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I Abstract

The present work reports on the synthesis of cellulose acetate (CA) asymmetric membranes with the incorporation of inorganic fluorides, CaF, particles. These fillers of polymeric
composites can, according to the literature, promote the ordering of the polymer matrix, which can lead to interesting permeation properties. In order to achieve that, fluorite (CaF,)
fine particles were prepared by a double jet injection method using CaCl, and NaF solutions as precursors and polyvinylpyrrolidone as a stabilizing agent. The fluorite particles
were incorporated in the casting solutions of cellulose acetate/acetone/formamide. Dynamic light scattering measurements showed that formamide acting as the poor solvent in the
membrane casting solutions can lead to some agglomeration of the fluorite particles and evident changes in structure and permeation properties. The CA/CaF, composite membranes
were casted by the phase inversion method at different solvent evaporation times. The permeation experiments indicated that the active layer of the membranes prepared with shorter
solvent evaporation times is composed of an organic-inorganic network with bigger pores, which allows the permeation of molecules approximately two times the size of those
retained by the CA membranes. Further increase in the solvent evaporation time has the opposite effect, as particle agglomerates may be formed.

© 2020 MPRL. All rights reserved.

1. Introduction

infrared), low phonon energy, high chemical resistance, thermal conductivity,
dielectric properties, low cost, and biocompatibility [1-7]. As far as we know,
few works report on the modification of polymers using inorganic fluorides,

The purpose of blending inorganic fillers into different polymer matrices
is usually the improvement of polymeric materials’ performance. Since the
properties depend on the structural features of the polymeric composite, they

depend greatly on the dispersion and orientation of the fillers in the matrix, as
well as on their interaction with the polymer [1,2].

Ceramic fine particles are materials possessing outstanding chemical and
thermal resistances, and they are interesting as fillers in polymeric composites
not only because of these features, but also because they are easily obtained
at a relatively low cost. Among these ceramic fine particles, calcium fluoride,
when used as a filler in composite materials, is attractive due to its high optical
transparence in a broad wavelength range (from vacuum ultraviolet to mid-

in spite of the fact that CaF, particles would be interesting components of
polymeric composites, since they can act as nucleating agents accelerating
the crystallization of the polymer matrix and they enhance the thermal
properties and adjust the surface and optical properties of the composites
[1-5]. Nanosized CaF, as a filler in membrane fabrication could confer
more chemical and mechanical resistance to the polymers and, perhaps
even more important, antibacterial properties that would extend the life of
membranes usually prone to biofilm formation and fouling. The bactericide
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properties of CaF, have been reported on [6] and the combination of fluorite
and other reagents has proven to improve dental treatments protecting teeth
against cariogenic microorganisms [8,9].

In the past, research has been focused on the properties and performance
of polymeric cellulose acetate (CA) [10] and monophasic hybrid CA/silica
[11,12] integral asymmetric membranes. Despite the huge amount of work
concerning these polymeric membranes, the modification of the basic
characteristics of CA using fluoride-based materials as fillers has been rarely
reported.

The present work addresses the innovative synthesis of CaF,
nanoparticles by the double-jet precipitation technique which was adapted
from the method used by Safronikhin et al. [13] for the preparation of LaF;
nanoparticles. The CaF, nanoparticles are thoroughly characterized by X-ray
diffraction (XRD), transmission electron microscopy (TEM) and dynamic
light scattering (DLS). The second part of the study reports on the synthesis
of CA/CaF, composite integral asymmetric membranes by incorporation of
the CaF, nanoparticles into cellulose acetate/formamide/acetone casting
solutions with 17/30/53 (wt.%) compositions. The surface and structure
properties of the CA/CaF, composite membranes are studied, the permeation
performance is assessed in terms of hydraulic permeability, and the molecular
weight cut-off (MWCO) is estimated through the determination of the
rejection coefficients to organic solutes with increasing molecular weights.

