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The performance of a membrane is a key factor in predicting its reliability. Designing membranes depends on
their morphological and molecular characteristics for specific applications. This work focuses on improving the
behavior of a cellulose acetate-polysulfone PSf-CA membrane in the presence of PEG 400 additive, in different
concentrations, using thermal annealing on the surface of the membrane. The membrane was prepared by the
NIPS phase inversion process; the surfaces of the obtained membrane films were subjected to thermal annealing
at 75 °C for 15 seconds. The influence of the composition of the polymer mixture, the concentration of the
additive and the annealing effect on the performance of the membranes were studied. The membranes were
characterized in terms of contact angle and mechanical resistance, as well as by FTIR, DSC, ATG and SEM.
Measurements of the contact angle confirmed the hydrophilic character, which increased with a rising level of
PEG in the casting solution. The results showed that the permeation flux increased for the highest PSf/PEG ratio.
SEM results suggested that the annealing treatment improved the surface of the membrane; the surface layers
became denser and smoother, with a porous intermediate layer, as CA concentrations rose in the mixture. The
fluoride reject was evaluated for all the membranes, the obtained fluoride retention rates were very satisfactory
and met the standards required by WHO.
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INTRODUCTION

Several countries around the world face the problem of saline water and pollutants that affect water
quality." Among these pollutants, fluoride, arsenic and lead of geological origins are most often
encountered in groundwater. Excessive fluoride intake is generally caused by the consumption of
contaminated groundwater, which may come from the release of toxic industrial wastes into the
environment.? This is unfortunately widespread in developing countries and regions where pollution
control laws are not enforced. In addition, contaminated water is often consumed without any
treatment.’

Fluorine does not exist in the free state in nature and is not very abundant in the Earth’s crust
(0.028% of its mass), but is widely distributed. It comes from the dissolution of certain rocks in water.
The concentration of fluoride ions in surface water is generally low, at elevated temperature; the
physical-chemical characteristics of some salts and groundwater in contact with rock promote the
dissolution of minerals containing fluorine. The last ones are several, namely, calcium fluoride (or
fluorine) CaF,, fluorite (or fluorspar), cryolite (Naz(AlFs)), biotite (Mg, Fe)Alx(K,H) (SiO4),) or
fluorapatite Cas[FCI(PO4);].

In Africa, several countries are affected by the problem of excess fluoride in water: Senegal,’
Morocco,” Malawi,® Algeria’ and Tunisia.® Youcef et al.® have carried out analyses on samples taken
from the east northern Sahara (see Table 1). They noted that some waters only slightly exceed
international standards. However, these waters constitute the only source of drinking water, and as the
hot and dry climate forces the inhabitants to consume a lot of water, the amount of fluorine absorbed



by the body increases daily. As a result, the treatment of fluoridated water becomes essential. It should
be noted that there are no stations in Algeria for this purpose.’

Because of the adverse effects of fluoride, it is essential to develop an appropriate method for the
removal of fluoride from water. Different treatment technologies applied for fluoride elimination have
been classified into three categories, namely: adsorption,'® ion precipitation**/co-precipitation*? and
membrane technology.***®

According to the literature, researchers have studied the phenomenon of fluoride removal using the
membrane filtration technique. Pontie et al.'* have studied a phenomenological mass transfer in
nanofiltration for a selective defluorination of brackish drinking water in Niakhar, Senegal (Thies
region). The obtained results of combined reverse osmosis with nanofiltration indicate better
demineralization than that achieved by reverse osmosis."> They found that nanofiltration allows
carrying out, in only one stage, the fluoridation and the total sterilization of fluoride-rich brackish
water and no remineralization appears necessary after the treatment. They proved that nanofiltration
was the most appropriate technique for the purification of brackish water. The energy demand of this
installation is of the order of 2.2 kwh/m?® powered by photovoltaic systems.

In 2011, Lhassani et al.*® used the nanofiltration process (NF) for defluoridation of groundwater in
southern Morocco, which has a high concentration of salt and ion fluoride. They used industrial
membranes (NF90 and BW30), which are made from thin film composite materials (TFC) using a
polyamide skin layer with a surface of 7.6 m% The experimental tests were carried out in the batch
mode, with pressure ranging from 0 to 20 bar. The study showed that the treatment using the NF90
system was more effective than that with BW30, because it can partially reduce total salinity and the
high fluoride content for a higher return flow (70%) and a lower pressure (twice less than with BW30).

