fouling and scaling during brackish groundwater desalination. The results demonstrated that installation of HydroFLOW water conditioning devices on the pilot RO skid enhanced the performance of the RO membrane.




	
The decreasing rate of the normalized water permeability (k value) with the HydroFLOW units during Phase 2 (P2) testing improved by 38.3% and 14.3% as compared to the permeate flux in Phase 1 (P1) testing in the 150 h (without HydroFLOW) and 370 h operation, respectively. After 700 h operation and 4 hydraulic flushes, the k value of P2 remained the same as the first 150 h operation, indicating less fouling and that the membrane performance had been improved in P2 by the installation of the EMF devices. The k value also shows less hydraulic flush was required with the EMF devices, which reduces the cleaning downtime. However, the NWP declined continuously despite the installation of HydroFLOW units. This infers the EMF could alleviate the fouling to a certain level but was not able to completely prevent it in the accelerated fouling process.



	
In P1 after the installation of HydroFLOW units, the applied EMF loosened and shed the existing fouling layer from the water pipeline and RO membrane surface, resulting in clogging of the feedwater flow channels in the RO elements. Hydraulic flush facilitated the removal of the clogging particles from RO feed flow channels, and partially restored membrane performance.



	
Membrane autopsy results by SEM, EDX and XRD revealed that in the presence of the EMF, the fouling and scaling layer formed on the RO membrane surface was looser and could be more easily removed by hydraulic flushing. The oscillating electric field induced by the HydroFLOW units improved ion migration which weakened the concentration polarization on the membrane surface and increased nucleation in the bulk solution. The comparison between the lead elements between P1 and P2 showed the HydroFLOW had a positive effect in controlling silica related colloidal fouling. The XRD results show amorphous colloidal clay fouling in the lead elements and there was no crystal formed on the membrane surface in both phases. The SiO2, MgO, and CaSO4 crystals were detected only in tail-end RO elements of both P1 and P2 phases.



	
The EMF slightly increased the permeate conductivity during groundwater desalination. The existence of the EMF prevented ions from scaling on the membrane surface and increased the free dissolved ions near the membrane surface, thus resulting in more ions being transported through the membrane. However, further studies are needed to investigate the effect of the EMF on salt transport under different operating conditions.



	
For commercial applications, this study suggested that the EMF is more effective in pretreatment rather than cleaning of fouled or scaled membranes. EMF could remove the scales and precipitates in cartridge filters and pipelines, but caused clogging of the membrane feedwater flow channel. Also, HydroFLOW devices with higher intensity than the ones used in this study (model S38 and HS48) would achieve more prominent results.



	
The HydroFLOW devices could provide a chemical-free alternative to control membrane fouling and scaling by alleviating the formation of a compact scaling layer on the membrane surface. Further experiments are needed to evaluate the EMF devices in treating various impaired water resources under different operating conditions, e.g., at different water recoveries, with/without addition of acids and scale inhibitors, and with different strengths and durations of hydraulic flushing.
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Figure 1. Schematic diagram of the groundwater desalination RO system in BGNDRF. 
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Figure 2. Installation points of the HydroFLOW devices. HS48 was installed in the metal pipeline before the cartridge filter. S38 was installed in the inlet of the RO vessel. 
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Figure 3. (a) Comparison of normalized water permeability, (b) Comparison of water permeability decline rate from 77 h (water recovery reached 50%) to 150 h of desalination, with (Phase 2) and without (Phase 1) HydroFLOW devices. 
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Figure 4. Normalized water permeability and decline rate during Phase 1 testing. 
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Figure 5. Normalized water permeability and decline rate during Phase 2 testing with EMF. 
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Figure 6. Scanning electron micrographs (SEM) of RO membranes. (a), Phase 1 Element 1 (P1E1); (b), Phase 1 Element 1, DI water rinsed (P1E1-DI); (c), Phase 2 Element 1 (P2E1); (d), Phase 2 Element 1, DI water rinsed (P2E1-DI); (e), Phase 1 Element 1 (P1E3); (f), Phase 1 Element 3, DI water rinsed (P1E3-DI); (g), Phase 2 Element 3 (P2E3); (h), Phase 2 Element 3, DI water rinsed (P2E3-DI). 






