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Abstract

:

Excessive ingestion of fluoride through the consumption of F−-rich drinking water could cause adverse effects to human health. For this reason, the WHO has fixed 1.5 mg/L as the maximum F- concentration for drinking water. In this work, a detailed geochemical characterization was performed to define the source of natural pollution of two groundwaters (samples Pc and Bg) coming from deep crystalline aquifers located in the Calabria region (southern Italy) and to define and optimize the most appropriate water treatment strategy. The samples were classified as a F− enriched NaHCO3 type of water. In particular, the F− concentrations observed were 30 mg/L and 8.9 mg/L for the Pc and Bg samples, respectively. Based on the acquired geochemical characterization knowledge, the groundwaters were treated by two thin-film composite NF membranes, namely SPR 10113 and SPR 10114 which have so far not been used for water defluoridation. It was found that the SPR 10114 membrane was able to guarantee water permeates with F− contents lower than the threshold value of 1.5 mg/L for both treated waters, whereas the fluoride content remained above the threshold value when the Pc sample was treated using the SPR 10113 membrane. The obtained permeates were characterized by a low ionic load and were not suitable for long-term consumption as drinking water. However, all of the produced waters did not need any further re-mineralizing processes for agricultural irrigation or other purposes.
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1. Introduction


Fluorine (F) is an essential element for human health, which is mainly present in drinking waters in its ionic form, the fluoride anion (F−). The ingestion of small quantities of fluoride helps in the formation and protection of teeth and bones. However, an excess of fluoride consumption could cause dental or skeletal fluorosis [1]. For this reason, the World Health Organization (WHO) has fixed 1.5 mg/L as the maximum allowed F− concentration in drinking waters [2]. Several countries of the world (such as Ethiopia, Egypt, Ghana, India, Iran, Iraq, Israel, Japan, Jordan, Kenya, Libya, Mexico, Morocco, New Zealand, Spain, Sri Lanka, Tanzania, Thailand, Turkey, the USA, and others) record high F− levels in some of their groundwater sources, and part of the population living in these countries is affected by fluorosis [3,4].



The main F-mineral is fluorite (CaF2), which generally occurs in localized secondary hydrothermal vein deposits. The occurrence of high-F concentrations in groundwaters depends on numerous factors, including the saturation state with respect to fluorite [5]. Moreover, due to the “common ion effect”, saturation with respect to carbonate minerals (e.g., calcite) indirectly controls fluoride hydrogeochemical behavior [6]. For this reason, NaHCO3 waters saturated with calcite often have low concentrations of dissolved Ca and high concentrations of fluoride.



Fluoride has an ionic radius very similar to that of OHˉ and substitutes readily in hydroxyl positions in late-formed minerals of igneous rocks, for instance apatite (Ca(PO4)(OH,F,Cl), biotite (K(Mg,Fe)3(Al,Si3O10)(OH,F)2, and muscovite (KAl2(AlSi3O10 (OH,F)2). Other F-bearing minerals are chlorite, topaz, and amphibole [1], [7].



The anion exchange between F− and OH− in clay minerals promotes the F-enrichment of groundwaters [8]. F-rich groundwaters are generally found in crystalline aquifers, particularly granites, which contain F-minerals as micas, apatite, and amphiboles in high percentages [1]. High F− concentrations are also registered in geothermal and active volcanic areas.



Considering the increasing need of drinking water and the stringent concentration limits of their dissolved constituents, it is mandatory to develop and apply efficient remediation systems based on geochemical considerations [9], [10]. This knowledge is essential in order to allow for the implementation of optimized water remediation systems in similar geological settings worldwide.



The conventional methods that are generally employed for water defluoridation can be grouped into adsorption, ion exchange, coagulation/precipitation, and membrane-based technologies [11,12,13].