This research has confirmed that, on a large scale, the performance of nanofiltration offers better
selectivity for water defluoridation. This opens up broad prospects for highlighting the manufacture of
membranes, encouraging research laboratories to show great interest in membranes and definitively
solve the problem of defluoridation. It is therefore very important to improve and develop effective
methods to optimize the performance of existing membranes and develop new membranes
characterized by high throughput, good rejection and maximum selectivity using materials and
methods that respect the environment.*’"*2

The phase inversion method is historically the reference technique for the manufacture of organic
membranes.'® Even today, it is the method chosen by the industry to manufacture the majority of flat
membranes and hollow fibers. It allows the development of membranes that cover the entire range of
filtration, from MF to O1.% The production of a membrane by phase inversion requires the dissolution
of the constituent polymers of the future membrane and additives in a solvent mixture(s): the collodion
is obtained.”

The chemical nature of the membrane and its geometry are dependent on the nature of the polymers
used, a large variety of polymers contributing to the manufacture of membranes, including
polypropylene (PP), polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF) and polyvinyl
chloride (PVC), cellulose acetate (CA), polysulfone (PSf), polyether sulfone (PES) and
polyacrylonitrile (PAN).

Table 1
Levels of fluoride in water samples from southern Algeria® and effect of prolonged consumption of drinking
water on human health, related to fluoride content™

Town Fluoride content in Fluoride content in F, mg/L, impact on health
groundwater, mg/L Albian water, mg/L <0.5 Dental caries
El-Oued 1.00-2.15 1.90-4.55 0.5-1.5 Optimum dental health
Ouargla 1.00-2.15 1.00-2.20 1.5-4.0 Dental fluorosis
Biskra 1.95-2.20 1.75-2.10 4.0-10 Dental and skeletal fluorosis

Ghardaia 1.10-1.25 0.2-1.30 >10.0 Crippling fluorosis




However, certain polymers are hydrophobic or slightly hydrophilic and are therefore a priori
susceptible to clogging. The addition of additives to the solution is necessary and gives the membranes
singular properties and, in particular, surface, structural and material transfer properties. Numerous
additives have been used in this sense, such as inorganic salts, oligomers, polymers, surfactants,
copolymers, (nano)metal or ceramic particles and carbon nanotubes.?

A review on CA/PSF membranes for water treatment

Membrane filtration is one of the modern processes developed in recent years worldwide in several
fields, including the treatment of different types of water, including seawater, brackish water, used
water, etc. It has proven its reliability and is implemented on a commercial and industrial scale.™®
Historically, the first filtration membranes were developed in the 1930s; William Elford was a pioneer
in their use in the medical field. He made membranes from cellulose acetate and cellulose nitrate to
filter viral solutions.?? One of the first “industrial” uses for water purification was carried out in
Germany during the Second World War. The system made it possible to produce drinking water for
the soldiers in the battle area.

Cellulose acetate (CA) is considered an environmentally friendly and inexpensive hydrophilic
biopolymer; it is characterized by availability, widespread application and resistance to clogging and
chlorine.??" 1t has been widely used to develop reverse osmosis (RO),” nanofiltration (NF),?
ultrafiltration (UF)?” and microfiltration (MF)**?° membranes by the standard phase reversal method
and has been the subject of several studies.®® The disadvantage of cellulose acetate membranes is that
they are sensitive to chemical agents (high pH, temperature, oxidants) and have low mechanical
strength. Polysulfone PSf is a widely used membrane material due to its many advantages, its
chemical and mechanical resistance, and its application in a wide pH range of pH2-12. Its major
drawback lies in its hydrophobic character, which leads to low water flow and risk of clogging.*

Taking into account the advantages and disadvantages of polysulfone and CA, several studies have
been conducted on PSf/ICA mixtures in order to obtain membranes with optimal properties,
specifically, a long life, hydrophilic nature and little clogging.® The various methods used are
subdivided into three different classes.® The first is the addition of hydrophilic or organic materials,
such as polyvinylpyrrolidone (PVP)* or with certain minerals, such as zirconium dioxide (Zr02),*
the second corresponds to a coating with hydrophilic polymers,® and the third class describes grafting
with hydrophilic polymers or monomers.** Abdullah et al.”® studied mixtures of cellulose acetate
(CA) and polysulfone (PSf) dissolved in N,N-dimethylacetamide (DMAc) as a solvent and
polyvinylpyrrolidone (PVP) as an additive. The highest flow rate was observed for the mixture
CA/PSf: 75/25 of 9.93 L/m’h, while the lowest flux was recorded for the membrane CA/PSf: 100/0, of
7.16 L/m?h. The rejection of the salt (NaCl) also increased with the decrease of the CA composition in
the mixed polymer. The best performance was obtained for the following formula: 25% PSf 7.5% PVP
and 75% CA.”