2. Experimental
2.1. Materials and chemicals

Cellulose acetate (CA) (Sigma-Aldrich, ~30,000 g/mol), formamide
(Sigma-Aldrich, >99.5% purity), acetone (Labchem, 99.9% purity), sodium
fluoride (NaF) (Merck, >99.5% purity), polyvinylpyrrolidone (PVP)
(~44.000 g/mol, >88.18%, BDH Chem.), sodium chloride (NaCl) (VWR,
99.9% purity), calcium chloride (CaCl,.2H,0) (Merck, 99.0% purity), sodium
sulfate (Na,SO4) (Scharlau, 99% purity), magnesium chloride hexahydrate
(MgCl,.6H,0) (Riedel-de Haen, 99%), magnesium sulfate heptahydrate
(MgS04.7H,0) (Merck, 99.5%), magnesium perchlorate (Mg(ClO4),),
potassium chloride (KCI) (Merck, 99.5%), and potassium sulfate (K,SO.,)
(Scharlau, 99.5%). D(p)-Glucose anhydrous (PA-ACS) (Panreac),
Polyethylene glycol (PEG) PEG 1,000 Da (Merck), PEG 10,000 Da (Merck),
Dextran 70,000 Da (Pharmacia), and Dextran 110,000 Da (Pharmacia).

2.2. Synthesis of CaF ultrafine particles

In a typical experiment, reagent solutions were prepared by dissolving
0.6086 g CaCl,.2H,0 in 25 mL of a 20 g/L PVP solution, and 0.2624 g NaF
in another 25mL of the same PVP solution. Both solutions were
simultaneously added dropwise into 25 mL of a 20 g/L PVP solution at 25 °C
under vigorous stirring. When the addition of the reagents was finished, the
system was kept under stirring for 10 minutes. The product was separated by
adding NaCl to precipitate the particles, followed by centrifugation at
11,000 rpm for 10 minutes. The solid was washed six times with water and
twice with acetone.

2.3. Characterization of CaF, ultrafine particles

Phase analysis and crystallinity determination of synthesized CaF,
material were conducted by powder X-ray diffraction (XRD) using a Bruker
D8 Advance Diffractometer (Cu Ka radiation, A = 1.54060 A; 40 kV, 35 mA,
Instituto de Metalurgia/lUASLP). The XRD data were collected in the 2-hour
range from 4 to 90° 2theta, with a step size of 0.02° and a counting time of
3.35s. The characterization was performed on a dried powder sample, which
was obtained by precipitation of the nanoparticles, adding acetone to the
aqueous dispersion and washing with water and isopropanol. XRD analysis
was carried out using a silicon single crystal ((911) orientation) as sample
holder to minimize scattering. To estimate the average crystallite size and
specific crystallite size anisotropy from diffraction peak broadening
reflections (using the Scherrer equation), the Rietveld refinement (Le Bail
method) was performed using the Bruker software TOPAS 4.2. For each
Rietveld refinement, the instrumental correction was included as determined,
with a standard powder sample Al,Oz (from National Institute of Standards
and Technology (NIST)) as standard reference material, NIST 1976a). The
diffraction pattern was analyzed qualitatively using the PDF-2 (2010) of
ICDD databases.

The particle size of CaF, particles was determined by transmission
electron microscopy (TEM). Images were acquired using a Hitachi H-7000
microscope (Japan) with an 80 kV acceleration voltage. The samples were
prepared by depositing a droplet of a diluted colloid suspension of the

particles onto a holey carbon Formvar filmed grid and allowing the solvent
(ethanol) to evaporate. Dynamic light scattering (DLS) measurements were
performed using a Zetasizer NanoRange (Malvern). The particles were
suspended in the solvents used in the casting solutions. The concentration of
the particles in the suspension was 10 ppm. Six measurements were taken for
each sample at a temperature of 25 °C.

2.4. Membrane preparation

Flat sheet membranes were prepared by the phase inversion method [14].
The cellulose acetate (CA) flat sheet membranes, referred to as CA
membranes, were cast from casting solutions containing CA, acetone and
formamide. The CA/CaF, composite membranes were obtained from the
incorporation of CaF, nanoparticles into the casting solutions to yield the
CAJ/CaF; membranes. The casting solution composition and casting
conditions are presented in Table 1. The solvent evaporation time, in minutes,
is added to the membrane designation. To prepare the casting solutions of the
composite membranes, the CaF, nanoparticles were introduced in the acetone
solution. The casting solutions were subjected to stirring in a mechanical
shaker (Vibromatic, Selecta) for approximately 24 hours. The casting
solutions were spread on a clean glass plate using a casting knife of 250 pm.
The glass plate was left in contact with the air for the duration of the solvent
evaporation step, after which it was immersed in ice cold water for 2 hours.