Nowadays, membrane processes can be viewed as a feasible alternative to the less sustainable traditional treatments to reach the quality standards set for drinking waters. Besides significantly improving the produced water quality compared with conventional methods, the membrane technologies can also operate using renewable energy sources like photovoltaic or wind turbines, thus minimizing waste generation and the risk of hazardous emissions to the environment [13,14,15]. Promising results have been reported using nanofiltration/reverse osmosis (NF/RO) technologies for water defluoridation for both model synthetic aqueous solutions and real F−-contaminated groundwaters [16,17,18,19,20,21,22]. Although NF is generally used to remove divalent ions (Ca2+, Mg2+, SO42−), it is also employed to remove F− ions because of their relatively small ionic radii and consequently larger hydrated shells. The larger hydrated radius of fluoride makes its permeation across NF membranes more difficult with respect to other monovalent ions such as chloride [23].



The aim of this work was to lower the fluoride concentration below the WHO established limit in two F-rich groundwaters coming from the crystalline aquifers of the Calabria Region (southern Italy) by investigating and comparing the performance of two NF membranes that have not already been tested for this application in past literature. The water remediation study was coupled with a geochemical characterization with the purpose of selecting suitable NF membranes and operative parameters, as well as to identify the possible source of natural pollution.




2. Materials and Methods


2.1. Site of Origin of F-Rich Samples


The studied samples were collected in the Calabria Region in southern Italy. The sampling areas fall in the Sila and Serre Massifs. The Sila Massif represents the major morphostructural high of the Ionian margin of north-east Calabria and is mainly composed of gneisses, schists, phyllites, and amphibolites, which were affected by various alpine metamorphic events and were intruded by the late Hercynian Sila Batholith [24]. A Meso-Cenozoic sedimentary cover is also present at the top. One of the collected F-rich groundwaters, labeled Pc, was collected from a well located in the Crotone province (Southeast of the Sila Massif). The deep aquifer is located in the granitic rocks of the Sila Unit, whereas the second one, labeled Bg, is located in Reggio Calabria province (in the southern part of the Serre Massif) (Figure 1).



The Serre Massif is built of late Hercynian granodiorites, granitoids rocks, and high-grade metamorphic rocks [25]. A Cenozoic sedimentary cover is also locally present at the top [26] (Figure 1). K-feldspar, plagioclase, quartz, biotite, and muscovite in variable percentages, constitute the primary mineral assemblage of these granitoid rocks, also containing minor amounts of chlorite, epidote, and apatite [27,28,29].



From the hydrogeological point of view, the two areas of the Sila and Serre Massifs, excluding their sedimentary covers, can be grouped into the crystalline-metamorphic hydrogeological complex defined in [30] (Figure 1). This comprises of a porous shallow aquifer corresponding to the weathered zone of the crystalline rocks, which is in a hydraulic connection with the underlying intermediate aquifer and is hosted in the fissured rock basement. They are both delimited below, by less fissured or non-altered rocks (see [30] for further details).



Other main hydrogeological complexes in the Calabria region are the calcareous-dolomitic complex, the flysch complex, the evaporite complex, and the alluvial complex (see [30] for further details).
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Figure 1. Hydrogeological sketch map of the Calabria region (adapted from [30]) with the locations of Pc and Bg water samples. 






Figure 1. Hydrogeological sketch map of the Calabria region (adapted from [30]) with the locations of Pc and Bg water samples.
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2.2. Water Sampling and Analyses


As mentioned above, the Pc sample was taken from a 180 m deep well, whereas the Bg sample was discharged from a spring located at 360m a.s.l. The sampling was conducted in February 2020. The collected water samples were analyzed for major components. The methodologies of sampling are described in detail in [31,32,33,34,35,36,37], therefore, only a brief description is reported here. In the field, water temperature, pH, electrical conductivity (EC), and redox potential (Eh) were measured by using previously calibrated portable instruments. Total alkalinity was measured by means of the acidimetric titration method, using a micro-dosimeter, 0.05 N HCl as a titrating agent, and methyl orange as an indicator. The samples were collected in separate new polyethylene bottles. After filtration through a 0.45 μm pore-size filter, a part of the sample for the determination of cations, and SiO2 was acidified with the addition of 1% HNO3, whereas the remaining one was stored without further treatments for the anions determination. For each sample, the concentrations of major ions (Na+, K+, Mg2+, Ca2+, F−, Cl−, SO42−, and NO3−) were determined by high performance liquid chromatography (HPLC-DX1100, Thermo Scientific™ Dionex™, USA). The dissolved SiO2 was measured by means of VIS spectrophotometry, using the molybdosilicate method. Data quality was evaluated by performing charge balance estimations and accepting a deviation within ± 10% for major ions present. The chemical analyses were performed in the laboratories of the Department of Biology, Ecology and Earth Sciences at the University of Calabria. After the preliminary analysis, about 40 L of each sample were collected for the subsequent membrane treatment tests.



