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Abstract

Nowadays fluoride contamination of drinking water is a major problem for various countries,
because high concentrations of fluoride pose a risk of dental and skeletal fluorosis. Over the past
years, membrane nanofiltration (NF) has been proposed as convenient defluoridation technology.
However, NF cannot be applied to water systems with high fluoride concentration and the disposal
of the membrane concentrate remains an issue. In this work, we compared a commercial polyester
NF membrane and a polypropylene hollow-fiber membrane distillation (MD) module for their
ability to remove fluoride ions from water in the presence of hardness ions and organic fouling
agents. The NF membrane can offer more than 10 times higher water productivity than MD, under
realistic gradients of temperature and pressure, respectively. Despite that, after reaching a
concentration factor of about 3, fouling and scaling caused the flux to drop-to about 80 % respect
to its initial value. Moreover, F retention decreased from 90% to below 80%, thus providing a
permeate of scarce quality. MD was operated in the direct-contact mode on a polypropylene
hollow-fiber membrane, which was charged with a hot feed flow (average T = 58 °C) on one side
and a cooled (20 °C) permeate flow of distilled water on the other side. The concentration of
fluoride ion in the permeate was always below the detection limit of our electrode (0.2 ppm),
regardless of the fluoride concentration in the feed. Moreover, the MD module showed higher
resistance to fouling and scaling than NF and CaF crystals were recovered from the MD
concentrate after cooling. These results suggest that the synergic combination of the two techniques
might be beneficial for the purification of fluoride-contaminated water systems: MD can be used to
further concentrate the NF retentate, thus producing high-purity water and recovering CaF»
crystals.

Keywords: membrane separation; distillation; fouling; scaling; fluorite crystallization.



Introduction

Contamination of drinking water by fluoride is associated with health hazards such as dental
and skeletal fluorosis.®> High fluoride concentration in natural water can be caused by geogenic
sources (as leaching of fluorine-containing minerals in rocks and sediments) and anthropogenic
sources, mainly due to the use of pesticides and to industrial activities. Thus, nowadays fluoride
contamination of drinking water is a major problem for various countries,® including Argentina,
Mexico, United States, Middle East countries, China and India. World Health Organization (WHO)
indicates the limits of fluoride concentration in drinking water between 0.5 and 1.0 mg L™ and
recommends setting local guidelines at a concentration lower than 1.5 mg L™.*° Hence, various
technologies have been proposed for the abatement and the control of fluoride,® such as adsorption,
ion exchange, chemical precipitation, and a range of membrane processes encompassing reverse
osmosis (RO), nanofiltration (NF), electrodialysis, and really recently membrane distillation (MD).
Efficiency and productivity of these processes is governed by different factors, such as raw water
characteristics, pressure, temperature, etc.

One of the emerging processes is NF, which has been applied to water defluoridation with
promising results at laboratory and pilot scale, over the last decade.”?° NF is a pressure-driven
process, in which the contaminants are removed by a water-permeable membrane. NF membranes
have typically 1-2 nm diameter pores, that is, larger than the size of hydrated ions (e.g. the effective
size of hydrated fluoride?? ions is ~0.3 nm). Therefore, their selectivity depends on a combination
of steric and charge interactions, 2 which allow removing hardness ions and reducing the
concentration of monovalent ions (as fluoride). NF membranes have lower ion rejection than
reverse osmosis (RO) membranes, but can offer several advantages, such as low operating pressure,
high permeability and relatively low costs of investment, operation and maintenance.?®?’ The two

main drawbacks of NF membranes are the following: (i) the quality of the produced water is



affected by the fluoride concentration in the feed; (ii) their productivity is reduced by concentration-
polarization phenomena. In short, due to the water permeation, salt concentration increases in the
vicinity of the membrane surface, thus resulting in an increased salt concentration in the permeate,
which corresponds to a decrease in the observed retention. Moreover, scaling and fouling require
frequent backwashing and cleaning at the detriment of membrane service time and productivity.

