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ABSTRACT

A single dual thin-film titanium-zirconium as selective layers membrane for divalent and mon-
ovalent ions removal was fabricated. Both dioxide of titanium (TiO,) and dioxide of zirconium
(ZrQ,) have been co-deposited on an ultrafiltration polyacrylonitrile membrane using information
given by scanning electron microscopy (SEM) combined with energy-dispersive X-ray spectros-
copy (EDS). The important insights provided by SEM associated with EDS on the arrangement
and potential functions of nanoparticles (NPs) due to their unambiguous chemical signal were
used for characterization and modification of membrane surface at an atomic scale. Thus, a novel
thin-film composite-nanofiltration membrane (TFC-NFM) has been performed for the first time.
The new-born organic-inorganic membrane NF-TiZr exhibited excellent performance rejection
towards monovalent ions and its rejection rate for multivalent ions reached 95%. The order of
salts rejection was CaCl, > MgSO, ~ MgCl, > NaCl > Na,SO,. The permeate flux of the NF-TiZr
membrane is as high as 58 L m h™'. 180 h-continuous exploitation of NF-TiZr showed a slight
variation of permeate flux less than 1.2% and the salt rejection remained high than 92.5% at the
end of the operation. To our best knowledge, it is the first time SEM was combined with EDS to
help for optimal co-deposition of nanoparticles on the membrane surface. This study may provide
useful insights to design next-generation NFMs.

Keywords: Nanoparticle; Co-deposition; Ions removal; Organic-inorganic membrane; Thin-film
composite membranes; Salts rejection

1. Introduction

Among the technologies for wastewater or drinking
water purification, nanofiltration (NF) is nowadays one
of the most prominent [1-3]. NF technology has quickly
acquired the merit of promoting high permeability and

* Corresponding authors.

low operating pressure [4]. With properties between ultra-
filtration (UF) and reverse osmosis (RO), NF is a pres-
sure-driven process that performs the rejection of small
organic molecules and multivalent ions. Nowadays, the
NF process is used in the fields of beverage production [5],
recycled water, and dyes separation [6-9], food and dairy
processing [10]. The pore size of nanofiltration membranes
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(NFMs) is about 1 nm and they possess a molecular weight
cut-off between 200 and 500 Da [11]. Until now polymeric
NFMs exhibit thermal, mechanical stability, and chem-
ical problems [12,13]. These problems are exacerbated by
the cost of maintenance and the limited handling con-
ditions in the laboratory [14,15]. Due to these disadvan-
tages of polymeric membranes, ceramic membranes have
emerged with high stability, large operating conditions,
well-defined pore size, and shape [16].

Several aspects of NFMs have been cleared up in review
papers [17,18]. Nghiem et al. [19] have written a compre-
hensive reference book on nanofiltration. Another recent
work covered the chemical modification of NFMs [20],
fouling issue [21,22], effects of operating parameters on
membrane permeation [23], NF for textile, dye, and waste-
water treatment [24], and NF modeling [25]. With the dis-
covery of scanning electron microscopy (SEM) combined
with energy-dispersive X-ray spectroscopy (EDS), it is now
well established that the elements charge on membrane
surface influence the performance of the membrane [26-30].

NF showed a good performance for rejection of diva-
lent ions Mg*, Ca*, and SO} from water [31-34]. Recent
work on thin-film composite (TFC) membranes coupled
with electrodialysis systems for ions (monovalent and diva-
lent) separation has been performed [35,36]. Bazinet and
Moalic [35] performed the separation of monovalent cations
from seawater using an electrodialysis cell combined with
a NF-membrane. In that study, monovalent cations pos-
sessed higher flux through the membrane than the multiva-
lent cations. Ge et al. [36] finally compared the performance
of a novel in-situ prepared nanofiltration membrane and a
commercial membrane (CSO, AGC Eng. Co. Ltd., Cheung
Sha Wan Road, Kowloon, Hong Kong) for the separation
of sodium and magnesium using the electrodialysis process.
The ion flux was calculated from the following equation:

C,-C,))V

]M”* = @ (1)
At

where |, .. is the flux of ion M™ (mol cm™s™); C, is the concen-
tration at time ¢; C, is the concentration at time 0 in mol L;
A membrane surface area (cm), and V is the volume in (L).