Speciation–saturation calculations of the compounds present in the samples were also carried out using the code PhreeqC Interactive, version 3.1.1 [38,39].




2.3. Experimental Set-Up for NF/RO Tests


NF experiments were performed by using a laboratory pilot unit (SEPA CF, General Electric Company) at the Institute on Membrane Technology (ITM-CNR) in Calabria, Italy [9,10]. The system includes a cross–flow flat membrane module, a feed tank, a pressurization pump, and two manometers located at the module inlet and outlet. A thermometer for the feed stream temperature measurement was mounted in the feed tank, which was equipped with a cooling system using tap water, thus keeping the temperature at 19 ± 2 °C. The experiments were performed by recycling the retentate stream back to the feed tank of the plant, while different sampling containers were used to continuously collect the permeate. The fluoride rejection factor (R, %) and the volumetric fluxes (Jv, L/hm2) were estimated using the following equations:


  R =   1 −   C p   C f     × 100  



(1)






   J v  =   Δ V   Δ t × A    



(2)




where Cp and Cf are the concentration of fluoride in the permeate and the feed, respectively. ΔV is the volume of the permeate obtained in a time interval (Δt) and A is the membrane area (140 cm2).



Two NF membranes referred to as SPR 10113 and SPR 10114, both purchased from SEPRA (Separation Process Application (MB, Italy)), were used to treat the F-rich groundwaters. These NF membranes are generally used to remove divalent ions, but they were investigated for their efficiency to remove F− ions from the Pc and Bg samples because F− ions are strongly solvated by water, thus the expectation that this would hinder their transfer across the NF membranes with respect to the transfer of other monovalent ions.



The main properties of the membranes (provided by the manufacturer) are listed in Table 1. The membranes are made of the same material (Polyamide-TFC), and their MWCO is in the range of 100–250 Da and 150–300 Da for the SPR 10113 membrane and the SPR 10114 membrane, respectively. The SPR 10113 membrane shows a higher MgSO4 and NaCl rejection than the SPR 10114 membrane, as reported in their specifications (Table 1). During the experiments, the permeate fluxes as well as the fluoride rejections were evaluated at three operating pressures (5 bar, 10 bar, and 15 bar).





3. Results and Discussion


3.1. Water Characterization Before Membrane Treatment Tests


The water from the two aquifers were characterized by high pH values (9.6 and 10.1 for the Pc and Bg samples, respectively), and both had negative redox potential (Eh) (Table 2). On the basis of the obtained triangular plots presented in Figure 2, the two water samples can be classified as the Na-HCO3 water type. The concentrations of F− in both water samples were much higher than the maximal allowed drinking water limit (1.5 mg/L) established by WHO. In particular, the concentrations were 30 mg/L and 8.9 mg/L for the Pc and Bg samples, respectively. Speciation calculations showed that the fluorine was present mainly in its ionic form, fluoride (F−). Moreover, it should be noted that the Pc sample was more mineralized than the Bg one, as it can be seen by the chemical—physical parameters reported in Table 2. In this respect, a total ionic salinity plot (TIS-plot) was constructed and is presented in Figure 3a. The TIS values were found to be equal to 16.1 meq/L and 7.1 meq/L for Pc and Bg, respectively. The chemical compositions of the studied samples can be attributed to their origin from relatively deep aquifers and comparatively long water–rock interaction times [40].