M. Sivakumar et al.™ noted that the increase in the polysulfone content in CA-PSf mixtures
resulted in an increase in the flow of pure water and in the water content. The rejection of the BSA
was higher, compared to a smaller flow. Phase separation occurred above 25% by weight of
polysulfone in the mixture. In another work, Sivakumar et al.** studied the effect of adding
polyethylene glycol (PEG) in the PSf/CA mixture at different concentrations. Their results showed
that the PSF-CA mixture at 0% by weight of PEG had a lower flow rate of 9.8 L/m*h™. Increasing the
PEG 600 content in the PSf/CA mixture from 2.5 to 12.5 wt% increased the flux from 24.4 to 74.0
L/m*h. They have proved that the addition of PEG 600 in the mixture increases not only the
hydrophilic behavior, but also the macrophase separation of the membrane mixture.

The annealing temperatures have been studied in order to tighten the pores of the membrane and to
thus pass from UF to NF by modifying the morphology of the membrane. Said et al.* studied PSf
19% DMFEVA2 membranes without annealing and PSf 19% DMFEVA2T75 with 75 °C annealing.
They found that the pore stability of the annealed membrane becomes higher and the pore size of the
membrane will be more uniform than that of the non-annealed counterparts. The membranes were
tested for the treatment of the liquid waste of a palm oil mill (POM). The PSf 19% DMFEVA2T75
membrane had a higher rejection value, with an optimal rejection of 97.42%, compared to the PSf
19% DMFEVAZ2 annealed membrane. They deduced that the pores of the membrane are much more
stable and the degree of swelling on the pores of the membrane is much smaller, so that its solubility
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rate is much lower than that of an unannealed membrane, and therefore it is considered more effective
for POM wastewater purification.

The performance of the cellulose acetate (CA) membrane annealed in a bath at 80 °C for 15 min
was evaluated by Zyaie et al.,*® using a reverse osmosis (RO) set-up. The best results were obtained
for the membrane prepared under the influence of an annealing treatment with a concentration of 20%
CA at a coagulation bath temperature (CBT) of 23 °C. This membrane gave the optimal rejection in
NaCl of 76%, a water flow (WF) of 21.75 L/m* h and the flux of inverse solute (RSF) of 5.88 g.m*h™".
They also deduced that the annealing treatment led to the formation of a contracted and denser
external surface morphology, with a less porous structure.

Other cellulose acetate membranes were prepared by phase inversion, with annealing at two
temperatures of 70 and 75 °C, at evaporation times of 20, 30 and 60 seconds. The pure water flux tests
classified CA620-70, CA630-70, CA660-70 and CA620-75 as ultrafiltration (UF) membranes, and
CA630-75 and CA660-75 as nanofiltration (NF) membranes. The rejection of the BSA protein is
100% and that of tannin varies between 78-100%, the mechanical resistance of the membrane was
measured, they obtained a tensile strength from 1.64 to 2.82 N, an elongation at break from 15.57 to
23.00 % and Young’s modulus from 54.74 to 175.36 MPa.*®

Kusworo et al.”® subjected the surfaces of membrane prepared from cellulose acetate (CA) and
PEG as additives in different concentrations, to annealing temperatures at 60 and 70 °C for 5, 10 and
15 seconds. They found that the membrane became denser and more compact and membrane rejection
increased significantly, while the flux was slightly decreased. The best membrane performances are
obtained with 18% by weight cellulose acetate and 5% by weight polyethylene glycol, with thermal
annealing at 70 °C for 15 seconds.

Based on the above studies, it can be seen that the use of thermal annealing by modifying the
morphology of the membrane has enormous advantages over the performance of the membrane. In
this context, we have been interested in working in this direction; our job has been to combine PSf and
CA to take the advantages of each polymer and compensate for the disadvantages of one by the other.
The membranes were prepared by the NIPS phase inversion method using thermal annealing at 75 °C
and adding PEG additive. The performances of the membranes obtained have been tested to treat
water rich in fluoride, which causes serious health problems and affects areas in the southern Algerian
Sahara (Table 1). Substantial research and development efforts have been made worldwide to reduce
fluoride levels to acceptable limits (Table 1) demanded by the World Health Organization. Long ago,
this organization (WHO, 1984) estimated that more than 260 million people in the world consumed
drinking water with a fluoride content > 1.0 mg/L. These people live in tropical countries, where this
problem is exacerbated by the need to drink more water because of the heat.*

EXPERIMENTAL
Materials

Cellulose acetate (M,;50.000 BY GPC Cas 9004-35-7 d 1.3 g/mL) (Germany), polyethylene glycol (PEG,
Ultrason S 2010, MW = 400 Da) and polysulfone (PS, Ultrason E 6020 P, MW = 51,000 Da) were purchased
from Sigma Aldrich (Germany). The solvent N,N-dimethylformamide (DMF) was selected for this work,
because it was regarded as a good solvent in several polymers. Sodium fluoride NaF201145-5G Sigma Aldrich
Cas 7681-49-4 was used for the preparation of fluoride solutions with different ratios. All the chemical reagents
used in this work were of analytical grade; they were used as received, without further purification.