In this context, membrane distillation (MD) has been recently proposed as a possible
alternative to NF and RO in desalination?®?° and defluoridation®-3? processes. The cross-sectional
diagrams of NF and MD are depicted in Figure 1, in order to stress the main differences between
the two processes. MD is an emerging technology, which is based on the transport of water vapor
through a hydrophobic macroporous membrane. In this case, membrane pores have a size, which is
two orders of magnitude larger than the hydrated ions, thus size exclusion and charge interaction do
not contribute to the separation mechanism. Indeed, the distillation membrane acts as a barrier
between the hot polluted solution and the cold permeate.®*-% Due to its hydrophobic properties, the
membrane is not permeable to water in liquid state, but allows for steam permeation. Mass and heat
transfer mechanisms govern steam flux from the hot feed to the cold permeate side of the
membrane. The main advantage of MD is the ability to operate at a lower operating feed
temperature than conventional distillation and a much lower hydrostatic pressure than NF and RO.%
Moreover, MD permeability and selectivity are both negligibly affected by the increase of osmotic
pressure and concentration polarization phenomena during the feed concentration.®” On the other

hand, temperature polarization has a negative impact on the water productivity of MD systems.
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Figure 1. Cross-sectional diagrams of fluoride concentration (Cg), hydraulic pressure (P), water
vapor pressure (pw) and temperature (T) of the feed and permeate side for: (a) NF active layer and
(b) MD membrane.

The aim of this work is to assess the advantages and the limits of MD in filtering fluoride-
contaminated water by a direct comparison with a benchmark NF module. Hence, two membranes,
namely a macroporous hollow fiber polypropylene MD and a microporous polyamide over
polysulfone NF membrane,® were tested for their ability to remove fluoride ions in the presence of

hardness ions and organic fouling agents.

2. Experimental
2.1. Nanofiltration tests

Nanofiltration tests were performed with a cross-flow filtration set-up, which was assembled
in our laboratories, over polyester NF membranes (Alfa Laval, > 99% rejection of MgSO4 at 2000
ppm, 9 bar, and 25°C. Two disc membranes ( totalfiltering area 0.072m?) were sealed in a stainless
steel membrane module. Feed was pumped to the membrane by the feed pump (BEVI, IEC 34-1,
Sweden). Permeate mass flow was measured by a balance. Feed pressure was measured before and

after the membrane by two pressure transmitters (Danfoss, MBS 4010, Denmark) and an electronic



heat sensor (Kamstrup A/S, Denmark) measured feed temperature before membrane module. A
rotary lobe pump (Philipp Hilge Gmbh & Co, Novalobe, Germany) controlled the cross-flow rate
measured by a microprocessor-based flow rate transmitter (Siemens, MAG 50000). It was adjusted
to be 0.17 L s for all the experiments. The flow rate of the retentate stream was controlled by a
manual valve (Nupro ®). An Agilent ATR FT-IR 630 spectrophotometer with a spectral range
5100-640 cm™ was employed to analyze the NF membrane after being in contact with humic
substances. The spectral resolution of the equipment is lower than 2 cm™ and its precision is

0.05 cm™.

2.2 Membrane distillation tests

Membrane distillation tests were performed on a set-up, which is illustrated elsewhere.®® The
feed was pumped (Cole-Parmer Masterflex L/S) to a heater (Haake K20) and afterwards into the
lumen side of the membrane module, and then it returned to a feed tank. The permeate was pumped
(Cole-Parmer Masterflex L/S) to a cooler (Julabo FP50) and into the module in the shell side in
countercurrent flow with respect to the feed. The increase of permeate volume was scrutinized by a
balance (A&D Company Limited FZ-300i). The temperature was monitored in feed and permeate at
inlet and outlet of the module (Ludwig Schneider, Type 13100). The membrane module used for all
experiments was made using Membrana Accurel® PP S6/2 hollow fiber membranes. The outer
diameter of the hollow fiber was 2.5 mm, inner diameter was 1.6 mm and thickness was 0.45 mm.
The porosity of the membranes was 73% with a pore size of 0.2 um. The total membrane surface

area of the 5 fibers was 0.010 m?.



2.3 Feed solutions and water analysis

Pure water permeability was measured by filtering deionized water Milli-Q produced
(Resistivity > 18 MQ cm). For NF and MD tests a model fluoride water solution was prepared and
analyzed as follow. A Thermo Scientific™ Dionex™ ED40 instrument equipped with a
conductimeter detector was used to measure the anion concentration. Anions were analyzed with an
AS9HC column and a KCOs solution (9 mM) as eluent at a flow rate of 1 mL mint. A
PerkinElmer® Optima 7000 DV ICP-Optical Emission Spectrometer (Shelton, CT, USA) equipped
with WinLab™ 32 for ICP Version 4.0 software was used for measurement of cations. Conductivity
was measured with SevenMultiTM S70-K benchtop (+ 0.5% accuracy). Fluoride concentration was
measured with a fluoride selective electrode model FOO1503 (Van London, Phoenix). The X-rays
diffraction (XRD) patterns of the filtered MD concentrate was acquired over a PANanalytical
Empyrean diffractometer, operating at 45 kV and 40 mA, with Cu Ko radiation. The composition in
Table 1 was used to simulate precipitation of salts during the concentration of the polluted feed
water. The precipitation was simulated through the geochemical software PHREEQC interactive-
version 3.3 A so-called “REACTION” feature in the software was utilized to remove a specified
amount of water in a given number of steps. The output of the software provides information on
which salts that precipitates and in which amounts, etc. Temperature, pH and redox potential of the

