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ABSTRACT

Inorganic membranes typically have higher mechanical, thermal and chemical stability than
their polymeric counterparts. Therefore, in this work a recent transport model was used to
investigate the potential of porous inorganic membranes in water desalination. Salt rejection
was predicted using the Donnan-steric pore model, in which the extended Nernst-Planck
equation was applied to predict ion transport through the pores. The solvent flux was modeled
using the Hagen-Poiseuille equation by considering the electroviscous effect. This model
showed that inorganic NF membranes cannot achieve the selectivity of the traditional reverse
osmosis (RO) membranes, and can only approach the perm-selectivity of the less robust but
thinner and more flexible polymeric NF membranes. Nevertheless, inorganic NF membranes
with pore size of about 1.5 nm and C-potential between 5 and 20 mV allow for a good
compromise between water flux and salt rejection. Therefore, silica-based membranes with
such properties were fabricated by sol-gel deposition. Since we have recently reported that the
chemical and hydrothermal stability of unsupported microporous silica membranes can be
highly enhanced by TiO2-doping, two sols were used for membrane deposition: a 5% TiO2-
doped silica polymeric sol and a pure silica reference sol. The 5% TiO2-doped silica membrane
showed water permeability (2.3 liters per square meter per hour per bar (LMH bar 1)) more
than 30 times higher and higher salt selectivity than the pure silica membrane. As predicted by
our model, at the 5% TiO2-doped silica membrane had approached without reaching salt
rejection of commercial polymeric membranes with similar water flux, but it showed good
performances when compared with the already reported inorganic NF membranes. Moreover,
the new membrane presented nearly complete retention towards two model micropollutants,
namely caffeine and ibuprofen. By investigating limits and potential of microporous inorganic
mem-branes water desalination and detoxification, this work provides new knowledge for their
rational design.
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1. Introduction

As human population increases, water supplies become more limited and water scarcity is a
serious global issue. In this context, there is a high demand for energy-efficient technologies for
water softening, desalination, and detoxification. In particular, pressure-driven membrane
processes provide relatively efficient and convenient means for achieving water purification
[1,2]. Hydrated ions and organic micropollutants (e.g. pharmaceuticals, pesticides, hormones,
etc.) have typically size smaller than 1 nm; therefore pressure-driven membrane technology for
water desalination and detoxification is limited to reverse osmosis (RO) and nanofiltration (NF)
membranes [3]. At the present RO by means of dense polymeric membranes is most common
process for water desalination [1], since in principle it can remove all the dissolved ions from
water. Solution-diffusion (SD) has emerged over the past decades as the most widely accepted
transport mechanism in RO membranes [16]. On the contrary, NF membranes have typically
pore size (pore diameter, dp) between 1 and 2 nm [17]. Rejection mechanisms are more
complex [18]in NF membranes than in RO, because hydrated inorganic ions and most of the
organic micropollutants are smaller than NF membrane pores. The selectivity of NF porous
membrane depends on several factors like operation conditions (e.g. temperature, operating
pressure), solution properties (e.g. concentration and type of ionic species), and membrane-
solution interaction (e.g. membrane {-potential) [22-24]. NF membranes have lower ion
rejection than RO membranes, but can offer several advantages such as low operating pressure
and high permeability (Lp), resulting in relatively low investment, operation and maintenance
costs [3]. NF membranes can reduce the concentration of monovalent ions (sodium, chloride,
fluoride and nitrate), remove hardness, and remove small organics molecules from aqueous
systems. Thus, NF membranes can be used as RO pre-treatment [19], for the direct production
of drinking water from brackish water [20], and for the abatement of organic micropollutants in
the water. At the present, RO and NF market is dominated by polymeric membranes. Table 1
reports desalination performances of some of these commercial membranes [4-15]. Polymeric
membranes typically suffer from swelling, biofouling, scaling and poor thermal and chemical
resistance [2,18,21], which limit their operation time and make difficult to clean them. In
reason of that, inorganic NF membranes have been recently proposed as a possible alternative
for water treatment [29-36]. Inorganic porous membranes have been widely utilized in practical
areas including food processing, biotechnology, and petrochemical processing, because of
advantages of process applicability such as thermal stability, resistance to solvents and
chemicals, mechanical strength which enables inorganic membrane to work in harsh
environments and under a wider pressure and pH ranges [25-28]. Full cleaning and
regeneration is possible and hence longer membrane life time can be obtained [25,26].
However, inorganic membranes are expensive and will be commercially feasible in NF, only if
they can reach perm-selectivity similar to their commercially polymeric counterparts. Table
2 reports literature results for inorganic NF and low-ultrafiltration (low UF) membranes in
water desalination [29-36]. Among these membranes, MFI-type zeolite (silicalite) membranes
showed good salt retention at low applied pressure (4-7 bar). However, they present also low