Polymer blend preparation

The membranes were prepared by the NIPS (hon-solvent induced phase separation) phase inversion method.
The polymer blend solutions (17.5% by weight) were prepared by mixing polysulfone PSf with cellulose acetate
CA with different compositions in DMF for 4 h at 90 °C, and in the presence of PEG as additive, with constant
stirring of 500 rpm. 442

A homogeneous solution was obtained and then left without stirring for 30 minutes to remove air bubbles.
The homogeneous casting solutions were spread on a glass plate, using a casting knife with a thickness of 250
um. After evaporation for 30 seconds, the films were immersed in a coagulation bath at 4 °C, then annealed in an
oven at 75 °C for 30 seconds.’*** All the membranes were stored in distilled water.



Table 2
Composition of PSF/PEG/AC blend membranes

Solution Film Contact % Water  Water permeability
Code PST PEG AC observation quality  angle (°) uptake (L/m?h.bar)
MA 15 10 75  Homogeneous ++ 612 74 3.7457
MB 30 10 60  Heterogeneous -- -- -- --
MC 25 12 63  Homogeneous ++ 60x2 72 4.0033
MD 40 20 40  Heterogeneous -- -- -- --
ME 5 5 90  Homogeneous ++ 65+1 71 1.3506
MF 10 15 75  Homogeneous ++ 69+2 72 1.2342
MG 0 10 90  Homogeneous ++ 62+4 67 0.8357
MH 10 0 90  Homogeneous ++ 74+4 70 0.7991
++ Very good film
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Figure 1: Structure of blend components: polysulfone (PSf), polyethylene glycol (PEG) and cellulose acetate (CA)

The casting compositions of the membranes are shown in Table 2 and the structure of the mixture
components is illustrated in Figure 1. The casting solution became cloudy and the mixture was not homogeneous
at a polysulfone concentration of 30%, which allowed concluding that the optimal composition of PSf is 25%.

Membrane characterization
The membrane films were characterized by DSC/ATG, FTIR and SEM, as well as in terms of mechanical
resistance, water uptake and contact angle.

Thermal analysis

The membrane was analyzed by differential scanning calorimetry (DSC)/thermogravimetric analyseis
(TGA), using a Universal V4.5A TA Instruments. The heating rate was 20 °C/min, from 0 to 800 °C under
nitrogen atmosphere.

Fourier transform-infrared spectroscopy (FTIR)

Infrared spectroscopy is the analysis of the chemical structure of a polymer. The energies of the vibrations of
chemical bonds measured identify the nature of the functional groups present in the sample. A Bruker (ALPHA)
Fourier transform infrared spectrometer was used. The frequency range varied from 375 to 7500 cm™.

SEM analysis
The cross-sections of the membranes were examined after coating with fine gold under reduced pressure,
using a Zeiss-EVO Ma 10 scanning electron microscope (Oberkochen, Germany).

Mechanical properties
The mechanical strength of the plane membranes was determined against longitudinal (uni-axial) tensile
stress, using a Zwick/Roell INSTRON 3342 Series tensile tester.

Contact angle

The hydrophilic properties of the surface of the membranes were assessed by measuring the contact angles at
20 °C. Contact angle measurements were performed using a CAM 100 instrument optical tensiometer, Nordtest
SRL, GI, via the drop method.



Membrane performance
Water uptake

To obtain the weight of the wetted membrane, the membrane films were soaked in water for 24 h, dried with
paper and weighed. They were then dried in an oven at a temperature of 80 °C for 24 hours and then weighed
again to obtain the weight of the dry membrane. From three measurements, the percentage of water uptake was
calculated by the following equation:****
Water up take (%) = WWTZ\MlOO @
where W,, is the wet membrane’s weight, Wy is the dry membrane’s weight.

Filtration system

The water permeation properties of the polymeric membranes were tested using a lab-made cross-flow
filtration apparatus at room temperature. Figure 2 illustrates the scheme of the filtration set-up (a) and a picture
of the membrane filtration system used (b).