polluted water in the simulations has been assumed to 25 °C, 6.9 and 4 pe, respectively.

3. Results and discussion
3.1. Water productivity

Figure 2 allows comparing the permeate flux (Jw, L m? h'') of the NF and MD membranes,
when deionized water (resistivity > 18 MQ cm) is filtered at realistic gradients of pressure and

temperature, respectively. A water permeability of 6.5 + 0.1 L (m? h bar)?* for the NF membrane



was measured by fitting the experimental data in Figure 2a. This value is consistent with the water
permeability reported in literature for the other commercial NF membranes,*®*® thus making this
module a good basis of comparison for the MD membrane. The water fluxes achieved by the MD
membrane (Figure 2b) range between 2 and 4.5 L (m?h)* and are also in line with the literature
values.”® In general, the permeate flux can be increased by increasing the temperature gradient i.e.
the vapor pressure gradient across the membrane. Increasing the crossflow velocity also results in
an increased flux, due to the smaller temperature drop along the membrane fiber (horizontal lines in
Figure 2b). At an average feed temperature of 58 °C and permeate temperature of 20 °C the MD
membrane can produce a flux of 4.5 L (m?h)?, while the NF membrane has a water flux of about
60 L (m?h)* at a transmembrane pressure (4P) of 9 bar. Therefore, the MD membrane permits to
obtain water fluxes, which are one order of magnitude lower than those achieved by NF, i.e. the
MD membrane requires more than 10 times larger area to filter the same amount of water than its
NF counterpart does.

Nevertheless, real water systems are complex mixtures of inorganic ions, organic molecules
and often contain biological materials. Therefore, the two membranes should be compared for their
permeability and their selectivity towards fluoride ions, in such type of systems. Moreover, they
should be able to maintain their perm-selectivity during filtration. For this reason, a model water
system simulating fluoride-contaminated water was prepared and filtered over both the commercial
NF membrane and the MD membrane. The chemical and physical properties of this water system
are reported in Table 1. Such water system had a total conductivity of 0.54 mS cm™, pH 6.9, and a
total hardness of 4.45 meq L. The concentrations of fluoride and humic substances were 15.0 and
5 mg L, respectively. The filtration performances of the two membranes during the concentration
of the feed solution were investigated by measuring their permeate flux (Jw), and by comparing

retenate and permeate for their concentration of fluoride ions, dissolved ions, and humic substances.
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Figure 2. Filtration of deionized water. (a) Permeate flux (Jw) as a function of membrane

overpressure in NF; the linear fitting of the experimental data (dashed line) was used to calculate

the membrane water permeance (Fwater). (0) Jw of MD as a function of feed temperature: the

horizontal bars and bullets indicate the temperature at the two membrane extremes and the average

temperature, respectively; vertical bars indicate the standard deviation over 4 measurements; the

permeate had an average temperature of 20 °C and the same cross flow velocity of the feed.

Table 1. Composition and physical properties of the model water system used for filtration tests.

Anions cations
Conductivity (mS cm™) 0.54 F (mgL?) 15.0 K*(mg L) 1.55
pH 6.9 Cl (mg L% 24.1 Na*(mgL?') 21.6
Hardness (meq L) 4.45 S04% (mg L) 16.6 Mg®* (mgL™?) 5.88
Humic acid (mg L?) 5.0 NO3z (mg L1 24.1 Ca*(mgL?Y) 79.24




