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In this study, high mineral scaling propensity geothermal water was treated using a FilmTech BW30-2540 reverse osmosis (RO) membrane, integrated into a mini-pilot scale membrane test unit installed at a geothermal heating center. The study was conducted in eight cycles by monitoring membrane fouling via membrane flux decline. Firstly, the geothermal water coming from the source at approximately 80°C was taken into holding tanks and allowed to reach approximately room temperature (25°C). Then, the geothermal water that reached this temperature was used in the system. The fouling degree was compared to the initial permeability of the virgin membrane. After each treatment cycle, the membrane’s permeability was evaluated both before and after acid cleaning. Permeability testing was conducted using RO permeate as the feed, under pressures ranging from 8 to 30 bar, with 2-bar increments. The geothermal water treatment was performed at a constant pressure of 15 bar, with a water recovery maintained at approximately 50%. Prior to each permeability test, the membrane underwent a 45-min wash with citric acid, followed by a rinse with RO permeate. During the first five cycles, citric acid was used at a concentration of 1000 mg/L, achieving a flux recovery of 86.6% by the fifth cycle. In the subsequent three cycles, the citric acid concentration was increased to 4000 mg/L, resulting in a flux recovery of 63.4% by the eighth cycle. The study concluded that scale formation on the membrane surface intensified as the number of cycles increased.
Keywords: geothermal water, membrane fouling, reverse osmosis (RO) membrane, scaling, chemical cleaning
1 INTRODUCTION
Fresh water is essential not only for sustaining life but also for supporting industrial growth. Over the past decade, rapid population growth and accelerated modernization in many developed and developing countries have significantly increased the global demand for clean water (Baten and Stummeyer, 2012; Goh P. S. et al., 2018). Despite covering 70% of the Earth’s surface, only 0.3% of the available source water is fresh and readily useable, with approximately 90% of global water resources being saline and unsuitable for consumption without proper treatment (Schwarz et al., 1990). To mitigate the depletion of clean and potable water resources, it is imperative to develop and enhance groundwater and saline water treatment processes (Leonard, 1999). Among the alternative water sources that can be treated and utilized for daily needs such as irrigation or portable is spent geothermal water (Baten and Stummeyer, 2012). Nonetheless, geothermal water generally contains high concentrations of dissolved salts and sometimes heavy metals at trace concentrations. Soil and ground water contamination are some of the consequences from direct use of geothermal fluids, which are either for beneficial use or when discarded to receiving bodies or via deep well injection (Jarma et al., 2022). In recent years, various methods and technologies have been developed for the treatment of saline source water, with reverse osmosis (RO) technology emerging and widely adopted across the globe (Baten and Stummeyer, 2012; Goh P. S. et al., 2018; Schwarz et al., 1990). RO technology is recognized for its reliability in producing high-quality water (Jarma et al., 2022), offering membranes that combine excellent contaminants separation and physicochemical properties with high salt rejection, high flux, and robust chemical and thermal stability (Subramani and Jacangelo, 2015).
Despite all of the benefits that the RO membrane offers for generating high-quality water, research investigations over the past several years have concentrated on the creation and upgrading of RO membranes with high salt removal and permeability (Zirehpour et al., 2017; Zhao et al., 2017; Liu et al., 2016). Nonetheless, management of the residual high salinity concentrate (i.e., “brine”) stream, membrane fouling and mineral scaling are lingering major obstacles to even wider scale adoption of RO desalination (Zhao et al., 2017). Depending on membrane characteristics, source water chemistry, and the operational conditions, biofouling, organic fouling, and inorganic scaling may limit the overall performance of RO systems by i) increasing required separation pressure (energy cost), ii) decreasing membrane lifespan, and iii) increasing chemical cleaning frequency (increase downtime) (Saqib and Aljundi, 2016). Membrane fouling seriously impairs the desalination plants’ ability to continue operating sustainably. Fouling can lead to increased operating strain, and a significant reduction in overall efficiency of RO technology (Jiang et al., 2017; She et al., 2016). As a result, the occurrence of scaling is due to (a) precipitation/crystallization of sparingly soluble salts in the bulk of the solution, followed by subsequent deposition onto the membrane surface, and continued crystal growth; and/or (b) direct heterogeneous nucleation on the membrane surface and subsequent crystal growth. In other words, membrane scaling occurs when the concentrations of the scale precursor ions exceed the solubility limits of the mineral salt (Gilron and Hasson, 1987; Lee et al., 1999).