The set-up is equipped with a high pressure pump, a flat sheet membrane module with three feed openings,
concentrate and permeate. Two valves located at the outlet can be adjusted and allow reading the pressure
exerted. The performance tests were carried out at ambient temperature under a pressure, which varies from 2-20
bar and the surface of the membrane in the cell is of the order of 64 cm?.

Equations (2) and (3) measure the flux of pure water known as pure water permeability (PWF) and that of the
solutions to be treated:***

3 - Q
w =
AAt (2)
where J,, is the pure water permeation flux (Lm2 h™), Q is the amount of permeate in L, A is the effective
membrane surface area (m?) and At is the time (h).
Hydraulic permeability (R,) was obtained from the slope of the plot of J\y and AP and was calculated by:
— ‘]W

AP ()

Synthetic sodium fluoride solutions (NAF) were prepared in the laboratory with different sodium fluoride
concentrations (2.47 mg/L, 4.67 mg/L, 8.62 mg/L) and were tested to study the rejection and the performance of
the membrane. The concentration of fluoride was evaluated using a Metrhom 781 pH-ion meter (ionimeter). The
rejection of fluoride ions was calculated using Equation (4) shown below:

R(%) = 1-0 hoo
c

f

M

(4)

where C, and C; are the concentrations of fluoride in permeate and feed, respectively.

concentrate control valve

N

Filtration cell

membrane cell
pump

permeate
a) Flat membrane b)
Figure 2: Scheme of filtration set-up (a) and picture of the membrane filtration system used (b)

RESULTS AND DISCUSSION
Thermal analysis

We studied the thermal stability of PSf/CA composite membranes by thermogravimetric analysis to
determine their degradation temperature. Figure 3 shows the evolution of the membrane weight
percent as a function of temperature. A small mass loss was observed around 95 °C, attributed to the
evaporation of water traces and solvents from all the membranes. The second loss corresponds to the
degradation of the cellulose acetate and it is situated between 330-350 °C. This weight loss varies



from one membrane to another, the largest being observed for the membranes G, H and E, which
correspond to higher cellulose weight of 90%. The last loss is around 460-500 °C for all the
membranes, with the exception of membrane G (0% polysulfone). This is explained by the
degradation of polysulfone. The mass losses recorded vary between 6-11%. From an application point
of view, it should be noted that the temperature corresponding to 1% degradation of the mass of a
membrane (denoted Tgeq, 1%) is chosen as the temperature under which the degradation of the material
starts. This temperature value is higher than T= 200 °C for all the flat membranes. We note that this
temperature is higher than the maximum temperature used for water treatment by membrane
separation.®

The DSC technique was used to evaluate the thermal stability and miscibility of membrane
mixtures (Fig. 4). Reported Tg values for polysulfone and cellulose acetate are from 180 °C to 200 °C.

The DSC curve for the PSf/CA membrane mixtures with different concentrations showed a single
glass transition temperature Tg. It reflects the miscibility of the mixture components over the entire
range of the concentrations studied. In addition, it is superior to that of the virgin polymers PSf and
CA, which is explained by the appearance of a new intense specific interaction between the two
components of the polymer.*#°

FTIR analysis of membranes

The FTIR spectra of all the membranes reveal the absorption peaks of all the intra- or
intermolecular bonds, that is, the interactions that exist between the functional groups within each
component or can be formed between different components in a mixture, which may help in predicting
their miscibility. Concerning polysulfone PSf, several peaks are observed in Figure 5, the most
important being the bands at 1250 and 1050 cm™, signifying the symmetric stretching vibration of
0=S=0 groups, confirming the presence of vs (SO3) and vas (SO3), respectively.

The bands at 2874, 2970 and 3096 cm™ indicate the presence of asymmetric and symmetric C-H
stretching vibrations, involving the entire methyl group and CH aromatic stretching, respectively.®
The intensity of these bands increases by increasing the polysulfone molecular weight.