3.2 Fluoride selectivity

The fluoride concentration in the feed and in the permeate of the NF membrane was measured
by a specific electrode and plotted as a function of the concentration factor (initial feed
volume/volume of the feed solution during filtration) in Figure 3a. When filtration started, a
fluoride concentration in the permeate (Cr,permeate) Of 1.7 ppm was measured, corresponding to a
selectivity (1- Cr,permeate/ Cr,feed) OF about 89%. The quality of the NF permeate strongly changes
during the concentration of the model water system. For instance, Cr,permeate 1S about 2.4 ppm for a
feed concentration factor of 2 and > 3ppm for a feed concentration factor of 3. Such permeate is not
suitable for human consumption. This result is not surprising, since NF membranes are known to be
partially permeable to F~ ions. Therefore, they are neither suitable to filter feeds with a high
concentration of fluoride ions, nor to achieve high concentration factors. Moreover, the membrane
selectivity decreases during filtration, as shown by the blue triangles in Figure3a. The decrease in
the F retention with increasing the feed concentration factor can be explained by the well-known
concentration polarization phenomena, which becomes more relevant at high ion concentration.

Despite the low water productivity, MD shows a higher ability to decrease the concentration
of fluoride ions than NF. Indeed the concentration of the F~ ions remained below the detection limit
of our electrode (0.2 ppm) even after reaching a concentration factor of 9 (Figure 3b). In order to
appreciate the selectivity of the MD membrane, model solutions of with F~ concentration ranging
from 10 to 1000 ppm were prepared by dissolving NaF in deionized water and tested with the same
AT and initial feed and permeate volumes of the previous experiment. The fluoride concentration in
the permeate tank and the permeate flux are reported in Figure 4 as a function of the fluoride

concentration in the feed. These data show that the membrane can completely retain F~ ions also for
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feeds with concentrations as high as 1 g L™ Moreover, in the absence of hardness ions, the

permeate flux is not affected by the F~ concentration in the feed solutions.

3.3 Scaling and salt retention

By observing the data points in Figure 3, we can notice that surprisingly the concentration of
the F ions in the feed tank does not increase linearly with the feed concentration factor, but it
reaches a plateau, which corresponds to about 20 ppm (from a concentration factor =3) for NF and
to about 40 ppm (from a concentration factor =5) for MD. This can be explained by considering the
hardness of our water system (4.45 meq L) and the scarce solubility of CaFz, which is 24.2 ppm at
25 °C.>* Therefore, we can expect that CaF crystals will form during filtration and will eventually
precipitate on the membrane surface, in the feed tank or in the tubing.

Hardness ions, as Ca?" and Mg?*, are notorious scaling agents, because they forms scarcely
soluble salts with F~ and several other anions as CO3% and SO42". Precipitation of CaCO3 and other
scaling salts can be indirectly observed by measuring the conductivity of the feed and of the
permeate, since it gives an estimation of the total free ions in solution. During NF a constant
conductivity is reached for concentration factors higher than 3 (Figure 5a), as for the fluoride ions
(Figure 3a). Scaling is negative for the NF filtration performances, since it can reduce the permeate
flux and screen the negative charge of the membrane surface, thus reducing the retention of the
negative F~ ions. On the contrary, the high temperature of the MD feed solution (~58 °C) hinders
the precipitation of inorganic salts and the concentration of the free ions at a concentration factor of

8 (Figure 5b) is nearly 3 times higher that measured for the NF membrane (Figure 5a).
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Figure 3. Fluoride concentration in the feed and in the permeate during concentration of the model
water system in Table 1. (a) Nanofiltration (NF) was performed at AP =9 bar, cross flow rate of
0.17 Ls™. (b) Membrane distillation (MD) was performed at a cross-flow velocity of 0.013 m s
and the average temperatures of the feed side and side were 58 °C and 20 °C, respectively; the

initial volumes of feed and permeate were 2.4 L and 0.40 L, respectively.
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Figure 4. Filtration of deionized water contaminated with fluorine: measured fluoride concentration
in the permeate (Cr permeate ) and permeate flux (Jw) as a function of the fluoride concentration in the
feed tank (Cr feeq) for the MD membrane. The experiment was performed at a cross-flow velocity of
0.013 m s and the average temperatures of the feed side and permeate side were 58 °C and 20 °C,

respectively; the initial volumes of feed and permeate were 2.4 L and 0.40 L, respectively.
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Figure 5a also shows that the NF membrane can only partially retain the dissolved ions. This is
not surprising since NF membranes are known to have higher rejection towards polyvalent than for
monovalent ions. The total salt retention, here estimated from the ratio between the conductivity of
the permeate and of the retentate, is about 57% when filtration started. Then, a steady decline in salt
retention is observed, which is probably due to the polarization phenomena and to the precipitation
of salts crystals on the membrane surface, as discussed above for the retention towards fluoride
ions. On the contrary, the permeation of inorganic ions is negligible for the MD membrane, also
when high concentration factors are reached (Figure 5b). Here, it should be stressed that, while the
retention of the potentially harmful fluoride ions is desired, the composition of the MD permeate is
not suitable for human consumption, due to its low salinity. Therefore, when MD is used for the