permeability (Lp < 0.1 LMH bar?) due to their small pore size and high membrane thickness (2-3
um). Amorphous silica membrane structure has also been modified by inserting covalent
organic bridges into the SiO; network. Pore size and thus perm-selectivity of these membranes
can be tuned by adjusting the length of these organic bridges [37]. Xu et al. [31] have reported
a Lp ~0.115 LMH bar! with Rnaci > 89% for organosilica membrane (I ~ 0.2 um) in AP = 7 bar.
Organosilica membranes are typically thinner than zeolite membranes, but they are also denser
and have a lower pore fraction, thus they also show low water permeability. Zirconia, titania,
and alumina membranes have instead large pore size and thus show larger water permeability,
but show NaCl rejection < 52%. By comparing these results with those in Table 1, it is possible
to see that inorganic porous membranes still present lower salt rejection than polymeric
membranes with similar water permeability. Moreover, it should be stressed that the results in
Table 2 were often obtained in strict laboratory condition for dilute NaCl solution (e.g. < 0.05
M) [29-36] and will probably show lower performances when used in real-scale filtration
systems. This results can be explained by considering that the active layer of polymeric NF
membranes consists of a 0.1-0.2 um thick microporous polyamide, cellulose acetate or
sulfonated polyethersulfone skin, and it is difficult to coat inorganic NF membrane layers with
such thickness and with no defects. In this work, we use a recent-reported transport model [38]
to investigate the potential of inorganic NF membrane in water desalination. The model was
designed for inorganic membranes, which typically have a defined and rigid pore structure and
high surface charge. In this work, new membranes were fabricated to validate the model and to
assess their effective performances. Silica gel was selected as membrane materials since its
surface charge at quasi-neutral pH matches the indications of our model and its pore size can
be easily tailored by using surfactant micelles as sacrificial template. In a recent paper, we
reported that pH-stability and hydrophilicity of unsupported silica membranes can be greatly
enhanced by TiO; doping [39]. However, we also observed that the formation of a dense
anatase phase appears to have a negative influence on the membrane pore volume and specific
surface area, making the materials with a TiO; loading between 5% and 10% the most
promising for membrane application. Following these findings, our recently reported synthetic
path [39] was used to prepare a 5% TiO2-doped silica sol and a reference silica sol. The two sols
were coated over two commercial mesoporous y-alumina/macroporous a-alumina tubes to
from two NF membranes, which were tested for their water permeability and for their potential
to remove NaCl, divalent ions, and model micropollutants from water.

2. Materials and methods
2.1. Transport modeling

Membrane permeability and salt rejection were studied ac-cording to our recently reported
approach [38] based on optimized Donnan-steric pore model (DSPM). Salt rejection was
predicted using the Donnan-steric pore model, in which the extended Nernst-Planck equation
was applied to predict ion transport through the pores. The solvent flux was modeled using the
Hagen-Poiseuille equation by introducing electro-viscosity instead of the bulk viscosity.



2.2. Sol-gel synthesis

The following reagents were used: tetraethyl-orthosilicate (TEOS, 99.0% Sigma Aldrich),
titanium (IV) tetrabutoxide (Ti(butO)as, 97%, Sigma Aldrich), ethanol (99.9% Kemityl), nitric acid
(69% Sigma Aldrich), cetyltrimethyl ammonium (CTAB, Sigma Aldrich). Since Ti(butO)4 is more
sensitive to hydrolysis and condensation than TEOS, a two-step synthesis method was applied.
In the first step, aqueous nitric acid was slowly dropped into a mixture of TEOS in ethanol under
vigorous stirring to obtain the final molar ratio TEOS/ethanol/water/HNOs = 1/4/3/0.08. After
stirring the mixture for 3 h at 60°C, the volume was adjusted with ethanol in a volumetric flask
to obtain a final 1.5 M hydrolyzed-TEOS solution. A solution of Ti(butO)s in butanol (1 M) was
prepared under inert atmosphere, and then added to the diluted hydrolyzed-TEOS under
vigorous stirring at 5°C to obtain 5 mol% doping titania. The flask containing the mixture was
heated at 60°C for 90 min under magnetic stirring. Then, 7.00 g of CTAB was added to mixture
and the mixture was let to cool-down to room temperature (about 1 h) while stirring before
membrane coating. A similar procedure was used to prepare a reference pure silica sol. In this
case, an equivalent volume of pure butanol (with no Ti(butO)4) was added to the pre-
hydrolyzed TEOS mixture.

2.3. Membrane coating

The membranes were coated vertically on a lab-made machine at a dipping/withdrawing rate of
1.5 cm mint. An a-alumina supported g-alumina tubular membrane (250 x 10 x 7mm (L x OD x
ID)) (Pervatech B.V., The Netherlands) was used as carrier. After coating, the membranes were
dried at room temperature for 1 day and then calcined at 450°C for 3 h at a heating/cooling
rate of 2°C min™.