On the other hand, the cellulose acetate® was characterized by the absorption band of C=0
observed at 1730 cm™ and by the peak at 3500 cm*, attributed to the O—H stretching band. It is wider
and more intense for membrane G, containing 90% by weight of CA, and decreases with decreasing
CA concetration in the mixture (Fig. 5). The aliphatic C—H stretching absorption bands are numerous,
as illustrated in the following regions 2901, 1442, 1374 and 1339 cm ™. The deformations in the C-H
plane and O-H were observed at 998 and 1214 cm™. The vibrations of the C-O and C-C groups
correspond to the peaks at 554 to 1145 cm’™.
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Figure 3: TGA curves of membrane films Figure 4: DSC curves of membrane films
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Figure 5: FTIR spectra of membranes containing PSf-AC

The characteristic band of the CH20H groups, characteristic of PEG, was observed at 691 cm™,
confirming the presence of PEG in the membrane structure of MA, MC, ME, MF and MH. The most
intense peak was observed for membrane F, which contains 15% by weight of PEG, decreasing as the
content of PEG decreases in the mixture.’” The absence of the peak was noted for the membrane G,
which does not contain PEG. We also noted that it becomes important as PEG increases in the
mixture. This flexible group reduces the rigidity of the chain, thus decreasing their glass transition.*
This confirms the results obtained by DSC.

In addition, we noted the enlargement and a shift of the CA peaks observed at 1223 cm™ and 1730
cm™ to higher wavenumbers of 1231 cm™ and 1741 cm™, respectively, thus indicating the presence of
new bonds between the mixture components, confirming their miscibility.

SEM analysis

The performance of asymmetric membranes depends on many factors, such as the structure and
geometric characteristics, as well as the effect of annealing on the morphology of the membrane. To
evaluate the morphology of the membranes, the cross-sections of different membranes were
characterized by SEM. Figure 6 illustrates the cross-section of different membranes with different
PSf/CA ratios.

The SEM images of different asymmetric membranes annealed at the temperature of 80 °C for 30
seconds show a dense upper skin layer, which is thicker for the cellulose acetate-rich membranes, such
as membranes H and G. This is explained by the movement of molecules in the polymer chains, which
becomes easier and affects the morphological structure of the membrane. In addition, this causes a
decrease in the free volume formed in the membrane, following the heat treatment, thereby causing the
narrowing of the pores and, consequently, a more dense morphology.****
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Figure 6: SEM images of membranes

The images (a) show that membrane C, containing a low concentration of CA (63%-70%) and a
high PSf/PEG ratio, has in the intermediate layer finger-like macrovoids and a porous sponge-like
structure. It is attributed to the domination of instantaneous and delayed demixing, respectively.

We concluded that membranes MC and MF can be classified as nanofiltration membranes, while
the other membranes (ME, MG and MH) have a dense skin layer, followed by a highly porous
intermediate layer, and therefore they can be classified as candidates for RO desalination membranes.

Mechanical resistance

Several studies have shown that cellulose acetate has very low mechanical properties, a tensile
index of the order of 31 Mpa and an elongation that does not exceed 13%.>* Considering this, we
introduced the polysulfone, which has very high mechanical strength in order to improve the
mechanical behavior of the membranes prepared from cellulose acetate.™

Figure 7 illustrates the effect of the membrane composition on the mechanical properties. The
analysis of the mechanical properties gives very interesting data concerning Young’s modulus.
Young’s modulus increases as the polysulfone ratio increases in the blend. The maximum value is
217.5 N/mm?, with an elongation of 25% for the mixture that contained 25% PSf.

Furthermore, we also note that the elongation at break decreases for membranes E, F, G, having a
low PSf/PEG ratio and a higher concentration of acetate cellulose. A similar behavior was observed by
Bai et al.** for membranes prepared from cellulose acetate and PEG 600. They explained that this is
due to the intrinsic phase equilibrium relationship of the solution, which has been modified by adding
PEG. This has improved the affinity between the casting solution and the coagulation bath and thus
the phase separation process has been accelerated, giving rise to the formation of a porous structure
and consequently the mechanical strength decreases.

It is concluded that the incorporation of polysulfone in cellulose acetate improves the mechanical
strength. The MC membrane shows a higher Young’s modulus, as well as elongation at break, and
therefore has the best mechanical properties, while MG has the lowest mechanical properties. The
mechanical properties decrease in the following order: MC > MA > MH > MF> ME > MG.

Membrane performance
Effect of operating pressure (flux, contact angle, water content)

The permeate flux is a graph of the pure water flux (L/m*h) as a function of the applied pressure
(bar). As transmembrane pressure increases, the flow generally increases.*” Figure 8 below shows a



relatively low flux, which does not exceed 17 L/m?h at 20 bar for membranes G, H, which is due to the
high levels of CA. These results are in accordance with SEM observations, as when the structural
morphology is dense, the flow is low. On the other hand, a significant increase in flux was observed
for membranes A and C, rising from 8.5 L/m?h to 75.4 L/m*h for membrane A and from 12.47 L/m’h
to 87.3 L/mh for membrane C.