Table 1
Casting solution composition and film casting conditions of CA and CA/CaF2
membranes.

CA membranes CAJ/CaF2 composite membranes

Casting
solution CA0.5 CA2 CA10
(wt.%)

CAICaF,05 CA/CaF;2 CA/CaF.10

Cellulose
Acetate

Formamide 30.00 29.97

17.00 16.98

Acetone 53.00 52.95

CaF o 0.10

Casting
conditions

Solvent
evaporation 0.5 2.0 10.0 0.5 2.0 10.0
time (min)

Solution
temperature 20-25
(°C)

Atmosphere’s
temperature 20-25
(°C)
Gelation

; water at 0 °C for 2h
medium

2.5. Surface and structure properties of Cellulose Acetate/CaF, membranes

The active layer surfaces, the porous layer bottom surfaces, and the cross-
sections of the CA membranes and the composite CA/CaF, membranes
described in Table 1 were observed by Field Emission Scanning Electron
Microscopy (FESEM, JM-7001F FEG-SEM, JEOL). Prior to being imaged
by SEM, the CA/CaF, membranes were submitted to a drying process
previously described [11]. SEM characterization with the Backscattered
Electron (BSE) Detector was carried out using first an ESEM-FEG-Quanta
250, Thermo-Fisher Scientific. In order to obtain more information on the
particle distribution in the active layer and cross-section of the membranes,
the BSE detector for atomic contrast analysis, in a brand double-beam
scanning electron microscope FEI-Helios Nanolab 600 (IPICyT) was used.
Characterization by means of atomic contrast was carried out only for the
membranes with embedded particles. The membranes were dried at room
temperature, fractured in liquid nitrogen, mounted on a stub and, then,
sputter-coated with gold. All measurements, such as the active layer and
overall membrane thickness, were obtained with the ImageJ version 1.4.3.67
(NIH Image, USA) software. A qualitative analysis was performed by means
of X-ray energy dispersion spectrometry. This technique is based on the X-
ray spectrum emitted by the solid sample, bombarded by a focused electron
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beam, obtaining a localized chemical analysis. This analysis was done in
specific areas where CaF, nanoparticles were observed by means of FESEM.

2.6. Permeation experiments

The permeations experiments were performed in a crossflow filtration
set-up that has been previously described [15]. Briefly, it consists of six flat
plate cells with two detachable parts separated by a porous support plate, each
of which holds a membrane with a total surface area of 13.2 cm2 Other
components of the experimental set-up include a feed tank, a pump, a
flowmeter, two manometers, and a pressure control valve. Prior to every
permeation experiment, the membranes were compacted for 3 hours at 3 bar
and a flow rate of 180 L/h in order to avoid pressure effects on the membrane
structure in subsequent experiments. The membranes were characterized by
the hydraulic permeability (L,) which was obtained by the slope of the
straight line fitted to the water permeate fluxes (Jou) as a function of the

transmembrane pressure (AP), being, therefore, | — J pw
P
AP
The separation performance of the CA and CA/CaF, membranes was
determined in terms of the apparent rejection coefficients towards organic
solutes of increasing molecular weight: glucose, PEG 1000, PEG 10000,
Dextran 70000, and Dextran 110000. The apparent rejection coefficients (f)

are defined as f C; —C,  where C; and C, are the solute concentrations

C
in the bulk of the feed solution and of the permeate solution, respectively. All
experiments were conducted individually for one solute with an initial feed
concentration of 2 g/L, a feed pressure of 3 bar and a feed flow rate of
180 L/h after a stabilization time of 30 minutes. The organic compound
concentrations were determined in terms of total organic carbon (TOC)
content by a Dohrmann Total Organic Carbon Analyzer Model DC-85A.