2.4. Material characterization

Particle size measurements were performed on a Zetasiser NanoZS (Malvern). 20 mL aliquots of
the two sols were dried in Petri-dishes in air and calcined at 450°C for 3 h at a heating/cooling
rate of 2°C mini, that is, in the same conditions used for membrane fabrication. The presence
of crystalline phases in these powders was investigated by XRD analysis using a PANalytical
Empyrean diffractometer (PANalytical, Aimelo, The Netherlands) with Cu Ka radiation. Pore
size distribution, specific surface area, and pore fraction of the membrane material were
determined by means of N, adsorption at liquid-nitrogen boiling point in a gas-volumetric
apparatus ASAP2020 (Micromeritics, Norcross USA), after outgassing at 300°C in vacuum
(residual pressure 102 mbar) for about four hours, that is, until no gaseous species arise from
them. Porosity was obtained applying the Density Functional Theory (DFT) method on the
adsorption branch of the isotherms [46]. High-resolution transmission electron microscopy
(HRTEM)images were obtained on a JEOL 3010-UHR instrument (acceleration potential: 300
kV). Samples for TEM investigation were sup-ported onto holed carbon coated copper grid by
dry deposition. The membrane composition and thickness of the TiO,-doped silica active layer
was determined by analyzing the cross-sectional view of the membrane a focused ion beam



scanning electron microscopes (FIB-SEM, Zeiss, EDX) at an accelerating voltage of 10 kV. The (-
potential of TiO,-doped silica particles was measured as a function of pH using a Zetasizer
(Nano NS, Malvern, UK). The solution pH was increased by adding KOH (Sigma Aldrich) steadily
by an auto-titrator (Malvern MPT-2). The suspensions contained 20 mL of 10 mM NaCl in
deionized water (Milli-Q produced by Nanopure Dimond, 18.2 MQ cm) in which 20 mg TiO»-
doped silica particles was dispersed by ultrasonic treatment and remained 24 h at room
temperature.

2.5. Filtration experiments

Deionized water (Milli-Q produced by Nanopure Dimond,18 MQ cm) was used in all the
filtration experiments. Inorganic and organic solutes were purchased by Sigma-Aldrich: NaCl
(purity > 99.5%), Na2S04 (> 99.5%), MgCl,.6H,0 (> 99.0%), MgS04.7H.0 (> 99.0%), CaCl,.2H.0 (>
99.0%), and CaS04$2H;0 (> 99.0%), CuCl,.2H,0 (> 99.0%), ibuprofen (= 98%), and caffeine (>
99.0%). A previously reported cross-flow filtration set-up [24] was used for this study. Inorganic
salt solutions were prepared all with an ionic strength of 0.01 M. The system was operated for 2
h to ensure that the membrane surface was in equilibrium with solution and the system was at
the steady state condition. The applied pressure (AP) was set to 6 bar for all experiments. The
cross-flow rate was maintained at 0.75 L min! to provide a cross-flow velocity of approximately
20 m/s. Such velocity is far from real life situations (cross-flow velocity typically smaller than 2
m/s), but was used to reduce concentration polarization phenomena [24,40], which were not
considered by our model. The salt rejection R = 1 - (Cpermeate/Cteed) Was determined by
measuring conductivity of feed and permeate using a conductivity meter (SevenMulti™ S70-K
bench-top, Switzerland with + 0.5% accuracy). The ionic strength was 0.01 M for the feed
solutions and < 0.01 M for all the permeates; thus, concentration was considered as a linear
function of conductivity [24,33]. A feed solution with caffeine (1 ppm) and ibuprofen (1 ppm)
was prepared and used for membrane retention tests. Caffeine and ibuprofen concentration in
the retentate and in permeate was determined by HPLC over a Dionex ASI-100 chromatograph
with a UV detector (A Phenomenex Luna C18 column; with diameter, length, and pore size of
4.60 mm, 250 mm, and 5mm, respectively). The mobile phase was deionized water (buffered
with 0.025 M KH;PO4) and acetonitrile (ACN), with a proportion ACN/buffer of 60/40 for
ibuprofen and 20/80 for caffeine, delivered at a flow rate of 1 mL min't. Membrane support was
also tested in the same conditions for comparison and to determine the active layer
permeability by using the resistance-in-series theory [40].