Thin-film composite-nanofiltration membranes (TFC-
NFMs) are the most spread world-wide among the cur-
rently available for their encouraging performances that
they show. Laboratory experimentations to modify these
membranes in order to make them more efficient and more
competitive are increasing. Most of the ideal nanofiltra-
tion membranes (NFMs) are thin-film composite (TFC)
membranes with a substrate and a thin-film selective layer
[37-39]. Organic—inorganic TFC-NFMs were prepared by
dispersing inorganic fillers in the polymer selective layer
through blending, sol-gel method, or in-situ formation
[40-44]. To successfully manufacture this type of mem-
brane, a judicious choice of the organic support, of the
inorganic nanoparticles (NPs) and a link that would play
the role of “bio-glue” for good adhesion between the sub-
strate and the inorganic top layer is essential. In this study
as organic substrate, a UF membrane polyacrylonitrile
(PAN) also known as Creslan 61 or polyvinyl cyanide has

been used; and for inorganic NPs both dioxide of titanium
(TiO,) and dioxide of zirconium (ZrO,) have been chosen.
So, UF-PAN was hydrolyzed in a sodium hydroxide solu-
tion and then immersed into a hydrochloric acid solution
in order to prepare its surface to receive a “bio-glue” with
great adhesive strength. In this case, dopamine hydrochlo-
ride, a well-known bio-glue can be oxidized in an alkaline
environment and forms a polymer-like coating on various
substrates with great adhesive strength. Yan et al. [37] used
in their work polyethyleneimine (PEI) as a crosslinking
component to promote the homogeneous polymerization
of dopamine and uniform co-deposition of PDA-PEL In
order to avoid this self-aggregation of dopamine and to
obtain a smooth and dense selective layer, dopamine hydro-
chloride (DA) was dissolved in Tris HCl buffer solution.
The support that is getting ready can finally receive by a
controlled hydrolysis process, the deposition of both tita-
nia—zirconia layers as detailed in a forthcoming paragraph.
The equilibrium reactions that occur are listed as follows:
¢ For titania (TiO,):

[1.0(s0,)]+3H,0 > 2H" +[T,(0H), 50, |~ )

[1,(0H),50,] > 10, +50% +2H,0 3)
¢ For zirconia (ZrO,):

2[7,(50,),]+3H,0 [ Z,(0H),(s0,), ] +3H’ @)
[2.,(0H),(50,),] +30H —Z,(OH), S0, +350*  (5)
Z,(OH), SO, +20H™ - 27,0, + SO} 4H,0 (6)

2. Materials and methods
2.1. Materials

Ultrafiltration membrane of polyacrylonitrile also
known as polyvinyl cyanide or Creslan 61 M-U4040 PAN
(L =101.6 cm; I = 96 cm; D = 9.9cm) is a commercial prod-
uct of Jiangsu Kaimi Membrane Technology Co. Ltd.,
(China) or available in Shanghai MegaVision Membrane
Engineering & Technology Co. Ltd., (China). Dopamine
hydrochloride and Tris buffer solutions were purchased
from Aladdin (China). Titanium sulfate hydrate, hydro-
chloric acid solution (12 mol L), zirconium sulfate tet-
rahydrate, ethanol, and sodium hydroxide (NaOH) were
all obtained from Sinopharm Chemical Reagent Co., Ltd.,
(China) and used as received.