Calcite, silica, and gypsum are the three most prevalent forms of scale in geothermal brine. The calcium compounds, silica and carbonate are commonly found in geothermal brines (Mitrouli et al., 2026). It is therefore common to find scales of metal silicate and metal sulfide in resources that have a higher temperature. Silicate and sulfide scales are commonly associated with several metals, including zinc, iron, lead, magnesium, antimony, and cadmium (Andritsos and Karabelas, 2024).
A few measures, such as enhancing the active layer, were undertaken to address fouling problems in membrane-based desalination processes (Saqib and Aljundi, 2016). However, up to now, periodic freshwater flushing, the use of antiscalants to retard mineral nucleation, or periodic chemical cleaning of the membranes have been some of the methods widely employed to mitigate mineral scaling (Ang et al., 2011). It is noted that insufficient or postponed chemical cleaning can reduce the lifespan of the module and eventually affect the cost of the product water due to higher replacement costs while negatively affecting energy costs due to elevated transmembrane pressure (TMP). The standard methods for evaluating membrane productivity are the rate of flux drop over time and the final product water quality (Klupfel and Frimmel, 2010). Understanding membrane behavior is essential for water productivity. It is therefore of paramount importance to evaluate water permeability of a specific membrane and compared with the subsquent permeability decline for proper desalination plant design.
While antiscalants are a well-established tool in RO system pretreatment, a more systematic and comprehensive understanding of their applications and mechanisms could greatly enhance their effectiveness and sustainability (Goh P. et al., 2018). Membrane fouling is generally divided into removable fouling (loosely attached to the membranes) and permanent fouling such as long-term mineral scaling. Physical cleaning methods, such as air sparging, backwashing, flushing, and vibration, use mechanical forces are some of the methods employed to remove removable foulants from membrane surfaces (Goh P. et al., 2018). Permanent fouling can only be eliminated by chemical cleaning, which should only be performed a few times a year to avoid shortening membrane life (Kimura et al., 2004). Chemical cleaning techniques rely on chemical reactions such as chelation, dispersion, hydrolysis, peptization, saponification, and solubilization are some of the approaches employed for permanent fouling removal (Kimura et al., 2004; Fritsch and Moraru, 2008; Lin et al., 2010). However, it is critical to select the appropriate cleaning agent, cleaning frequency, and cleaning procedure based on the source water chemistry and membrane type (Goh P. et al., 2018; Liikanen et al., 2002). One should also note that frequent chemical cleaning of the membranes will lead to deterioration of the active layer of the membrane and will negatively affect product water quality (Liikanen et al., 2002; Chen et al., 2003).
Although membrane manufacturers suggest an approach of membrane cleaning (Ang et al., 2006), it is of paramount importance to optimize the cleaning agent chemical dose as well as the frequency of chemical cleaning based on the mineral scaling of concern and source water chemistry. The current study therefore aimed to evaluate the efficacy of periodic RO membrane chemical cleaning desalting spent geothermal water of high mineral scaling propensity. The feed to the pilot RO system is a slipstream from the Izmir geothermal heating center spent geothermal fluid stream located in Izmir, Türkiye. A chemical cleaning with a citric acid solution was employed to clean the fouled membranes periodically.
2 MATERIAL AND METHODS
The membrane used in the various tests was Filmtech BW30-2540 (Filmtech, Dow Chemicals) 2.5″ x 40″ membrane elements having 2.6 m2 active membrane area and 99.5% NaCl rejection (evaluated for feed solution salinity of 2000 mg/L NaCl at 25°C for applied feed pressure of 15.5 bar), and single element recovery was 15% yielding permeate flow rate of 3.2 m3/day). Other operation conditions of the membrane employed in this study are given in Table 1. Table 2 provides a summary of the characteristics of geothermal water. A Hach-Lange HQ14D model multimeter was used to measure conductivity, pH, total dissolved substances (TDS), and salinity throughout each test. Before starting each test, samples were obtained from the feed. Permeate, feed, and concentrate samples were taken at 30, 60, 120, 180, 240, 270, and 300 min during each membrane test. Boron concentrations in the feed, permeate, and concentrate samples were determined by the curcumin method using Jasco SSE-343 V-530 UV/vis model spectrophotometer. SM 2320 B method was used to calculate the HCO3 concentration during the treatment process.