3. Results and discussion

3.1. Potential of inorganic NF membranes in water desalination. The first objective of this paper
is to investigate the potential of inorganic NF membranes in water desalination, also in
comparison with commercial polymeric RO or NF membranes. To achieve this goal we used the
recent reported optimized Donnan-steric pore model (DSPM) for NF and UF membranes [24]. In
this model, the modified Hagen-Poiseuille equation predicts solvent flux



Jp = (dp?€)/(32 Mapptl) (AP-AT), where d, is membrane pore size, Napp is solvent viscosity in the
membrane pore, € is membrane porosity and T is membrane tortuosity [24,40]. The ion
separation is described by a coupling between the hindered transport inside the pore governed
by a combination of convection, diffusion and electromigration terms (electrical potential
gradient) and the equilibrium partitioning at the membrane/solution interfaces governed by
Donnan, steric, dielectric interfacial exclusion mechanisms [22,24]. In the DSPM model, the
pressure difference produces a smooth gradient in pressure through the membrane [24,38,41].
The assumptions of DSPM model are acceptable for the membranes with pore size larger than
ions (dp > 0.5 nm)[41]. The model is designed for oxide (silica and ceramic) membranes, which
compared to polymeric membranes have high surface charge and a defined and rigid pore
structure. Fig. 1a shows the simulation of NaCl rejection (Rnac)) by microporous and mesoporous
membranes with 0.5 nm < d, <8 nmand 0< |{| <50 mV. The bulk feed concentration and
applied pressure were considered to be 10 mM (NaCl ~ 0.6% wt) and 6 bar, respectively. In this
concentration, the osmotic pressure differences (Ap) is less than 0.3 bar [24,40]. The hydration
diameters (ds) of Na* and CI- were considered 0.37 and 0.24 nm, respectively [24,41,42]. As
obvious, ion rejection increases by decreasing the pore size, due to steric exclusion at the
membrane/solution interfaces. This effect is more evident for no charged membranes (z%0).
The C-potential increases the volume charge density and electroviscous effect in the pore,
simultaneously. lons moving along the electric field generated by the streaming potential will
drag solvent molecules within membrane pores, thus increasing the apparent viscosity of the
liquid. This phenomenon is commonly named electroviscous effect[24]. The volume charge
density increases the ion rejection because of both interfacial exclusion and electromigration
(caused by electrical potential gradient); while the electroviscous effect decreases the ion
rejection in result of flux decline. These opposite effects, namely C-potential increasing the
electromigration term and decreasing the convection term, cause an optimum C-potential for
salt rejection, which is indicated by Rmax in Fig. 1a. This maximum is evident for nanoporous
membranes with d, <6 nm. The {-potential of optimum rejection decreases with increasing d,
and also depends on the nature of the ions [38]. According to Fig.1a, Rnaci > 85% can be
obtained solely by nanoporous membranes with dy of 0.5 nm or smaller and || > 10 mV. For
practical applications, a membrane should combine high selectivity and high permeability. For
this reason, the simulation of NaCl rejection and membrane permeability of membranes with
0.5nm<dp<10 nmand 0< |£| <60 mV is depicted Fig. 1b. The membrane thickness (l) was
considered to be 1 um. Effect of membrane thickness on membrane permeability is indicated
by the horizontal black lines for 0.2 um <1< 2 um. It is worth to mention that depositing and
calcining defect-free ceramic or silica layers with | < 0.2 um on large-area porous carriers is
technically challenging with the commonly used methods in membrane preparation, like slip
casting, tape casting, and dip coating [43]. In this simulation, membrane porosity (&) was
considered to be 0.5 and it was assumed that the membrane tortuosity (t) was equal to 3 for all
active layers, similar to values reported in the literature. [44e46].Fig. 1b indicates that
membrane permeability increases with pore size and decreases with the C-potential. This is



consistent with literature data reported in Table 2. For instance, silicalite membranes showed
NaCl rejection of 47-72% mainly because of low C-potential (~ 5 mV at pH = 6-7), but Li et
al.[25]has increased the C-potential of MFI-type zeolite membrane by increasing theratio of
Si/Al (|£] > 50 mV) achieving approximately 90% of NaCl rejection for a membrane with L, of
0.005 LMH bar™. In general, the values reported in Fig. 1b have a good correspondence with the
data in Table 2, despite the difference in membrane composition and test conditions. Fig. 1b
indicates that porous membranes with d > 2 nm are not capable to remove more than 45% of
NaCl. Indeed, excluding a few papers [47,48], which report filtration experiments conducted on
unconventional conditions, mesoporous oxide membranes, such as y-alumina, titania and
zirconia with d, > 2 nm, are not able to remove more than 40% NaCl. Our model also shows
that theoretically inorganic porous membranes with pore size of 0.5 nm (e.g. zeolite and
organosilica) can achieve the same perm-selectivity of dense polymeric RO membrane for
water desalination unless membrane thickness would be technically reduced to be less than 50
nm which is hard to obtain with the current coating technologies[31,43]. On the other hand,
Fig. 1b suggests that membranes should have a pore size in the 1-2 nm range and |{| between
5 and 20 mV to achieve NaCl rejection > 50%. Under this conditions, L, > 1 LMH bar™ can be
obtained with a layer with thickness of 2 um while deposition of a thin layer (e.g. 200 nm) can
provide Lp > 10 LMH bar.