2.2. Fabrication of the novel thin-film composite
nanofiltration membrane NF-TiZr

UF-PAN was hydrolyzed in sodium hydroxide solu-
tion (1.5 mol L) for 1 h 30 min at 50°C and then immersed
into hydrochloric acid solution (2 mol L) for another
1 h 30 min at 30°C. The resulted membrane is called
HUFPAN, hydrolyzed polyacrylonitrile ultrafiltration
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membrane, Fig. 1. Then, dopamine hydrochloride was dis-
solved in Tris HCI buffer solution (pH = 8.5; 50 mmol L)
to prepare a fresh solution for deposition; with a total con-
centration of 2 mg mL™, and the deposition time was set at
2 h. These conditions are based on the mass of dopamine
HCl/tris buffer solution deposited on the membrane surface
and the thickness of the coating layer. The circular pieces
of HUFPAN membrane with a diameter of 61 mm were
prewetted by ethanol for 30 min, and then transferred into
the freshly prepared dopamine Tris HCI buffer solution and
shaken at 30°C for 2 h. The as-prepared mussel-inspired
platforms were washed by deionized (DI) water several
times and dried in an ambient environment. The resulted
membrane is called DA-Tris coated platform, Fig. 1. At this
last step, two solutions were prepared. Solution 1: titanium
sulfate hydrate (Ti-SO,-H,0) was dissolved in a hydrochloric
solution (45 mmol L) with a concentration of 4.5 mmol L.
Solution 2: zirconium sulfate tetrahydrate (Zr(SO,),4H,O)
was dissolved in a hydrochloric solution (45 mmol L)
with a concentration of 4.5 mmol L. Pieces of DA-Tris
coated platform membranes were immersed into solution
1 at room temperature (30°C) for 6 h and then transferred
into solution 2 under the same conditions (30°C, 6 h). The
resulted membrane is called NF-TiZr and the fabrication
process is represented in Fig. 1. Three different membranes
of this kind have been prepared NF-TiZr2:1, NF-TiZrl:1,
and NF-TiZr1:2 respectively while the concentration of Ti is
two times, equal or half of the concentration of Zr accord-
ing to solution 1 and solution 2 concentration. For mem-
brane NF-TiZr2:1, [S1] = 2 x [S2]. For membrane NF-TiZrl:1,
[S1] = [S2]; so, membrane NF-TiZrl1:1 is the same membrane
as NF-TiZr. For membrane NF-TiZr1:2, [S1] = 0.5 x [S2].
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2.3. Membrane characterization

Table 1 shows the tools and devices used for membranes
characterization. To carry out this part of our work, two
instruments have been used much more: scanning electron
microscope: Zeiss Sigma 500 (Pittsburgh, Pennsylvania,
USA) and spectrometer: OXFORD EDS X-Max 50 (Abingdon
— Washington — USA). The details about the phase state
of nanoparticles TiO, and ZrO, films were observed on
TFC-NFMs surface; so, the morphological characteris-
tics of the novel prepared nanofiltration membranes were
also performed with atomic force microscopy (AFM).

SEM is an electron beam emitted by an electron gun.
The electron beam is focused and scanned on the surface
of the sample to excite the physical signal. After detec-
tion, amplification, and signal processing, a scan is formed
to reflect the surface characteristics of the sample image.
Scanning electron microscopes mainly include three parts:
electro-optical system, vacuum system, signal collection,
and image display system.

Each element membrane surface measured through
EDS has its X-ray characteristic wavelength. The size of
the characteristic wavelength depends on the characteris-
tic energy AE released during the energy-level transition.
The energy spectrometer uses X-rays of different elements.
The characteristics of photon characteristic energy are dif-
ferent for component analysis. Five elements have been
identified, carbon, oxygen, nitrogen, titanium, and zirconium.

Dynamic water contact angles measurements were
performed with an EasyDrop Instrument (DropMeter
A-200 contact angle system (MAIST Vision Inspection &
Measurement Co. Ltd., China)) at room temperature using
the drop method, in which a drop of water was deposited

H-UFPAN Membrane

Lo

Dopamme

Tris buﬂer

sulfate solm

DA-TRIS Coated Platform

s;lutions

Fig. 1. Novel organic-inorganic nanofiltration membrane NF-TiZr fabrication from an ultrafiltration polymer membrane.

NF-TIZR Membrane
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on the surface of a piece of the membrane using a micro-
pipette. The contact angles were measured automatically
by a video camera in the instrument using drop shape
analysis software. Several measurements on each mem-
brane piece were performed. All membrane pieces were
immersed in ethanol for 30 min and dried in an oven prior
to measuring their contact angle.

2.4. Membrane performance evaluation

The performance of the novel organic-inorganic
NF-TiZr2:1, NF-TiZr1:1, and NF-TiZr1:2 was evaluated by
using a laboratory scale cross-flow flat membrane mod-
ule under 0.6 MPa at 30°C + 1°C. The effective area was
29.22 cm? for each sample. Different salts MgCl,, CaCl,
MgSO,, NaSO, and NaCl were dissolved in deionized
(DI) water at a concentration of 1,000 mg L and used
as feed solutions with a fixed cross-flow rate of 30 L h.
The permeate-flux (L, L m™? h™), the pure water perme-
ability (PWP, L m? h™ bar?, LMH bar?) and rejection
(R, %) were calculated by Egs. (7)-(9):

Q

PWP = Q 8)

AAP

where Q, A, AP, and t represent the volume of permeated
water, the effective membrane area, the trans-membrane
pressure, and the permeation time, respectively.