The molecular weight cut-off (MWCO) of the CA and CA/CaF;
membranes is estimated through the determination of the rejection
coefficients to the organic solutes (glucose, PEG 1,000 Da, PEG 10,000 Da,
Dextran 70,000 Da, Dextran 110,000 Da). The MWCO value is obtained by

the intersection of the curve of log f vs MW with the straight line of

1-f
f =1 which corresponds to a rejection coefficient of f = 90.9%.

lo
9 1

3. Results and discussion
3.1. Synthesis and characterization of CaF, ultrafine particles

Figure 1 shows the XRD patterns of the powders of CaF, nanoparticles
synthesized in water containing PVP as stabilizer. PVP act as a capping agent
in nanoparticle synthesis. PVP surrounds the particle and naturally restricts it
from growing and aggregating. When using polymers as protecting agents in
nanoparticle synthesis, the steric forces keep the particles, which have a high
surface energy because of their small size, separated from each other,
preventing agglomeration. On the other hand, minimizing filler aggregation
during composite preparation is also an important consideration [1,2]. To
ensure this, chemical modification of the surface of the inorganic filler
particles to provide chemical compatibility and improve the dispersion in the
polymer matrices is fundamental. The diffraction peaks can be well indexed
to a cubic phase (fluorite-type structure) of CaF,, space group Fm-3m (JCPDS
No. 870971). Furthermore, in order to obtain detailed information about the
composition, crystalline structure and mean size of the CaF, particles in the
dispersion, a quantitative phase analysis of the diffraction patterns of the
particles was performed using the computer program TOPAS [4.2]. The
atomic positions were determined by Rietveld refinement (Table 2), obtaining
a unit cell value of a = 5.46377(10) A, assuming Fm-3m symmetry, and a
crystallite size of 117.4 nm. For the fit of the sample, a Rwp value of 18.89%
was obtained, Rp: 15.00, and GOF: 2.66.

Using the Miller indices (hkl) presented in Table 3, a value for a=5.42 A
was obtained, close to the value reported in the literature, where a = 5.4355 A
[16], and the one obtained by means of Rietveld refinement.

TEM images in Figure 2 show that the CaF, sample consists mainly of
cubic particles whereas the average crystallite size dXRD calculated from the
Rietveld refinement is 117.4 nm, the particle size distribution obtained by
TEM seems to be broader. There is a fundamental difference between the
average crystallite sizes dXRD, calculated from XRD patterns, and the
average particle sizes dTEM observed by TEM. The former is an average size

of X-ray coherent scattering region of particles. The dXRD values are usually
smaller than the average size values dTEM, calculated from the particle sizes
observed by TEM. This can be attributed to the nonideality of real crystals
(defects, differences in the chemical composition of the surface layer, etc.)
and aggregation processes.

Table 2
Rietveld refinement of the CaF fine particles.

Phase name Fluorite R-Bragg 4.899
Space group 225 Scale 0.002068(14)
Cell Mass 312.300 Cell Volume (=) 163.1083(91)
Wit% - Crystallite Size (Cry
Rietveld 100.000 Size Lorentzian, nm) 117.4(19)
Crystal Linear .
Absorption 303.103(17) f%f;i; Density
Coef. (1/cm) J
Preferred .
Orientation 1(2400) z‘f)tt'ce Parameter,a ¢ 16377010
(Dir 1: 022) -
. Atom
Site Np X Y z oce. Beq
S1 4 0.00000 0.00000 0.00000 CA+2.1 0.41
S2 8 0.25000 0.25000 0.25000 F-11 0.62
Table 3
Miller indices (hkl) for CaF2 crystals
Peak (hkl) Peak (hkl)
1 (111) 4 (400)
2 (220) 5 (331)
3 (311) 6 (422)

FESEM characterization (Figure 3a) shows that the particles are
apparently “encapsulated” by some organic reagent. EDS chemical analysis
(Figure 3b) was used to prove the particles purity (taking into account the
detection limit of the technique) and to check the efficiency of the washing
steps (particularly the chlorides removal) before they were introduced in the
casting solution. Finally, Figure 3c shows the particles after the washing
steps. After these steps, the particles seem more defined and free of the film
observed before washing. Figure 3c reveals particles whose diameter varies
between 120-250 nm.

In order to obtain information about the compatibility of the particles and
the solvents used for the preparation of the casting solution, a small amount of
the CaF, particles was suspended in acetone, formamide, and a mixture
corresponding to the proportions of acetone and formamide in the casting
solution. The particle size distribution was studied using DLS (Figure 4) and
showed that the particles agglomerated when suspended in formamide, but the
presence of acetone in the casting solution helped avoid agglomeration to
some extent. According to these results, formamide could act not only as a
non-solvent during membrane formation, but also as a non-solvent for the
filler, leading to changes in structure and, therefore, in permeation properties.