3.2. Membrane materials: morphology and surface charge

Herein, we report two new inorganic NF membranes within the mentioned pore size and
optimum C-potential over a broad pH interval. Silica is an ideal material for the fabrication of
such membranes, since silica surface is known to be negatively charged at pH above 2-2.5 [49],
and high pore volume and pores size in 1-2 nm range can be attained by means of cetyl-
trimethylammonium bromide (CTAB) micelles as sacrificial template[50e53]. As mentioned in
the Introduction paragraph, the membranes were prepared by sol-gel deposition over
commercial supports. Two sols were used for membrane coating: a pure silica sols and a 5%
TiO2-doped silica sols, since we have recently showed that TiO;-doping can increase pH-stability
and hydrophilicity of unsupported silica membranes [39]. Particle size distributions of the sols
were measured before CTAB addition, in order to check if the colloids have size adequate to
coat a thin microporous membrane over a mesoporous support, as required for the target NF
membrane. Fig. 2 shows that solvated particles of the undoped and TiO;-doped silica sols have
size distributions with a maximum at about 2 and 5 nm, respectively. The fact that the TiO,-
doped sol has larger particle size compared to the pure silica one, is common for transition
metal doped silica sol [54-56] and is consistent with the high reactivity of the transitionmetal
alkoxide used as precursor. The particle size of both sol is suitable for the surfactant-templated
method[58]. However, the particles of the pure silica sol are rather small and they may
penetrate in the pores of the mesoporous carrier used as membrane support. Fig. 3a and 3c
show the TEM images of the heat-treated un-supported pure silica and 5% TiO;-doped silica
membranes. The membrane materials appear to be fully amorphous and homogeneous with



disordered pore structure. The absence of long-range order in both samples was confirmed by
the absence of peaks in the X-ray diffractograms (both at 26 > 5° and at 26 < 5°), which are not
reported here for the sake of briefness. This result indicates that the procedure used in this
study allowed for a good dispersion of the Ti** ions in the amorphous silica matrix and lead to
the formation of a disorder porous structure. This observation might be explained by
considering that the use of a mixture of butanol and ethanol as solvent has probably hindered
the formation of an ordered micelle structure during the consolidation of the material before
calcination. The pore size distribution of the two materials was measured by low temperature
nitrogen adsorption. As shown in Fig. 3b and 3d,most of the nitrogen is adsorbed at a relative
pressure < 0.2 and the sorption curve has a plateau for higher relative pressure. This sorption
isotherm corresponds to the Type | of IUPAC classification[59], which is typical of systems with
micropores and/or small mesopores. The pore size distributions show indeed that both
membranes have pores with size smaller than 2.5 nm with an average size between 1 and 2 nm.
Moreover, both materials show high specific surface area (981 and 863 m?g?, respectively) and
high pore fraction (¢ = 0.73 and € = 0.71, respectively), as typical for surfactant template silica
structures which is consistent with the use of CTAB micelles as structure directing
agents[49,50]. The C-potential of the pure silica and of the 5% TiO,-doped silica layer was
measured on unsupported membrane particles dispersed in an aqueous solution of different
inorganic salts (ionic strength0.01 M) over a pH range between 1.7 and 6, as shown in Fig.
4.Dissolved salts have little effect on the surface charge of both materials, whose isoelectric
point lays in between pH 2 and 3, as typical for silica powders. The change of dissolved salts
produce only a little shift in the isoelectric point from pH ~ 2 to higher pH, according to the
order: CaS04 < Na;S04 < NaCl < MgCl; < CaCly, indicating that sulphate ions and divalent cations
have only weak or extremely weak interactions with the material surface. This trend is more
pronounced for the TiO,-doped silica sample. However, the influence of dissolved salts on { is
far what has been observed for y-alumina support material[24,38]. In our case, both membrane
materials are negatively charged when exposed at a solution with pH above 3 and the condition
5< || <20 mV, i.e. -potential favorable for ion rejection, is verified for many water systems.