TABLE 1 | Properties of RO membrane installed at mini-pilot scale membrane test system (Lenntech, 2024).
[image: Table 1]TABLE 2 | The characteristics of spent geothermal water (Jarma et al., 2022).
[image: Table 2]A mini pilot-scale RO membrane system was installed at the geothermal heating facility in Izmir, Türkiye, as shown in Figure 1. The mini-pilot RO system received its feed from the heating center’s reinjection slipstream at approximately 80°C. The feed to the pilot system was first allowed to cool down to approximately room temperature (25°C) in 5 m3 plastic containers. The RO system was equipped with sensors, along with a control system, for monitoring various streams with respect to pressure, flow rate, and temperature. The RO system water pretreatment train, before RO desalting, included the following two pretreatment options: media filtration using a standard silica sand filter, carbon filter, and 20- and 5-micron cartridge filters. The system is also equipped with an antiscalant dosage pump feeding Ropur (PRI-3000 A) antiscalant at a concentration of 5 mg antiscalant/L-spent geothermal water to be treated, details of the mini-pilot system are given in the literature (Jarma et al., 2021).
[image: Figure 1]FIGURE 1 | Mini pilot RO system employed for chemical cleaning tests (Adapted from Y.A. Jarma, PhD Thesis, Ege University, 2022 and from A. Zaid, MS Thesis, Ege University, 2023 With permission).
2.1 Calculated parameters for membrane performance evaluation
Equation 1 was used to calculate the permeate flux in this study (Jarma et al., 2021)
[image: image]
where J (L/m2h) and Qp (L/h) are the permeate flux and permeate flow rate, respectively. A (m2) is the membrane active area.
Water recovery of the process was calculated using Equation 2
[image: image]
Qp (L/h) and Qf (L/h) are the flow rates of permeate and feed, respectively.
The membrane rejection in this study was calculated using Equation 3
[image: image]
where Cp (mg/L) and Cf (mg/L) are the concentration of solutes in the permeate and feed streams, respectively.
2.2 Membrane cycle tests
Firstly, the permeability constant of the virgin RO membrane was initiated by passing deionized water through the membrane before the treatment of geothermal water. Permeability experiments were carried out before and after membrane cleaning twice. During the permeability tests, the pressures applied were 8–32 bar with 2 bar increments. Also, oppositely, permeability tests were carried out by decreasing pressure between 32 and 8 bar with a 2 bar decrease. The average values of both measurements were calculated and used in the graph. The treatment of geothermal water was conducted at a constant pressure of 15 bars during 5 h of operation, at a constant water recovery of 50%. Then the RO membrane was cleaned with citric acid for 45 min followed by rinsing with the RO permeate before commencing the permeability test. The chemical cleaning method, which was applied in this study was noted in the literature. The citric acid concentrations during chemical cleaning were kept constant at 1000 mg/L up to the sixth cycle. After the sixth cycle, the water recovery was found to be low, so the acid concentration was doubled to 2000 mg/L for the seventh cycle. To raise the expectations of the study, the eighth cycle was taken as an additional step and the concentration of the citric acid used was doubled to 4000 mg/L.
3 RESULTS AND DISCUSSION
3.1 Water permeability tests before chemical cleaning
In this study, BW30 type RO membrane was used for the treatment of geothermal water for membrane fouling tests. As mentioned earlier, the permeability of the fresh or virgin membrane is of paramount importance in determining the fouling degree in membrane separation processes. The permeability of a membrane was determined after long-term membrane operation, followed by acid cleaning to remove inorganic foulants. Also, permeability is a measure of the effectiveness of acid cleaning. Since the water to be treated in this study is spent in geothermal water, organic foulants were not expected in the water. Hence, organic cleaning was not considered during the study. Applied pressure of 8–30 bar with increments of 2 bar while RO permeate was used as deionized water was employed during permeability determination. Also, oppositely, permeability tests were performed by decreasing pressure in a range of 32–8 bar with a 2 bar decrease. The average values of both measurements were calculated and used in Figure 2. The slopes obtained from the linearized flux versus pressure plots given in Figure 2 were accepted as permeability as they are very close to the calculated values.