Complete geochemical characterization is useful for the proper choice of the materials and operating conditions to be applied in the subsequent membrane treatment. The compatibility check among the feed water and selected membranes is the first condition to be satisfied. For instance, the alkaline pH of both of the water samples is compatible with the pH operating range of the selected membranes. The membrane MWCO values also need to be appropriate in order to preserve an adequate ionic load in the permeate solutions after treatment, considering the starting average ionic load of both samples (299 mg/L and 587 mg/L, for Bg and Pc respectively). The selected membranes were used to treat, at parity of the operating parameters, the waters with different F-concentrations in order to evaluate the achievable permeate chemical compositions.




3.2. Source of Fluoride


As described in the introduction, the main F-bearing mineral is fluorite (CaF2), which occurs in igneous rocks as a late-crystallizing, mainly hydrothermal product [41]. Fluoride is also hosted in other minerals, frequently occurring in crystalline rocks, such as apatite, biotite, muscovite, chlorite, and amphibole, in which fluoride substitutes the hydroxyl ion.



The fluorite mineralizations occurring in the Calabria region have so far been the subject of few studies, and limited information about their distribution is available [42]. However, some sources testify that the presence of hydrothermal fluorite is probably associated with the intrusion of magmatic rocks in several areas of the region, including the area of Cerenzia (Crotone province), where the Pc sample was collected [43]. In the past, a mining survey was carried out in this area. Nevertheless, the limited extension of fluorite veins (sometimes associated with barite and sulphide minerals) led to the termination the exploration [44].



To describe the geochemical processes that occur in the studied deep aquifers, the activity diagram of Ca2+ vs. F− [3] is reported in Figure 3b. Moreover, the saturation indices plot of calcite and fluorite were calculated by the code PhreeqC Interactive, version 3.1.1 [38,39]. In the diagram, the fluorite solubility line and three possible evolution trends (lines a, b, and c) are reported. During fluorite dissolution, the activities of F− and Ca2+ change according to the relationship described by line (a). The field on the right side of line (a) represents the dissolution of other F- and Ca-bearing minerals which can constitute granitic rock. The Pc sample is equilibrated with fluorite and is saturated with calcite. It appears shifted to the left along the saturation line of fluorite, following the path described by line (b) (Figure 3b). F and Ca are probably mainly controlled by calcite precipitation and the concurrent dissolution of fluorite (and subordinately, other F-bearing minerals) until the attainment of saturation with fluorite. The Bg sample falls under the fluorite solubility line, following the trend described by line (c). Indeed, it is unsaturated with respect to fluorite, and it appears to be saturated with respect to calcite. The calcite precipitation could be the main cause of the shift left of sample in the plot, although the cation exchange process between Ca and Na ions could also occur in the studied environment [3,7,45,46]. Although a properly geochemical modeling and/or experimental dissolution studies are needed to define each environmental condition of the rock-to-water release of fluoride [47,48], the diagram pointed out that in a deep environment, several processes causing the F-enrichment of groundwaters could occur.




3.3. Permeate Flux and Fluorine Rejection


Figure 4a,b illustrate the trends of the permeate fluxes as functions of the trans-membrane pressures (TMPs) for the investigated membranes and the two groundwaters (samples Pc and Bg). The figures also report the results obtained with distilled water. Generally, the permeate fluxes increased with the increase of the applied pressure in each performed test. The highest distilled water fluxes were recorded for the SPR 10113 membrane, with values ranging between 24 and 71 L/hm2 at 5 and 15 bar, respectively. Instead, flux values in the range of 15–50 L/hm2 were measured using the SPR 10114 membrane. After the tests performed using distilled water, the permeate fluxes were also determined by testing the Bg and Pc samples. The obtained values were slightly lower than the previous ones, most likely due to the presence of other species in the Bg and Pc samples, which could lead to the concentration polarization phenomena. However, the SPR 10113 membrane always exhibited higher permeate flux values (from 23 to 68 L/hm2, considering both the Bg and Pc samples) compared to those of the SPR 10114 membrane (from 14 to 45 L/hm2, considering both the Bg and Pc samples). This result seems to be in contrast with the MWCO range of the SPR 10113 membrane, which is lower, although quite close to the MWCO range of the SPR 10 114 membrane (see Table 1).