3.2. Structure and surface properties of Cellulose Acetate and Cellulose
Acetate/CaF, membranes

The CA membranes and CA/CaF, composite membranes prepared with
solvent evaporation times of 0.5, 2, and 10 minutes displayed an integral
asymmetric structure. Figure 5 shows the SEM micrographs for the
membranes casted with an evaporation time of 10 minutes. The first row
(Figures 5a-c) pertains to the CA10 membrane while the second row (Figures
5d-f) shows micrographs of the CA/CaF,10 composite membrane. Figures 5a
and 5d show the surface morphology of the dense active layer, Figures 5b and
e show the surface morphology of the bottom porous surface, and Figures 5¢
and f show the membrane cross-section structures.
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Fig. 3. (a) Scanning electron micrography of as-prepared CaF particles, (b) EDS of calcium fluoride particles before washing, and (c) CaF: particles after the washing steps.
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Fig. 4. Size distribution, obtained by DLS, of CaF2 (a) suspended in acetone, (b) in formamide, (c) in a formamide-acetone
mixture (36/64) corresponding to the casting solution; concentration of fluorite 10 ppm in all cases.

The asymmetric structure of the membranes is evident when observing
the differences between the active layer (left column) and the porous layer
(center column). The active layer has a smoother and pore-free surface while
the bottom surface shows pore distribution. The images of the cross-sections
are shown on the third column, where the presence of a dense active layer is
evident at the top of the micrograph, with a significantly smaller thickness
than the one on the bottom porous layer.

The FESEM images of the CA and CA/CaF, membranes prepared at
evaporation times of 0.5 and 2 minutes are not presented as qualitatively they
have identical surface and cross section morphologies as the ones represented
in Figure 5 for an evaporation time of 10 minutes. However, a quantitative
analysis using the ImageJ software reveals that the solvent evaporation time
influences the thickness of the active layer and on the total thickness of the
membranes. Table 4 shows these results obtained for the two sets of
membranes, CA and CAJ/CaF,, prepared at the three evaporation times.
Comparing the overall thickness of the CA and CA/CaF, membranes, we can
conclude that the membrane thickness increases with the increase in solvent
evaporation time. Furthermore, as predicted, the active layer thickness of the
CA membranes and of the composite CA/CaF, membranes also increases
with the increase of the solvent evaporation time. An important observation is
that the incorporation of CaF, nanoparticles in the membrane casting
solutions influences both the overall thickness and the active layer thickness.

For the three evaporation times, it is evident that the presence of CaF,
decreases the active layer thickness of the membranes and that this reduction
is more pronounced for the longer evaporation times of 2 and 10 minutes.

Figure 6b shows the EDS spectrum of the CA/CaF,10 membrane cross-
section and corresponds to the area marked in micrograph 6a. The spectrum
reveals the presence of carbon, oxygen, calcium, and fluoride in the
respective area. The carbon and oxygen elements can be attributed to the
cellulose acetate of the polymeric matrix, and the inorganic elements
represent CaF,. For the CA/CaF,0.5 and CA/CaF,2 composite membranes,
the EDS spectra revealed similar contributions from the carbon, oxygen,
fluoride, and calcium elements, confirming the presence of CaF, fine
particles.

Figure 7 shows the micrographs obtained from the CAJ/CaF,10
membrane, where a region containing CaF, nanoparticles is circled in red.
Figures 7b and c show amplifications of this region, where clusters of
microparticles resembling nests are identified. Even though the particles show
a significant degree of agglomeration, in Figures 7b and c the presence of
uniform particles with sizes of ~100 nm can be identified. Similar clusters of
particles were identified in the CA/CaF,0.5 and CA/CaF;2 composite
membranes, indicating that the CaF, nanoparticles tend to arrange themselves
in nest-like clusters throughout the cross-section structure of the polymer
matrix.
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Table 4
Active layer and total membrane thickness of the batch 1 CA membranes and CA/CaF. composite membranes.