production of drinking water, additional costs should be considered to adjust the permeate salinity.
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Figure 5. Conductivity of the feed and of the permeate during concentration of the model water
system in Table 1. (a) Nanofiltration (NF) was performed at AP = 9 bar and crossflow rate of 0.17
L s. (b) Membrane distillation (MD) was performed at a cross-flow velocity of 0.013 m s and the
average temperatures of the feed side and permeate side were 58 °C and 20 °C, respectively; the

initial volumes of feed and permeate were 2.4 L and 0.40 L, respectively.
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3.4 Fouling and permeate flux

As scaling is often combined with organic fouling, our model systems was sparked with humic
substances (HA) at a concentration of 5 mg L. HA molecule are common foulants, which can bind
to membrane surface, blocking the membrane pores. The concentration of humic acid in the feed
and in the permeate was investigated by spectrophotometric analysis. Azss is the absorbance of the
solution at 254 nm, which is a good indicator for the concentration of humic substance in our model
system. The data reported in Figure 6 point out that both membranes can completely retain HA
molecules as their permeates have Axs4 ~ 0.0, regardless of the concentration factor. However, the
light absorption Azss of the NF concentrate in the feed thank shows an unexpected trend: it
decreases during filtration. The filtration was stopped after reaching a concentration factor of ~ 8.
At this point, the membrane surface was inspected, revealing a brown deposit, which can be
observed in the insert of Figure 6a.

Again, the MD membrane has a different behavior compared to NF. The HA concentration in
the MD feed thank increases during concentration (Figure 6b). However, this trend is not linear and
therefore it cannot be excluded that part of the HA molecules start being adsorbed on the membrane
surface at high concentration factors. Indeed, the amphiphilic character of the humic substances

allow them to interact with both the highly hydrophilic NF and the hydrophobic MD membranes

14
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Figure 6. Light absorbance at 254 nm (A2s4) of the feed and of the permeate during concentration of
the model water system in Table 1. (a) Nanofiltration (NF) was performed at AP =9 bar, cross flow
rate of 0.17 L s; the picture in the insert shows a portion of the surface of the polymeric NF
membrane at the end of the experiment. (b) Membrane distillation (MD) was performed at a cross-
flow velocity of 0.013 m s and the average temperatures of the feed side and permeate side were
58 °C and 20 °C, respectively; the initial volumes of feed and permeate were 2.4 L and 0.40 L,

respectively.

Figure 7 depicts the permeate flux as a function of the concentration factor for (a) the NF
membrane and (b) the MD membrane. Both membranes show a flux decline during filtration.
However, since the two membranes have a different interaction with the humic acid and function
under different driving forces, they show different fouling behaviour. As it is observed in Figure 6a,
the permeate flux of the NF membrane at the beginning of the filtration is 42 L (m? h)* at AP = 9
bar, that is only 72% of that measured for the demineralized water. This can be ascribed to an
increase of the osmotic pressure across the membrane, due to the high ionic strength of the feed
solution, and to the membrane fouling, which in our system is caused by the accumulation of humic
substances on the surface of the membrane. Moreover, when a concentration factor of 3 is reached,

the permeate flux of the NF membrane has an abrupt drop, and at a concentration factor of ~ 8 Jw is

15



equal to only 14 L (m? h). This change is probably due to the scaling of the membrane surface, as
we indirectly observed salt precipitation from the measurement of the fluoride concentration and the
conductivity of the NF concentrate in Figure 3a and Figure 5a, respectively. The permeate flux
decrement for the MD membrane is less pronounced compare to the NF membrane. When
compared to the filtration of demineralized water, Jw is equal to 90% at the beginning of the

filtration, and to 55% when a concentration factor of about 9 is reached.
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Figure 7. Permeate flux (Jw) during concentration of the model water system in Table 1. (a)
Nanofiltration (NF) was performed at AP = 9 bar, cross flow rate of 0.17 L s*; the picture in the
insert shows a portion of the surface of the polymeric NF membrane at the end of the experiment.
(b) Membrane distillation (MD) was performed at a cross-flow velocity of 0.013 m s and the
temperatures of the feed side and permeate side were 58 °C and 20 °C, respectively; the initial

volumes of feed and permeate were 2.4 L and 0.40 L, respectively.
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3.5 Salts in the MD concentrate