The same remark can be made by analyzing the rejection values of the two membranes. The fluoride rejection and the fluoride concentration in the permeate as a function of TMP for both the SPR 10113 and SPR 10114 membranes and the two groundwaters are reported in Figure 5 and Figure 6, respectively. The SPR 10113 membrane exhibited rejection values ranging from 94% to 96% and from 92% to 95% for the Bg and Pc samples, respectively. However, the SPR 10114 membrane showed rejection values ranging from 95% to 96% for the Bg sample, whereas a constant rejection equal to 96% at different applied TMPs was observed for the Pc sample (Figure 5a,b). Again, membranes behaved differently than expected from MWCO range values, with the SPR 10114 being the one showing the highest rejections. A possible explanation for this result could be that the SPR 10113 membrane tested in the NF set-up had a higher MWCO than the SPR 10114 membrane.



To validate this assumption, other NF tests on a different SPR 10113 membrane coming from the same batch were carried out with distilled water. In this case as well, water fluxes higher than those of the SPR 10114 membrane were measured. Concerning the rejection efficiency, the fluoride rejections were similar in the case of the Bg sample. In the permeate, the F concentration was quite constant with TMP and was lower than the concentration limit of 1.5 mg/L established by WHO (Figure 6a). However, when the Pc sample was treated, the fluoride rejections of the SPR 10114 membrane were higher than those obtained by using the SPR 10113 membrane (Figure 6b). The higher ion concentration of the Pc sample likely promoted a concentration polarization close to the membrane surface. This phenomenon, together with the lower fluxes of the SPR 10114 membrane, favored the fluoride rejection. In this case, the feed composition also played a crucial role during the separation process. Indeed, as noted in Table 2, the Pc sample is the most mineralized water.



It also has to be pointed out that the higher fluxes of the SPR 10113 membrane could be the cause of a “drag effect”, leading to a lower fluoride rejection during the Pc treatment by using this membrane. Nevertheless, the fluoride content in the permeate was close to the limit value when the Pc water was treated, although the fluoride amount was three times greater than that of the Bg water (Table 2, Figure 6). Even if the features provided by the manufacturer showed a NaCl rejection equal to 55% and 40% for SPR 10113 and SPR 10114, respectively, the rejection of the fluoride measured during the experiments was higher because it was strongly hydrated in water [12].




3.4. Comparison with Literature Data


Several authors have investigated NF/RO membrane performance to remove fluoride from natural waters by means of laboratory plants and in situ installations. They have focused their attention on the multiple aspects that can affect the removal of fluoride, such as operating conditions, the presence of organic matter, pH values, and the ionic strength of treated waters, etc. [18,49,50,51,52,53].



In the following, relevant results obtained by using NF membranes for the treatment of natural waters are summarized. Nasr et al. [19] tested the NF5 and NF9 commercial membranes (both composed of a thin-film polyamide composite) to remove fluoride from Tunisian groundwater by means of a NF pilot plant. The tested water, named Louza 2, had a fluoride concentration equal to 3.39 mg/L. After the treatments using NF5 and NF9 membranes, the F concentration in the permeate was 1.45 mg/L (R = 57%) and 0.38 mg/L (R = 88%), respectively. Despite the satisfactory results obtained using the NF9 membrane, the TDS value in the permeate was very low, and the water was not appropriate for human consumption.



Bouhadjar et al. [16] developed a photovoltaic solar energy powered NF filtration plant for the sustainable treatment of fluoride-affected groundwater with high salinity in northern Tanzania. The groundwater treated by Bouhadjar et al. was characterized by a high pH (8.5) and fluoride concentrations >50 mg/L, significantly greater than the WHO guideline value. In this study, a NF module equipped with a NF90 4040 membrane (from Dow Water & Process Solutions) was used. The resulting water quality was within the WHO recommended maximum fluoride level throughout the entire testing period. Moreover, the produced concentrate was reused for washing and toilet flushing purposes.