CA membranes CAJ/CaF, composite membranes
CA0.5 CA2 CA10 CA/CaF20.5 CA/CaF22 CA/CaF210
S.olvent.evaporatlon 05 20 100 05 20 100
time (min)
Membrane
eSS ) 48 58 83 44 52 80
Active layer 14 3.2 50 13 23 2.6

thickness (um)

10um  MicroLab
e X 1 s x o smM

“Active la
CA10min F

Fig. 5. SEM images (10,000x amplification) of the CA10 (first row) and CA/CaF210 (second row) membranes: a) and d) active layer dense surface, b) and e) porous
surface, and c) and f) cross-section.
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Fig. 6. (a) Cross-section micrograph of the CA/CaF210 membrane, (b) EDS spectrum of the area depicted in a purple square of the cross-section micrograph of the CA/CaF,10
membrane containing 0.1% CaFo.
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Fig. 7. (a) FESEM cross-section micrograph of the CA/CaF210 membrane with the area containing CaF2 nanoparticles circled in red, (b) FESEM micrograph with 30,000x

amplification, and (c) 20,000x amplification of the area circled in (a).

To obtain more information on the particle distribution in the membranes,
particularly in the active layer and in the cross-section of the membranes, and
on the interaction of the fillers with the polymeric matrix, both the secondary
and the backscattering electron detectors were used. Figure 8 shows the
micrographs taken for the characterization of the CA/CaF;0.5, CA/CaF,2, and
CAI/CaF,10 membranes. The backscattering detector is particularly effective
in identifying irregular particles, which appear as bright spots in the images
(at low magnifications). This is because both atoms which compose these
CaF; irregular particles have an atomic number higher than carbon, which is
the main constituent of the polymer matrix.

Figure 8a shows the active layer and the bright spots corresponding to the
filler on top and a small agglomerate composed of several particles. Figures
8b and c show micrographs of the CA/CaF;2 and CA/CaF,;10 membranes’
cross-sections. Both micrographs show fine fluorite particles, but only the
particles in the CA/CaF,2 membrane seem to be integrated in the polymer

£

a) Active layer, 30s . b)

d)

ST NN it -
foss setion 2min

matrix. Figures 8d-f show cross-sections of the CA/CaF;0.5, CA/CaF2, and
CA/CaF;10 membranes at different magnifications. In the CAJ/CaF,0.5
membrane, the filler particles are difficult to identify and a clear border
between active and porous layer is evident. The CA/CaF;2 membrane shows
bright zones corresponding to aggregates of CaF,. Figure 8f shows a
membrane possessing an irregular surface, and one can observe again the
cluster of particles resembling nests and a very porous support layer.

Figure 9 shows the micrographs with secondary (9a) and backscattered
electron detectors of the CA/CaF,0.5, CA/CaF,2, and CA/CaF,10
membranes. The difference between the images obtained using the two
detectors is evident, since Figures 9b-d show "bright spots" which refer to an
atomic number greater than that of the matrix, corresponding to CaF,. Particle
dispersion is not ideal, since agglomerates are clearly observed; however, it
appears that most are located in the active layer, which could lead to changes
in permeation properties. Smaller, non-aggregate particles are also observed.

Fig. 8. Micrographs of the CA/CaF20.5, CA/CaF22, and CA/CaF,10 membranes.
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Fig. 9. Active layer micrograph of the CA/CaF20.5 membrane taken using a) the secondary detector, b) the backscattered electron detector, CA/CaF22, c) and d) the

backscattered electron detector of the CA/CaF210 membrane.

3.3. Permeation properties of the Cellulose Acetate/CaF, membranes

Figure 10 shows the variation of the pure water permeation fluxes vs the
transmembrane pressure for the CA and CA/CaF, composite membranes. The
hydraulic permeability, L,, is given by the slope of the straight lines in Figure
10. The values of L, are 45, 14, and 12 kgmh*bar? for the CA0.5, CA2, and
CA10 membranes, respectively, whereas the L, values are 48, 19, and
18 kgm2h-'bar? for the CA/CaF,0.5, CA/CaF,2, and CA/CaF,10 membranes,
respectively.