C
R= [1 —C”Jx 100% )

f

where C? and C are respectively the solute concentrations
in permeate and feed sides which were measured by a
conductivity meter Metrohm AG Griininger (Ionenstrasse
9100 Herisau, Switzerland) and inductively coupled plas-
ma-optical emission spectroscopy (ICP-OES, Optima 7300
DV, PerkinElmer). All results presented were repeated
at least three times. The pieces of organic-inorganic
NF-TiZr2:1, NF-TiZr1:1, and NF-TiZr1:2 membranes were
tested on the cross-flow flat membrane module for 180 h
continuously with measuring the permeate flux and
salt rejection every 12 h.

3. Results and discussion

3.1. Energy dispersive spectroscopy of organic—inorganic
thin-film composite NF-TiZr2:1, NF-TiZr1:1, and NF-TiZr1:2

In order to get valuable insights into the arrangement
and potential functions of nanoparticles TiO, and ZrO,
(NPs) layers coated support, SEM was associated with
EDS. Several samples were processed, three were retained
as the representative to report on this study. The results
of this study are shown in Figs. 2—4 respectively for the
membranes NF-TiZr2:1, NF-TiZr1:1 and NF-TiZr1:2. For
each membrane, EDS identified five (5) elements carbon

(C), oxygen (O), nitrogen (N), titanium (Ti), and zirconium
(Zr) due to their unique X-ray signals. Thus, the individual
atomic position can be located by its unambiguous chemi-
cal signal. The emission light of each atom is not only visi-
ble but very distinct from their neighbors due to their high
contrast. So, it is possible to characterize and modify the
materials at the atomic scale, providing unparalleled insight
into the behavior of nanomaterials and particles.

The variation of the concentration ratio had had a
remarkable effect on the morphology of the membranes as
evidenced by the SEM images of the membranes NF-TiZr2:1,
NF-TiZr1:1, NF-TiZr1:2 in Figs. 2b, 3b, and 4b in that order.
Although the chemical elements Ti and Zr were uniformly
arranged on the three membrane surfaces (Figs. 2e and
f, Figs. 3e and f, Figs. 4e and f), there was not necessarily
a covalent bond established and ensured between them.
But in the case of the NF-TiZr1:1 membrane, this relation-
ship could well be established between the two nanoparti-
cles in use in this study. This view was sustained by the SEM
image in Fig. 3b, since the membrane appeared smoother
there than in the other two cases. Thus, the surface charge
plays a crucial role in organic-inorganic thin-film compos-
ite nanofiltration membrane preparation. The performance
analysis of the three membranes in the next paragraph will
make clear whether it is good or not to necessarily estab-
lish a covalent bond between co-deposed nanoparticles
or let each nanoparticle act in complete independence.

3.2. Field emission scanning electron microscopy and atomic
force microscopy of NF-TiZr2:1, NF-TiZr1:1, and NF-TiZr1:2
membranes

Fig. 5 depicts NF-TiZr2:1, NF-TiZr1:2, and NF-TiZr1:1
membranes’ surface morphology and roughness, which
are valuable features in the nanofiltration membranes pro-
cess. All the field emission scanning electron microscopy
(FESEM) images are presented with a very high resolu-
tion to be able to detect the specificity of each membrane.
Operating conditions: precision 200 nm; operating voltage
10.00 kV; working distance 7.8-7.9 mm; magnitude 30.0 KX.

The three organic-inorganic NF membranes belong
to the family of thin-film composite membranes (TFC) as
depicted very well by their low roughness, 8.00 + 0.11 nm,
7.13 +0.07 nm, and 5.15 + 0.06 nm respectively for the mem-
branes NF-TiZr2:1, NF-TiZr1:2, and NF-TiZr1:1 since the
top-layer deposited on PAN substrate is inferior to 200 nm.
Yan et al. [37], for having synthesized a thin layer of zirconium
deposited on a UF membrane and obtained a roughness of
about 3 nm, qualified the resulted membranes as ultra-thin.

Figs. 5a, ¢, and e also show at their upper right angle
the cross-sectional view of the NF-TiZr2:1, NF-TiZr1:2,
and NF-TiZr1:1 membrane respectively. The top TiZr lay-
ers with almost invisible pores and a thickness inferior to
10 nm (ultra-thin TFC membranes), which was supported
on the bottom layer with larger pores of about 150 nm, has
been completely filled with the both titania and zirconia
coatings. Furthermore, the cross-section of the NF-TiZr2:1,
NF-TiZr1:2, and NEF-TiZrl:1 is asymmetric, consisting of
loose finger-like macro-voids and interconnecting pores.
No distinguishable changes can be observed on the overall
cross-sectional morphology among these membranes.