The efficiency of three membranes, named NF-1, NF-2, and NF-20 (all composed of polyamides), was tested to remove fluoride from groundwater sampled in a village in the Birbhum district (eastern India) [20]. The laboratory experiments showed that at 9.8 bars of applied pressure, the NF-1 had the highest fluoride rejection capability (R = 95%), followed by NF-20 (R = 86%), and NF-2 (R = 78%) membrane types. The best results, considering both permeate flux and F rejection, were obtained at 13.7 bar, using NF-1 and NF-20 membrane types [20].



Satisfactory results have also been reported in [17]. The authors treated brackish water with a fluoride concentration of 49.1 mg/L (an average value considering the two sampling periods) of a borehole located within the town of Boma Ng’ombe in the Hai district (Kilimanjaro region) using an autonomous solar-powered NF/RO system. Among the used membranes, the NF90 membrane type (polyamide) led the most favorable overall results, whereas the NF270 (polyamide) membrane did not achieve the required fluoride guideline values. These membranes were previously tested for treating the F-rich groundwater (17.9 mg/L) of the Oldonyosambu ward in northern Tanzania [54] using a solar energy-based membrane system. In this case as well, the NF90 membrane was able to lower the fluoride concentration below the WHO limit.



The NF90 and NF270 membranes (manufacturer, Filtec Down) together with the TR60 type (manufacturer, Toray) were also used to treat fluoride contaminated groundwater (2.3 mg/L) collected in central Morocco [21]. The performances of the NF270 and TR60 membranes were similar (R = 82% and R = 74%, respectively) whereas the NF90 membrane reached a fluoride rejection equal to 98%. It should be noted that the most investigated NF membranes to fluoride removal are the NF90 and NF270 types.



The comparison of the results obtained in this work with those available in the literature for the defluoridation of natural waters by means of NF membranes is reported in Table 3. It can be noted that the comparison is not immediate due to different features of the considered membranes, starting feed concentration (e.g., fluorides concentration and total dissolved solids), and operating conditions (e.g., applied TMPs).



All of the considered membranes reported in the comparative table are made up of the same material (polyamide), although in different configurations (e.g., flat sheets and spiral wound). The table includes results of laboratory experiments and/or of real in situ applications. The considered waters have a fluoride concentration within the concentration range of 2.3–55 mg/L. Moreover, the electrical conductivity (EC) reported in the table for each sample (except for the Louza sample) provides general information about the degree of water mineralization. For instance, the sample coming from the St. Dorcas borehole shows the highest EC value of 3935 µS/cm (the most mineralized water), whereas the Bg sample tested in this work shows the lowest EC value of 364 µS/cm (the least mineralized water). The NF90 membrane shows the best performance, lowering the F concentrations below the WHO limit while starting from a high concentration of fluoride in high mineralized waters, and working at operative pressures not exceeding 6 bar [16,17]. The other tests were performed at higher operating pressure, up to 10 bar. The SPR 10114 membrane presents a high performance for fluoride removal at an intermediate operating pressure (10 bar) for both the Bg and Pc samples. Although satisfactory results were obtained regarding the fluoride rejection, the permeate fluxes were lower than those obtained with the SPR 10113 membrane. It can be asserted that, in general, the data obtained in this work are in agreement with the data from the literature. Considering all the variables, NF90, NF9, NF-1, and SPR 10114 membranes provide the best performances.