It is well known that, in the synthesis of integral asymmetric membranes
by the phase inversion method, the increase of the solvent evaporation time
leads to the increase of the active layer thickness and, therefore, to the
increase of the resistance to water permeation and the decrease of the
hydraulic permeability. In fact, as Figure 11 shows, the permeability, L,,
decreases with the increase of the active layer thickness (see Table 4) for both
the CA and the CA/CaF, composite membranes. This effect is more
pronounced when the solvent evaporation time increases from 2 to 10
minutes. The incorporation of the CaF; particles leads to a significant increase
in the hydraulic permeability of the CA/CaF, membranes. For the solvent
evaporation time of 10 minutes, the incorporation of the ceramic particles
reflects an increase in permeability from 12 to 18 kgm2h-thar™.

The selective permeation to the organic solutes — glucose, PEG 1,000 Da,
PEG 10.000 Da, Dextran 70,000 Da, Dextran 110,000 Da — is given by the
rejection percentages displayed in Figure 12. The two smaller solutes —
glucose and PEG 1000 — have rejection coefficients below 40% for all the
membranes. The high rejection coefficients to the three solutes with
increasing molecular weights of 10,000, 70,000, and 110,000 Da are used in
the graphical representation described in Section 2.5 to yield the molecular
weight cut-off (MWCO) of the membranes. Figure 13 displays that the CA10
membrane yields a MWCO of 70 000 Da.

In terms of the MWCO, the incorporation of 0.05 wt.% of CaF, doubles
the value of the MWCO in the membranes prepared with a solvent
evaporation time of 0.5 and 2 min: 40 kDa for the CA0.5 and 81 kDa for the
CAJ/CaF;0.5 membrane; 10 kDa for the CA2 and 81 kDa for the CA/CaF,2
membrane. For the membranes prepared with a solvent evaporation time of
10 minutes, the introduction of 0.05 wt% of CaF, decreases the MWCO from
70 kDa for the CA10 membrane to 51 kDa for the CA/CaF,10 membrane.
This indicates that the active layer of the membranes prepared with solvent
evaporation times of 30 seconds and 2 minutes containing 0.05 wt.% of CaF,
is composed of an organic-inorganic network with larger pore sizes which
allow the permeation of molecules approximately two times the size of those
retained by the membranes composed solely of CA. Further increase in the
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solvent evaporation time to 10 minutes has the opposite effect: the
introduction of CaF, decreases the open spaces between the organic-inorganic
networks compared to the pure CA membrane (MWCO 70 kDa), inhibiting
the permeation of molecules with molecular weights higher than 51 kDa. The
change in the structure of the membrane could also be due to the formation of

particle agglomerates, since they can possibly act as blocking points for
polymers with equal to or greater molecular weight than 51 kDa. Therefore, it
would be important to use another casting solution composition, or another
stabilizer for the fluorite particles, in order to avoid the cluster formation due
to agglomeration.
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Fig. 10. Variation of the pure water permeation fluxes with the transmembrane pressure for the CA membranes (first
column) and the CA/CaF2 composite membranes (second column) with solvent evaporation times of 0.5 min (row 1),
2 min (row 2), and 10 min (row 3). The hydraulic permeability, Ly, is given by the slope of each curve.
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Fig. 11. Hydraulic permeability, Ly, as a function of the active layer thickness for the CA (black
square) and CA/CaF. composite (red circle) membranes.
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4. Conclusions

The synthesis of CA/CaF, asymmetric composite membranes results in
the ordering of the polymer matrix and, therefore, in different permeation
properties. There is an increase in the hydrodynamic permeabilities of the
CA/CaF, membranes when compared to the corresponding CA membranes.
In terms of the MWCO, the incorporation of 0.05 wt.% of CaF, increases the
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value of the MWCO in the membranes prepared with a solvent evaporation
time of 0.5 and 2 min: 40 kDa for the CA0.5 and 81 kDa for the CA/CaF,0.5
membrane; 10 kDa for the CA2 and 81 kDa for the CA/CaF,2 membrane. For
the membranes prepared with a solvent evaporation time of 10 minutes, the
introduction of 0.05 wt% of CaF, decreases the MWCO from 70 kDa for the
CA10 membrane to 51 kDa for the CA/CaF,10 membrane.
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Fig. 12. Membrane rejections to glucose, PEG 1,000 Da, PEG 10,000 Da, Dextran 70,000 Da (DEX 70), Dextran 110,000 Da (DEX
110) for the CA0.5, CA/CaF20.5, CA2, CA/CaF.2, CA10, and CA/CaF210 membranes.
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