[image: Figure 2]FIGURE 2 | Water permeability test results for BW30 before citric acid cleaning by using RO permeate (Adapted from Y.A. Jarma, PhD Thesis, Ege University (2022) (Jarma, 2022) and from A. Zaid, MS thesis, Ege University, 2023 (Zaid, 2023). With permission).
According to the water permeability tests, the highest permeability value was found using a virgin membrane with a permeability value of 4.04 Lm-2h-1bar-1 from linearized flux vs. pressure plot as shown in Figure 2. The R2 value found from the linearized graph was 0.992 which is very close to 1, meaning that our assumption for the linear relation between flux and pressure was correct. To remove the removable foulants from the surface of the membrane, membrane flushing via the produced permeate was employed before commencing permeability test. Membrane permeability found in our study corresponds to the findings by Ang et al. (2017) where BW30 RO membrane permeability was found as 5 Lm-2h-1bar-1 for applied pressure range of 2–10 bar with 2 bar incrementally. The decline, membrane permeability over several cycles can also be due to structural changes in the polymer, such as pore collapse or the formation of extra cross-links over as observed in the literature by Verbeke et al. (2018).
3.2 Permeability tests obtained before and after chemical cleaning
Permeability data obtained before and after chemical cleaning are presented in Table 3. It was also found that as the number of cycles increased towards 8, membrane permeability decreased. This is because the membrane became increasingly fouled as it was continuously used for the treatment of geothermal water. Wang et al. (2008) reported that foulants that cannot be removed after physical cleaning (flushing in this case) require chemical cleaning (organic or acid cleaning). It is considered that acid cleaning is the prominent subject when water contains inorganic foulants. Strong acids and high acid concentrations, according to some studies, may cause membrane damage since the structure of RO membranes is pH sensitive (D’Souza and Mawson, 2005). Other researchers utilized a variety of acid solutions (hydrochloric, nitric, phosphoric, sulfamic, and citric acids) to clean the RO membrane chemically, with citric acid yielding the best flux recovery (D’Souza and Mawson, 2005; Madaeni and Samieirad, 2010; Mohammadi et al., 2002). Citric acid is employed in the cleaning procedure with an initial concentration of 1000 mg/L in this investigation, based on information from the literature.
TABLE 3 | Water permeability data before and after citric acid cleaning Adapted from Y.A. Jarma, PhD Thesis, Ege University, 2022 (Jarma, 2022) and from A. Zaid, MS Thesis, Ege University, 2023 (Zaid, 2023).
[image: Table 3]3.3 Water permeability tests for after chemical cleaning
Since organic foulants are not expected in this study due to the nature of the geothermal water used during desalination, acid cleaning using 1000 mg/L of citric acid was employed to remove inorganic foulants from the membranes. Membranes were cleaned with citric acid for 45 min followed by rinsing with the RO permeate before commencing the permeability experiments. All acid concentrations during chemical cleaning were kept constant at 1000 mg/L except for acid cleaning after the seventh cleaning where acid concentration was doubled to 2000 mg/L. This study used the chemical cleaning (acid cleaning) method provided by literature (Parlar et al., 2019). A study on membrane cleaning (D’Souza and Mawson, 2005) was used to determine the first cleaning durations. It was expected that cleaning efficiency can be increased by cleaning time (contact), or chemical concentration as demonstrated in this study. An initial cleaning approach was devised based on the issues discussed above, and only a few tweaks were made subsequently to improve cleaning performance. Since flux recovery of the membrane was found to be low despite acid cleaning, acid concentration was doubled to 2000 mg/L for the seventh cycle with the expectation of flux recovery to increase. In the eighth cycle, the citric acid concentration was raised four times to test the effect of the acid concentration on the cleaning efficiency.
Figure 3 shows permeate flux vs. pressure plots of the BW30 membrane after applying citric acid cleaning. Permeability from average values as well as from linearized flux vs. pressure values are shown in Table 3. However, no further improvement was observed at the seventh chemical cleaning even after doubling the citric acid concentration. Antiscalant was used to prevent the scaling of inorganic foulants such as Ca2+ and Mg2+. However, silica concentration in the feed water was high as shown in Table 2.