3.5. Total Dissolved Solid (TDS) Rejection


During the NF treatments, the main cations and anions (Na+, K+, Mg2+, Ca2+, F−, Cl−, and SO42−) are rejected differently. Generally, divalent ions are rejected more than monovalent ions. It should be noted that in the considered waters, the monovalent ions prevail with respect to the divalent ones (see Table 2). Indeed, the concentrations of Ca and Mg are very low in both samples, whereas SO4 is the most abundant bivalent ion. The main monovalent ions, in addition to fluoride, are Na+ and HCO3−. The rejections of SO4 reached 99% by using both the SPR 10113 and SPR 10114 membranes. The data obtained by using the SPR 10114 membrane showed rejections ranging from 91% to 95% and from 88% to 92% for the Na and HCO3 ions, respectively. For the same ions, the rejection percentage was similar when the 10113 membrane was used. Indeed, the obtained data showed rejections ranging from 88% to 96% and from 88% to 95% for the Na and HCO3 ions, respectively. Figure 7 shows the total dissolved solid (TDS) content in the permeates (mg/L) produced by the SPR 10113 and SPR 10114 membranes at different TMPs, considering the two tested samples, Bg and Pc.



For both membranes, the rejections increased with TMP. The TDS values in the permeates obtained with the SPR 10113 membrane were higher than the SPR 10114 membrane. The results prove that after all the performed tests, a low ionic load was maintained in the solution. At intermediate TMP (10 bar), the TDS content in the permeates was equal to 22 mg/L and 42 mg/L, for the Bg and Pc samples, respectively.



This means that the produced water is strongly demineralized and, therefore, a re-mineralization process is needed to be suitable for drinking purposes [55]. Indeed, a long-term consumption of demineralized water could cause potential adverse health effects [56,57]. Nevertheless, the produced water can be used without any further need for re-mineralizing for agricultural or other purposes.





4. Concluding Remarks


Two water samples, named Pc and Bg, coming from deep crystalline aquifers in the Calabria region, were studied and the performed detailed geochemical characterization provided essential information about the water chemistry and the possible causes of their fluoride pollution. The samples can be classified as belonging to the F-enriched Na-HCO3 water type. Although a dedicated geochemical modeling is needed to define the causes of F− enrichment in groundwaters, the present study showed that the concomitant occurrence of fluorite dissolution in different amounts, distinct time periods of interaction, leaching of fluoride from other silicate minerals, and saturation with respect to carbonate minerals are the causes of the different F concentration levels found for the studied groundwaters.



Based on the acquired information, two commercial NF-membrane types (namely, SPR 10114 and SPR 10113) were used to treat the fluoride contaminated groundwaters. The initial fluoride concentrations were 30 mg/L and 8.9 mg/L for the Pc and Bg samples, respectively. Although NF membranes are generally used to remove divalent ions, the experiments showed that NF is a valid option to remove fluoride from contaminated groundwaters because the F− ions are strongly hydrated in water and, thus, their transfer across the NF membranes is more difficult with respect to the other monovalent ions present. The SPR 10114 membrane was able to produce permeates with F contents lower than 1.5 mg/L for both treated waters. However, when the Pc sample was treated using the SPR 10113 membrane, the fluoride content remained above the threshold value established by the WHO. Both membranes provide permeates characterized by a low ionic load, which are not suitable for drinking water for long-term consumption. Nevertheless, the produced waters can be used without any further re-mineralizing for agricultural or other purposes.



The results obtained provide useful data about the performance of NF membranes not used so far to treat F-rich groundwaters, and the outcomes are important for further in-depth scientific studies and future real in situ applications in similar geologic settings.
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Figure 2. Triangular diagrams of the main cationic and anionic constituents prepared from concentrations in equivalent units. 
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Figure 3. (a) Correlation diagram of Na vs. Ca + K + Mg for the studied samples, also reporting selected iso-salinity lines and (b) plot of activity of Ca vs. activity of F in which three geochemical pathways are reported, as well as the fluorite solubility line [3]. 
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Figure 4. Volumetric permeate flux as a function of the applied trans-membrane pressure for (a) the SPR 10113 membrane and (b) the SPR 101014 membrane. 
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Figure 5. Effects of TMPs on fluoride rejection in the (a) Bg and (b) Pc permeates produced by using the SPR 10113 and SPR 10114 membranes. 
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Figure 6. The effect of TMP on the fluoride concentration in the permeates obtained by using the membranes SPR 10113 and SPR 10114 for (a) the Bg and (b) the Pc samples, respectively. 
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Figure 7. TDS content in the feed and permeates for the (a) SPR 10114 and (b) SPR 10113 membranes. 
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Table 1. Main NF membranes characteristics used for the treatment of F-contaminated waters.
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	SPR 10113
	SRP 10114