3.3. Membrane structure and water permeability

Two NF membranes were fabricated by coating the pure silica and the 5% TiO>-doped silica
colloids on two commercial y-alumina/a-alumina tubular carriers. The SEM cross-section
images of the two supported membranes are depicted in Fig. 5. This picture shows the defect-
free TiO,-doped silica layer deposited on the mesoporous (pore diameter ~ 5.5 nm) y-alumina
interlayer. A thickness (I) of 1.2 um was measured for both the membrane top-layers. The
composition of the TiO2-doped silica layer was analyzed by EDX showing a Ti/(Ti + Si) molar
ration of 5 + 2%, which is consistent with the composition of the sol used for membrane
coating. Water permeability of the two membranes was tested with deionized water (18 MQ
cm) at AP of 6 bar. The 5% TiO,-doped silica membrane showed a water permeability of L, = 2.3
LMH bar?, i.e. more than one order of magnitude higher than the pure silica membrane, which



has Lp = 6.3-102 LMH bar™. Fig. 6 shows the resistances of membrane top-layers and support
against water flux. The resistance of the TiO,-doped silica layer is comparable with that of the
support, thus making this membrane interesting for practical applications if achieving higher
selectivity than the support y-alumina/a-alumina tube. By subtracting the support and
interlayer effects on the permeability using the resistance-in-series theory [38], the active layer
permeability (TiO2-doped silica) was determined to be approximately 3.1 LMH bar* which can
be expected from a layer with dp = 1.44 nm, | > 1.87 um, € = 0.71 and tortuosity (t)
correspondent to 2.1. Such tortuosity is consistent with the disordered arrays of micropores in
the membrane layer. On the contrary, the resistance against water flux of the pure silica
membrane is two orders of magnitude higher than that of its support, thus this membrane
appears not be suitable for real filtration systems. This result is surprising, since the two
membrane materials have similar pore structure and surface charge. TiO>-doped silica
membranes have been reported to be more hydrophilic than pure silica [39], but this feature
cannot justify such a difference in water permeability. On the other hand, the particle size of
the sol used for the coating of the pure silica membrane is markedly smaller than the size of the
5% TiO,-doped silica sol particles. Therefore, the scarce water permeability of the pure silica
mem-brane can probably be ascribed to the penetration and partial occlusion of the y-alumina
support mesopores by the unreacted TEOS and the silica clusters, as already observed for other
membranes [56,57].

3.4. Desalination

The transport model [38] was verified by filtering NaCl solutions(ionic strength 0.01 M) in the
pH range 2.0-7.8 over the 5% TiO,-doped silica membrane. Water permeability data are
depicted as a function of C in Fig. 7a, together with the trend predicted by our transport model.
In general, the experimental values are close to our simulation and the general trend of a slight
reduction of the membrane permeability at high || due to the electroviscous effect is verified.
Fig. 7b reports NaCl rejection as a function of ||. As predicted by our model, the lowest
rejection was observed at low pH where |{| <10 mV, in accordance with a rejection
mechanism dominated by Donnan exclusion: the Derby length (double layer thickness) is 3 nm
for 0.01 M NaCl, and thereby fill out the mem-brane pores. Thus, negatively charged ions are
excluded from the pores. The ion exclusion is more pronounced for highly charged pores (high

| C]).Filtration tests over the pure silica membrane were made difficult by its low water
permeability. Indeed, several hours were necessary to be able to collect the minimum volume
of permeate(10 mL) that is required for the conductivity analysis. Despite that, the ability of the
pure silica membrane to reject salts of mono-valent and divalent ion was investigated, in order
to appreciate the selectivity of the TiO,-doped silica membrane. Thus, salt rejection of the two
new NF membranes was measured for NaCl Na SO4,MgCl,, MgS0a, CaCl,, and CaSOas solutions
(ionic strength 0.01 M in deionized water with no pH correction,DP%6 bar), and compared to
that of the y-alumina support in Fig. 8. The y-alumina support (dy = 5.5 nm) showed rejection
values of 23% for NaCl, 32% for Na;S04, about 40% for MgCl, and CaCl,, and about 50% for



MgS04 and CaSOa. The high rejection of sulphate salts by y-alumina membrane has been
suggested to be caused by the adsorption of divalent ions on the membrane pore wall, which
might facilitate steric exclusion[38]. The TiOz-doped silica membrane had always higher salt
rejection than the y-alumina support, indicating that no significant defects were present in the
new NF layer. A rejection of 58% was measured for NaCl, and rejection values between 60%
and 70% was measured for the other salts. lon rejection is expected to be higher for the
microporous silica-based membrane than for the mesoporous y-alumina, because of the
smaller pore size. Moreover, the difference of rejection for the different salts is smaller for the
TiO2-doped silica membrane than in the y-alumina support, for which MgS0O4 and CaSO4
rejections were more than two fold higher than NaCl rejection). This is consistent with the weak
interaction of the silica membrane with the dissolved ions(Fig. 4). The pure silica NF membrane
had a rejection of 34% and44% for NaCl and Na;SOa, respectively. The rejection of these two
salts was higher than that of the bare support, indicating that a continuous silica layer was
formed, but the rejection ability of this layer was lower than the one of the TiO,-doped silica
membrane. Moreover, the rejection of pure silica membranes for the other four salts was not
significantly different from that of the y-alumina support. Since the TiO,-doping appeared to
have no significant impact on the pore size (Fig. 3) and on the {-potential (Fig. 4) of the
membrane material, the difference in performances between the two membranes should be
related to the quality of the pure silica membrane layer and to its scarce permeability:

3.5. Pollutant removal

The two new NF membranes were tested also for their ability to remove a potentially toxic
inorganic pollutant, copper (Cu?*) [61], and two model organic pollutants, namely caffeine
(CgH10N402, Mw = 194.19 g/mol) [62] and ibuprofen (C13H1s02, Mw = 206.29 g/mol) [63], and
compared to the bare support. Retention values are reported in Fig. 9. The bare y-alumina
support and the two membranes showed a CuCl; rejection similar to that observed for MgCl;
and CaCls. This can be explained by considering that Cu?* has the same net charge and similar
size of the Mg? and the Ca?* ions. On the contrary, the three membranes had a highly different
rejection of the organic micropollutants. The bare support, the pure silica membrane and the
TiO2-doped silica membrane respectively showed a rejection of 5%, 77%, and 91% for
ibuprofen, and of 3%, 85%, and 90% for caffeine. This observation can be explained considering
that the steric exclusion is the main rejection mechanism for these neutral organic molecules,
resulting in much higher rejection for the new NF silica membrane (pore size ~ 1.4 nm) than for
the y-alumina support (pore size ~ 5.5 nm). These data confirm that the pure silica membrane
consisted of a continuous selective layer. Moreover, they show that the TiO;-doped silica
membrane can combine water permeability and selectivity values for ibuprofen and caffeine
comparable to those reported for commercial polymeric NF membranes [64-66].

4, Conclusions



This study had the following objectives: (i) to model the potential of inorganic NF membranes in
water desalination, (ii) to design and fabricate new inorganic membranes on the basis of the
simulation results, (iii) to test the new membranes, in order to validate the model and to assess
their potential in desalination and detoxification of water systems. Our model showed that a
combination of water permeability and NaCl rejection close to that of commercial dense
polymeric RO membranes can be potentially achieved by solely membranes with pore size (dp)
< 0.5 nm and thickness (l) < 50 nm (pore fraction € = 0.5). However, the coating of such thin
membranes is hard to achieve without defect over large filtering areas. On the contrary, the
model suggested that membranes with a mean pore size be-tween 1 and 2 nmand 5 < || <20
can potentially approach the perm-selectivity of commercial polymeric NF membranes. There-
fore, we fabricated a pure silica membrane and a TiO,-doped silica membrane with the above
mentioned properties. Despite the two materials were synthetized in similar conditions, the
higher reactivity of Ti(Obut)s cause the TiO,-doped silica sol to have larger particle size than the
pure silica sol. Nevertheless, after drying and calcination the two materials showed similar pore
structure and surface properties, as revealed respectively by nitrogen adsorption analysis and
C-potential measurements. Thus, the two membrane materials were coated over y-alumina/a.-
alumina tubes and tested in a cross-flow filtration apparatus at an applied pressure of 6 bar.
The water permeability of the pure silica membrane was lower than 7-102LMH bar?, i.e. far
below the permeability of commercial membranes, while the 5% TiO>-doped silica membrane
showed a water permeability of 2.3 LMH bar?, which is interesting for practical application.
Hence, the size of the coating sol is confirmed to play a key role in the membrane resistance,
e.g. by preventing penetration in the support mesopores. In good agreement with our model,
desalination tests showed that the 5% TiO,-doped silica membrane removed approximately
59% of NaCl at pH ~ 6; while at pH < 4, NaCl rejection decreased, because of the low |{|. Higher
rejection values (between 60% and 70%) were observed for salts of divalent cations and/or
anions at quasi-neutral pH. The selectivity of the new 5% TiOz-doped silica membrane is higher
than that of the bare support and it is also less affected by the feed composition (a feature
desirable for practical water filtrations, which can imply fluctuations in the feed solution).As
predicted by our model, in terms of NaCl rejection and water permeability, the 5% TiO,-doped
silica membrane can only approach the thinner polymeric NF membranes (Table 1,200 <
MWCO < 400 Da, in operation condition of AP =4-10, T = 20-30°C and pH = 5-7). However, most
of the reported alumina, titania and zirconia membranes have a salt rejection lower than the
5% TiO,-doped silica membrane presented this work. Higher salt rejection can be achieved by
other silica-based mem-brane such as silicates and hybrid organo-silica membranes, which
however have water permeability more than 20 times lower than our membrane. Moreover,
the new TiO;-doped silica membrane showed nearly complete retention towards caffeine and
ibuprofen, i.e. much larger than the mesoporous support. Hence, our simulations and
experimental results call in to question the possibility of inorganic NF membrane to reach the
desalination performances of the commercial polymeric RO and NF membranes. Nevertheless,
our results confirm their ability to retain > 50% NaCl and other salts, and their high potential in