[image: Figure 3]FIGURE 3 | Water permeability test results for BW30 after citric acid cleaning by using RO permeate [Adapted from Y.A. Jarma, PhD Thesis, Ege University, 2022 (Jarma, 2022) and from A. Zaid, MS Thesis, Ege University, 2023 Thesis, Ege University, 2023 (Zaid, 2023)].
3.4 Permeate fluxes vs. time plots during treatment of geothermal water
The possible reason why the used membrane permeability continued to decline despite acid cleaning is considered a result of silica scaling. For that reason, flux decline was observed after every cycle as can be seen in Figure 4 as well as in Table 4. The linear regression assumptions of the flow equation (as linear) for the spent geothermal water permeate are true, as evidenced by high R2 values (>98%). All lines had negative intercepts except one, which was expected because osmotic pressure reduced permeate flux. The flow after the first cleaning was substantially lower than after the second and third cleanings and so on and so forth, which was attributed to the insufficient chemical cleaning of silica. Therefore, the used antiscalant was considered not to be effective towards silica. Silica in natural waters can be found in dissolved, colloidal, or particulate form. Even though the pretreatment unit was integrated with the RO system, removing silica with microfiltration (MF) or sand filter is quite challenging due to its small size. It was mentioned elsewhere by (Wilhelm and Kind, 2015) that the precipitation process of silica in water depends on its pH and concentration. Silica at a concentration higher than 100 mg/L (at a pH of 7.0) starts to polymerize and form a gel-like layer on the active area of the membranes. Therefore, one must be careful with silica concentration as well as the feed water pH when dealing with wastewater containing silica at higher concentrations. There is nothing that can be done with silica concentration hence, the pH of the feed water will surely play a vital role when treating water containing high silica concentration. Bush et al. suggested that maintaining the pH of the feed water at pH <5 or >10 can be employed to avoid or minimize membrane fouling from silica (Bush et al., 2018). Figure 4 shows the average flux obtained during each cycle. We can see that average permeate flux has continued to decline as the number of cycles increased towards the seventh cycle. The findings in the current study followed a similar trend found in the literature where membrane permeability decline is observed in intermittent RO desalting processes. Freire-Gormaly and Bilton (Freire-Gormaly and Bilton, 2019) studied the impact of intermittent operation and fouling using brackish groundwater in a lab-scale desalination. It was reported in their study that there was a membrane permeability decline of up to 87% even after employing both antiscalant and permeate flush at the end of each cycle (after 7 days of operation).
[image: Figure 4]FIGURE 4 | Permeate fluxes vs. time plots during treatment of geothermal water [Adapted from Y.A. Jarma, PhD Thesis, Ege University, 2022 (Jarma, 2022) and from A. Zaid, MS Thesis, Ege University, 2023 (Zaid, 2023), With permission].
TABLE 4 | Average flux, flux decline, and flux recovery (between permeate flux before and after cleaning) (L m-2 h-1) were obtained by BW30 during the permeability test (15 bar).
[image: Table 4]Figure 5 summarizes the impact of chemical cleaning on membrane fouling. Like was mentioned earlier, flux recovery was not very high despite cleaning the membrane with citric acid. The percentage of flux drop and flux recovery after applying chemical cleaning are summarized in Table 4.
[image: Figure 5]FIGURE 5 | Average permeate fluxes of the seven cycles during geothermal water treatment (15 bar).
4 CONCLUSION
It was evident that the level of membrane scaling increased as the number of treatment cycles increased. After eight cycles with even the doubled concentration of citric acid as 4000 mg/L, the permeate flux drop was 36.6%. It was considered that the use of antiscalant was not very effective for preventing membrane scaling during geothermal water treatment with a mini-pilot scale system. An optimization study is needed for using a more suitable antiscalant and its dosage. In addition, either a more suitable pretreatment method for the removal of scalants from geothermal water prior to RO membrane treatment and/or a new chemical cleaning protocol might be considered for increasing flux recovery.
The recommendations that can help increase the efficiency of spent geothermal water treatment are the use of antiscalants during the treatment process. The use of a more robust pretreatment train such as periodic clean water flush, coagulation to enhance nanoparticles removal, MF, and UF to reduce feed water turbidity beyond membrane manufacturer’s recommendations (<1 NTU for RO feed) before RO train. Early mineral scaling detection while employing chemical cleaning before severe mineral scaling is observed.
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