	Type
	NF
	NF



	Materials
	Polyamide-TFC
	Polyamide-TFC



	Manufacturer
	SEPRA
	SEPRA



	Configuration
	flat plate
	flat plate



	MWCO
	100–250 Da
	150–300 Da



	MgSO4 rejection
	99.50%
	99%



	NaCl rejection
	55%
	40%



	pH operating range
	3–10
	3–10
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Table 2. Physical–chemical parameters of the studied groundwaters.
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Sample

	
pH

	
T

	
EC

	
Eh

	
SiO2

	
Ca

	
Mg

	
K

	
Na

	
Cl

	
SO4

	
HCO3

	
NH4

	
F




	

	
Sorensen’s

Scale

	
°C

	
µS/cm

	
mV

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L






	
Pc

	
9.6

	
20.1

	
1059.0

	
−119.9

	
11.25

	
5.30

	
2.20

	
1.65

	
174.55

	
23.35

	
75.61

	
259.34

	
3.80

	
30.12




	
Bg

	
10.1

	
21.4

	
363.5

	
−214.6

	
23.30

	
2.39

	
0.26

	
0.99

	
76.31

	
8.66

	
9.08

	
168.58

	
-

	
8.90
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Table 3. Comparative table on the treatment of F-contaminated groundwaters using NF membrane processes.
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Membrane Type

	
Water Sample

	
F- Concentration Before Treatment

	
Applied TMP

	
Flux

	
F Rejection

	
F Concentration After Treatment

	
Cond

	
Ref.




	

	

	
mg/L

	
bar

	
L/m2h

	
%

	
mg/L

	
µS/cm






	
NF5

	
Louza 2

	
3.39

	
8

	
91 a

	
57.2

	
1.45

	
-

	
[19]




	
NF9

	
Louza 2

	
3.39

	
8

	
57.2 a

	
88.8

	
0.38

	
-

	
[19]




	
NF 90

4040

	
BGW

	
55 b

	
6

	
29 *b

	
98 b

	
0.64 b

	
2990 b

	
[16]




	
NF-1

	
GW Birbhum

	
20

	
9.8

	
106

	
95

	
1 *

	
671

	
[20]




	
NF-2

	
GW Birbhum

	
20

	
9.8

	
124

	
78

	
4.4 *

	
671

	
[20]




	
NF-20

	
GW Birbhum

	
20

	
9.8

	
116

	
86

	
2.8 *

	
671

	
[20]




	
NF-90

	
St. Dorcas borehole

	
49.1 b

	
4.8

	
20.8

	
98.2

	
0.9

	
3935 b

	
[17]




	
NF-270

	
St. Dorcas borehole

	
49.1 b

	
4.8

	
29.8

	
71.9

	
14.2

	
3935 b

	
[17]




	
NF270

	
feed water

	
2.32

	
10

	
-

	
82 *

	
0.4

	
1492

	
[21]




	
TR60

	
feed water

	
2.32

	
10

	
-

	
74 *

	
0.6

	
1492

	
[21]




	
NF90

	
feed water

	
2.32

	
10

	
-

	
98 *

	
0.05

	
1492

	
[21]




	
SPR 10113

	
Bg

	
8.9

	
10

	
42

	
94.6

	
0.5

	
364

	
This work




	
SPR 10114

	
Bg

	
8.9

	
10

	
27

	
94.2

	
0.5

	
364

	
This work




	
SPR 10113

	
Pc

	
30.1

	
10

	
41

	
94.9

	
1.5

	
1059

	
This work




	
SPR 10114

	
Pc

	
30.1

	
10

	
26

	
96

	
1.1

	
1059

	
This work








* Calculated value on the basis of the available data in the reference work. a Referred to a model solution. b Average value.
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