It was found that the PSf/PEG ratio in the membranes influences the total flux, when it is less than
or equal to unit, the flux is very weak. For a ratio between 1.5 and 2, the flux is 5.5 times greater; this
is the case for membranes A and C. This increase in flux is due, on the one hand, to the presence of
PSf and PEG, which contribute to the formation of larger aggregative pores of resultant blend
membrane segments.?* Similar results have also been reported for the incorporation of PVP as an
additive for PSf membranes.*®*® On the other hand, the hydrophilic nature of the PEG additive
promotes the formation of pores for a weight of less than 12%, thus the thermodynamic properties
favor instantaneous demixing and a membrane with a porous surface layer is formed. However, we
have reported that the addition of PEG can induce the enlargement of macrovoids in the membrane, as
well as a significant increase in membrane permeability.*>’

Concerning membrane F, the flux remains low for a ratio of PSf/PEG = 10/15 (= 0.66). According
to several works,® it can produce the opposite effects when the molecular weight of PEG exceeds the
threshold of 12%. The rheological impact becomes significant, the demixing of the solution film is
delayed and the flux of the permeate decreases rather than increases, which reveals that the
thermodynamic improvement is exceeded by the rheological obstacle to the demixing of the
solution.**®

Contact angle and water absorption studies were performed to investigate the hydrophilic character,
roughness and porosity of the membrane surface. It can be seen from Table 3 that the contact angle
decreased by increasing the amount of PEG. It reaches the lowest contact angle for the mixture
containing 12% by weight of PEG. Increasing the amount of PEG in the mixture increases the
hydrophilic character of the membrane because the CH2-OH groups existing in the PEG structure, on
the surface of the membrane, interact with water via the Van der Waals forces and hydrogen bonds,
so the wettability increases.

Generally, the incorporation of PEG concentrations lower than 12% into the casting solution
decreases contact angle, increases the water content, increasing hydraulic permeability and decreasing
the resistance of the membrane.®® The highest water uptake was 76% and the minimum was 64%.
Membrane C, with 12% PEG and 25% PSf, showed the maximum water absorption.
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Table 3
Retention rate Ty of fluoride ion corresponding to WHO requirements

Retention rate Ty (%) Fo=247mg/lL  Fy=4.67 mg/L Fo = 8.62 mg/L
F=0.5mg/L 80% 90% 94%
F=15mg/L 40% 68% 82.5%

Fluoride rejection

Fluoride-rich solutions with initial concentration of sodium fluoride NAF, varying from 3.5 to 8
mg/L, were prepared. The measured fluoride content was 2.47, 4.67 and 8.62 mg/L, respectively.
Figure 9 presents the elimination rate of fluoride ions as a function of the pressure. It was noted that
the fluoride concentration decreases by increasing the pressure for all the membranes. In addition, the
fluoride concentration required by WHO is in the range of 0.5-1.5 mg/L. The fluorine retention rate
corresponding to this range is illustrated in Table 3.

In the case of Fo = 2.47 mg/L, all the membranes allowed the removal of fluoride at low pressures.
The rejection rate obtained for membrane films A, C and F is in accordance with the standard norm
imposed by WHO at low pressures, not exceeding 7 bar, while membranes E, G and H have fluoride
rejection rates greater than 0.5 mg/L at different pressures, close to 100%.

At the initial concentration of Fy = 4.67 mg/L, a good retention was obtained at pressures above 4
bar, the rejection rate being the highest for membranes G and H, of 97.0% and 94.9%, respectively.
Membranes A and C have acceptable fluoride removal rates, around 70% and the lowest retention is
observed for membrane F for pressures < 6 bar. Therefore, this confirms that the increase of PEG in
the mixture improves the total flux and reduces the fluoride retention for PEG concentrations of less
than or equal to 12%.

It has been found that for an initial fluorine concentration F, = 8.62 mg/L, and for a pressure range
of 2-8 bar, the maximum fluoride removed is 82.1% for membrane G and the minimum of 62% for
membrane C, which are below the standard norms recommended by WHO. It is in this context that we



decided to increase the applied pressure up to 16 bar to evaluate the elimination of the fluoride ion, the
results of the retention obtained are in agreement with WHO standards for membranes E, G and H.
The retention reaches the value of 89.2% for membrane G at 16 bar. This membrane contains the
highest ratio in molecular weight of cellulose acetate, in the absence of PEG additive. The increase in
the CA concentration causes a significant increase in the viscosity values, the mutual diffusion
between the non-solvent (water) and the solvent (DMF) is greatly reduced in the system during the
solidification of the casting solution. Consequently, when the amount of CA increases, the
precipitation takes longer to stop, which leads to the preparation of thinner and denser membranes.* In
fact, small pores lead to low flux and better selectivity.