While most the HA molecules and the precipitated salts deposit on the NF membrane surface
during filtration, those remain in dispersed in the feed solution when the model water system is
treated by MD. Thus, after the filtration experiment, the MD concentrate was let to cool at room
temperature. A picture of it is reported in the insert of Figure 8. At the bottom of the flask, we can
see a brown precipitate, which must consists of insoluble humate salts (e.g. calcium and magnesium
humate®®>") and mineral crystals. The precipitate was filtered over a paper filter and analyzed at the
X-ray diffractoremeter. The diffraction patter (Figure 8) was used to investigate the composition of
the salt crystals precipitated after cooling the MD concentrate. Such analysis was performed with
the “search and match” function of the software HighScore Plus (PANalytical 2017). The peaks of
our diffractogram were compatible with only two types of crystals: fluorite (CaF- [ref. 58], peaks at
260 =28.57°, 47.52°, and 56.4°) and calcite (CaCOs [ref. 59,60] or Cao.04Mgo.06COs3 [ref. 60], peaks
at 260 = 29.5°, 31.6°, 36.1°, 39.6°, 43.3°, 47.2°, 47.6°, 48.6°, and 57.5°). The reference
diffractograms of other minerals cannot be matched with the peaks in Figure 8. This is consistent
with the solubility product constants (at 25 °C)®%! of the salts that can be formed by concentration of
the model water system in Table 1: CaF, 1.7 1014, CaCOs 4.7 10°°, MgF, 8 108, MgCO3 4.0 10>,

CaS042.510°.
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Figure 8. XRD pattern of the crystals in the MD concentrate, which showed in the insert picture.

The low solubility of fluorite (CaF2) makes it possible to aim for its selective recovery from
MD concentrate, as shown by the simulation in Figure 9. If we consider a mixture with the
composition reported in Table 1, fluorite is the first mineral salt that precipitate during
concentration. The filtration can be stopped before the formation of a significant amount of calcite,

thus allowing for the recovery of pure fluorite crystals from the MD concentrate.
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Figure 9. MD can be used to recover pure fluorite upon partial concentration of fluoride-
contaminated water. The x-axes indicates the filtration time for 1 m® of a fluoride-contaminated
water (Table 1) over a MD membrane of the same type which was used in our experiment and an
area of 50 m2. The y-axes indicates the amount of salt the can be recovered from the concentrate.

Conclusions

In summary, both NF and MD allow for the rejection of fluoride ions in solution. However,
these two processes are based on different mechanisms of permeation and selectivity, and thus they
show different performances during concentration of fluoride-contaminated water. The NF
membrane is partially permeable to the fluoride ions and therefore it is not suitable to treat streams
with high fluoride concentration and at high concentration factors the permeate might have a
fluoride concentration not suitable for human consumption. However, it has much higher water
productivity than the MD unit, even after the membrane surface underwent scaling and fouling.

The most important feature of MD is that the feed quality remains constant over all the

filtration time and the fluoride concentration in our permeate was below the detection limit of our
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electrode (0.2 ppm), even after reaching a concentration factor of 9. MD has higher resistance to
fouling and scaling than NF. Moreover, it does not require high pressure and solar heat or waste
heat can be exploited to generate a vapor pressure gradient across the membrane. The main
drawbacks of MD has been proven to be: (i) the low water productivity and (ii) the scarce salinity of
the permeate, which must be increased at a level save for human consumption. However, such
problems are already faced by the current RO installations.

The results here reported suggest that the synergic combination of the two techniques can be an
interesting solution to treat fluoride-contaminated water. At first, NF can be used to purify water
until the concentration of fluoride ion in the permeate is compatible with the local requirements for
drinking water, or until fouling and scaling make inconvenient to continue the concentration
process, even with frequent backwashing. Indeed, NF membranes are partially permeable to
fluoride ions and the quality of the produced drinking water deteriorates during concentration.
Therefore, the NF concentrate can be further treated by MD. Pre-concentration by NF will be
beneficial for the MD process by reducing the energy consumption for the heating and the
membrane area. Highly pure CaF. can be crystallized by cooling the MD concentrate, and
eventually exploited in industrial processes, as the production of hydrogen fluoride. Moreover, the
permeates of the NF and MD module can be mixed to obtain a high quality drinking water, with

the desired concentration of fluoride ions and dissolved minerals.
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