micro-pollutants removal. These features, together with their good chemical and hydrothermal
stability, make these membranes interesting for various applications as RO pre-treatment units
and for those NF applications requiring frequent cleaning or sterilization cycles. By
investigating limits and potential of inorganic NF membranes in water desalination and
detoxification, this work provides new knowledge for their rational design.
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Table 1
Performance of commercial low-energy polymeric RO and NF membranes [4—15].
Membrane [Company Type AP [bar] T[C] pH Cnact” [M] Rec” [%] Ly [LMH bar '] Ryacr [%] Rgion
XLE-2521/DOW-FILMTEC [4] RO 6.90 25 6-7 0.008 15 7.04 99 =99 MgS0,
BW30-2540/DOW-FILMTEC 4] RO 10.3 25 6—7 0.03 15 498 99.50 =99 MgS0,
4040-ULP/KOCH (5] RO 8.60 25 7.5 0.03 15 4.17 98.65 =99 MgS0,
TMG10/TORAY 6] RO 7.60 25 7 0.01 15 5262 99 =99 MgS0,
ESPA4-4040/HYDRANAUTICS [ 7] RO 7.00 25 6.5-7 0.01 15 713 99.2 =99 MgS0,
AKB8040N 400/GE-DESAL [ 8] RO 7.93 25 7.5 0.01 15 5.61 98 =99 Mg50,
NF270/DOW-FILMTEC [9,10] NF 4.8 25 6.5-7 0.016 15 10.5-10.85 =50 97 Mgs0,
NFOO/DOW-FILMTEC [7,11] NF 4.8 25 6.5-7 0.016—0.034 15 6.66—8.68 =85 97 Mgs0,
CK2540FM 30D/GE-DESAL [12] NF 15.5 25 6.5 0016 15 247 =50 94 MgS0,
ESNA1-LF-LD/HYDRANAUTICS [13] NF 5.2 25 6.5-7 0.004 15 6.70 =50 86-89 CaCly
8040-TSB0-UWA(TRISEP [14] NF 7.6 25 7-8 0016 15 5.45 =50 97-99 MgS0,
NE 8040-90/CSM[15] NF 5 25 6.5-7 0.004—-0.034 15 6.36 8595 90-95 CaCl,
NE 8040-70/CSM [15] NF 5 25 6.5-7 0.004—-0.034 15 5.9 40-70 45-70 CaCl,
? Concentration of NaCl in the feed.
b Recovery.
© Retention of divalent ions.
Table 2
Desalination performance of inorganic NF and low UF membranes [24,29-36].
Membrane Top layer dy [nm] L [pum] AP [bar] T[°C] pH Cract [M] Ly, [LMH bar ') Rnaa [%]
MF1 Zeolite Silicalite [29] 0.55 98 10 25 7.6 NJA 0.04 47
Silicalite [30] 0.5-0.6 2 7 25 0.1 0.05 72
ZSM-5 SifAl = 65 30| 0.5-0.6 2 7 25 01 0.02 84
ZSM-5 SifAl = 50 |30] 0.5-0.6 2 7 25 01 0.005 88
Organosilica BTESE_100 [31] 0.5 02 7 25 0.03 0.11 89
BTESE_300 [31] 0.5 02 7 25 0.03 0.06 96
BTESE [24] 0.55 02 9 25 6—7 0.034 0.18 65
Titania TiDz [32] 2 01 5 67 0.01 20 10-15
TiDz [33] 0.55-2 0.05 6 67 0.01 20 38
TiDs [34] 4 05 7 30 6.2 0.01 8 30
Zirconia Zr0z-400 |35] 1.8 NfA 6 25 6 0.01 0.3 20
Zr(0,5-350 |35] 0.94 NfA 6 25 6 0.01 0.2 22
Alumina y-alumina [36) 3.4 NfA 6 25 5.5-6 0.001 2 52
y-alumina [36) 8.7 4 6 25 5.5-6 0.001 11 40
y-alumina [24)] 4.4 12 9 25 5.5-6 0.034 10-12 20
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Fig. 1. (A) simulation of NaCl rejection (R) of porous membranes vs. z-potential for different pore
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Fig. 3. TEM images of the unsupported pure silica (a) and TiO2-doped (c) silica membranes, and the
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Fig. 4. C-potential vs pH graphs for a pure silica reference sample and a 5% TiO;-doped silica
unsupported membrane (ionic strength 0.01 M).
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Fig. 5. SEM cross-section image of the pure silica and of the 5%Ti0;-doped silica membranes. The
micrographs show the membrane active layer and the y-alumina interlayer. Membrane cross-
sections were realized by FIB (Focused lon Beam).
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