We may conclude that, firstly, fluorine rejection decreased by increasing the fluoride concentration
and as the fluorine concentration increased, the pressure increased, leading to decreased rejection.
Meanwhile, the rejection increased with increasing operating pressure at the same feed
concentration.* Secondly, the rejection varies inversely with the flux, while membrane morphology
and the heat treatment improved the rejection, and affected the flux.

This study showed that the retention of fluoride ion varies in the following order: G>H>E > A >
C > F at different pressures. Membranes G and H give a defluoridation greater than 0.5 mg/L. These
results are good, but not satisfactory, because lack of fluoride causes dental caries, moreover, the
presence of fluoride traces in water is essential to health. Therefore, it is clear that the optimal
rejection is recorded for membranes A and C, for an initial fluorine concentration of less than or equal
to 4.67 mg/L.
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Figure 10: Flux (a), permeability (b) and fluoride rejection (c) at pressure of 7 bar for Membrane A and
Membrane C for several filtration cycles

Membrane durability

The efficiency of a membrane can decrease over time and after several uses, the effectiveness of
the membrane may be impaired. Therefore, we carried out several filtration cycles on the same
membrane film at a pressure of 8 bar. These tests were applied for membranes A and C, because they
presented the best flux, good permeability, the highest mechanical resistance and a very satisfactory
fluoride rejection for an initial fluorine concentration of 4.67 mg/L. This concentration was selected so



as to correspond to most fluoride ion rich water recorded in southern Algeria (see Table 1). After each
filtration cycle, washing with distilled water was carried out for a period of time. The rejection rate,
the flux as well as the permeability are presented in Figure 10.

The obtained results are very satisfactory, the rate of fluoride rejection decreased by only 5% after
7 cycles of treatment. The flux and the permeability were stable and almost constant, being of 29.04
L/m?h and 4.14 L/m*hbar, respectively, for membrane A. The same behavior was observed for
membrane C, with the flow and permeability of 39.18 L/m*h and 5.59 L/m*hbar, respectively. This
allows concluding that the membranes were not clogged for this initial concentration Fo = 4.67 mg/L
and for a pressure of 8 bar after several uses.

CONCLUSION

In this work, membrane films, containing PSf/AC dissolved in DMF as a solvent and PEG as
additive, were prepared by the phase inversion method. The membrane structure was affected by
several factors, such as annealing treatment and PSf/PEG ratio in the casting solution. The results
obtained are described below.
- The thermal stability of the membranes was examined by ATG/DSC. Three massive degradation
stages were observed by ATG. The first was observed at 200 °C, this shows that the membranes
developed have very good thermal resistance. A single Tg by DSC indicates the presence of PSf and
CA in the mixture and confirms the existence of an interaction between these constituents, thus
reflecting their miscibility.
- FTIR analyses show the existence of the characteristic band of PEG at 691 cm™, the displacement
of the bands observed at 1223 cm™ and 1730 cm™, characterizing cellulose acetate groups, towards
higher wavenumbers indicates the presence of new bonds between the mixture components. IR spectra
are in agreement with the thermal analysis results.
- SEM results suggest that the annealing treatment modifies and improves the surface of the
membrane. The surface layers of the membrane become denser and smooth, and the intermediate layer
is porous for a concentration of 90% CA. On the other hand, the increase of the PSf/PEG ratio in the
mixture leads to the formation of macrovoids and, consequently, the membranes exhibit higher flux
permeation.
- In the mechanical strength test, membrane MC, containing 25% PSf, shows higher mechanical
resistance for Young’s modulus of 217.5 N/mm? with 25% elongation.
- A significant flux increase was observed for membranes A and C, increasing from 8.5 L/m~h to
75.4 L/mh for membrane A and from 12.47 L/mh to 87.3 L/m*h for membrane C. We find that the
PSf/PEG ratio in the membranes affects the total flux, when it is less than or equal to unit, the flux is
very weak.
- The optimal fluoride rejection is obtained for membranes A and C for an initial concentration equal
to or less than 4.25 mg/L and it is in accordance with WHO standards.
- For an initial fluoride concentration equal to 8.62 mg/L, G and H membranes gave a satisfactory
removal rate, according to WHO, for pressures exceeding 10 bar, but the recorded flux is very low.
- Membranes A and C were selected to investigate the durability test of the membrane, their
performance was constant and stable for 7 filtration cycles.
- Membrane C proved to be the best choice, as evidenced by its highest mechanical resistance, the
best flow, a percentage of fluorine rejection satisfactory for an initial fluoride concentration
characteristic of southern Algerian water.
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