Figure 6. Scanning electron micrographs (SEM) of RO membranes. (a), Phase 1 Element 1 (P1E1); (b), Phase 1 Element 1, DI water rinsed (P1E1-DI); (c), Phase 2 Element 1 (P2E1); (d), Phase 2 Element 1, DI water rinsed (P2E1-DI); (e), Phase 1 Element 1 (P1E3); (f), Phase 1 Element 3, DI water rinsed (P1E3-DI); (g), Phase 2 Element 3 (P2E3); (h), Phase 2 Element 3, DI water rinsed (P2E3-DI).
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Figure 7. Energy dispersive X-ray microanalysis (EDX) of deionized water rinsed RO membranes. (a), Phase 1 Element 1, DI water rinsed (P1E1-DI); (b), Phase 1 Element 3, DI water rinsed (P1E3-DI); (c), Phase 2 Element 1, DI water rinsed (P2E1-DI); (d), Phase 2 Element 3, DI water rinsed (P2E3-DI). 
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Figure 8. X-ray diffraction (XRD) of deionized water rinsed RO membranes. (a), Phase 1 Element 1, DI water rinsed (P1E1-DI); (b), Phase 1 Element 3, DI water rinsed (P1E3-DI); (c), Phase 2 Element 1, DI water rinsed (P2E1-DI); (d), Phase 2 Element 3, DI water rinsed (P2E3-DI). 
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Figure 9. Permeate conductivity and Normalized water permeability during the Phase 1 experiment. 
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Figure 10. Permeate conductivity and Normalized water permeability during the Phase 2 experiment. 
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Table 1. Groundwater quality for RO testing at BGNDRF.
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	Water Quality Parameter
	Unit
	Well 1
	Well 2





	Temperature
	°C
	37.2 ± 5.1
	24.1 ± 2.5



	pH
	pH unit
	7.6 ± 0.2
	7.3 ± 0.1



	Electrical conductivity
	µS/cm
	17,123 ± 304
	6300 ± 353



	Total dissolved solids
	mg/L
	1179 ± 267
	5670 ± 346



	Langelier Saturation Index
	SI
	0.17 ± 0.21
	0.45 ± 0.18



	Total alkalinity (as CaCO3)
	mg/L
	151 ± 14
	222 ± 20



	Chloride
	mg/L
	36.6 ± 1.3
	538.5 ± 24.1



	Sulfate
	mg/L
	641.2 ± 191.1
	2952.5 ± 234.6



	Total hardness (as CaCO3)
	mg/L
	209 ± 73
	2488 ± 42



	Calcium
	mg/L
	60 ± 21
	486 ± 15



	Magnesium
	mg/L
	14.4 ± 4.8
	309.0 ± 9.2



	Potassium
	mg/L
	4.7 ± 0.4
	2.3 ± 0.2



	Silicon dioxide
	mg/L
	25.4 ± 2.7
	22.5 ± 1.6



	Sodium
	mg/L
	305 ± 30
	691 ± 74



	Strontium
	mg/L
	1.9 ± 0.4
	8.2 ± 0.2
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Table 2. RO system scaling simulated by ROSA modeling for desalination of Well 2 groundwater.
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	Parameter
	Feedwater
	Concentrate





	Langelier Saturation Index
	1.07
	1.80



	Stiff & Davis Stability Index
	0.69
	1.16



	Ionic Strength (Molar)
	0.14
	0.29



	CaSO4 (%Saturation)
	105
	238



	BaSO4 (%Saturation)
	174
	352



	SrSO4 (%Saturation)
	71
	150
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Table 3. k values of different operation periods (P1: Phase 1, P2: Phase 2).
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	Operation Period
	Operating Time (h)
	Total Elapsed Operating Time (h)
	k (Lmh/kPa-h)





	P1 at water recovery 50% and 150 h operation
	77
	150
	(1.2 ± 0.32) × 10−4



	P1 between 2nd and 3rd flush
	110
	308
	(0.89 ± 0.14) × 10−4



	P1 between 3rd and 4th flush
	66
	376
	(1.4 ± 0.51) × 10−4



	P2 at water recovery 50% and 150 h operation
	77
	150
	(0.74 ± 0.17) × 10−4



	P2 between 1st and 2nd flush
	163
	379
	(1.2 ± 0.11) × 10−4



	P2 between 2nd and 3rd flush
	115
	495
	(1.2 ± 0.76 × 10−4



	P2 between 3rd and 4th flush
	143
	638
	(0.86 ± 0.32) × 10−4



	P2 between 4th and 5th flush
	116
	753
	(0.77 ± 0.48) × 10−4











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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