22 C.N. Worou et al. / Desalination and Water Treatment 225 (2021) 18-28

Fig. 2. (a) Energy spectrum analysis results of NF-TiZr2:1 membrane and the sample table surface elements containing
(b) scanning electron microscopy (SEM) of NF-TiZr2:1, (c) oxygen, (d) carbon, (e) zirconium, and (f) titanium.

Fig. 3. (a) Energy spectrum analysis results of NF-TiZrl:1 membrane and the sample table surface elements containing
(b) scanning electron microscopy (SEM) of NF-TiZr1:1, (c) oxygen, (d) carbon, (e) zirconium, and (f) titanium.

The thinner and more solid the deposited layer is, EDS which allows to integrate the distribution of the ele-
the more efficient the membrane also is, as observed by = ments and especially their arrangement on the membrane
Yan et al. [37]. Therefore, a resistant and efficient layer is  surface at the atomic scale.
not necessarily that prepared by a large number of nanopar- The NF-TiZrl:1 membrane exhibits the most smooth
ticles. Hence the still unsuspected importance of the surface. This last feature of the synthesized membrane
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Fig. 4. (a) Energy spectrum analysis results of NF-TiZrl:2 membrane and the sample table surface elements containing
(b) scanning electron microscopy (SEM) of NF-TiZr1:2, (c) oxygen, (d) carbon, (e) zirconium, and (f) titanium.

30 pm

200 nm

Fig. 5. NF-TiZr2:1 (a and b); NF-TiZr1:2 (c and d); and NF-TiZrl:1 (e and f) membranes FESEM with cross-section and

AFM images respectively.

shows that the co-deposition of zirconium and titanium
nanoparticles (NPs) is carried out in strict compliance with
stoichiometric conditions.

3.3. Surface properties of organic—inorganic thin-film
composite NF-TiZr2:1, NF-TiZr1:1, and NF-TiZr1:2

To evaluate the wettability of NF-TiZr2:1, NF-TiZr1:1,
and NF-TiZrl:2, a time-dependent water contact angle

(WCA) was used to achieve this goal and the results are
reported in Fig. 6a. The NF-TiZr1:2 membrane showed
the best hydrophilicity and exhibited more zirconium ele-
ments (10.1%) on its surface than titanium elements (4.8%),
Fig. 4a. The water contact angles of both NF-TiZr2:1 and
NF-TiZr1:1 were quite similar from 20 s to the end of the
experimentation (100 s). Although almost identical, it was
observed that the WCA of the NF-TiZr1:1 membrane was
every second below that of the NF-TiZr2:1 membrane.



24

It could therefore be concluded that under the same han-
dling conditions, the zirconium layer membranes show
greater hydrophilicity than the titanium layer mem-
branes. In fact, the three novels TFC-NFM exhibit good
hydrophilicity and can be fast spread out by water,
which is good for their permeation performance.

Fig. 6b is about the zeta potentials of the novel mem-
branes understudy at various pH values. Between pH 3
and 6, NF-TiZr2:1, NF-TiZr1:1, and NF-TiZr1:2 membranes
were positively charged; but during the nanofiltration
process conducted above pH = 6, these organic-inorganic
TFC-NFMs were negatively charged. For that reason, the
pH has been set at 6 as an operating pH condition. TiO,
and ZrO, nanoparticles seem to possess the same influ-
ence on membrane electronegativity since NF-TiZr2:1
and NF-TiZr1:2 graphs were quite similar. However, for
acid pH (between 3.0 and 5.5) the membrane NF-TiZr2:1
is more electropositive than NF-TiZrl:2. And for pH less
acid (pH > 5.5), NF-TiZr2:1 showed the best electro positiv-
ity. These slight differences could be explained by the fact
that titanium ions can present the two forms Ti*" and Ti*,
whereas we only know Zr*. Still, the graph of NF-TiZr1:1
as in the case of WCA was sandwiched between the
graphs NF-TiZr2:1 and NF-TiZr1:2.

3.4. Performance evaluation of organic—inorganic thin-film
composite NF-TiZr2:1, NF-TiZr1:1, and NF-TiZr1:2

The three membranes made from a UF membrane
during this experiment, like other NFMs, NFMs were
applied to separate ions with different valences from water.
The retention performance of salts can reflect the charge
characteristics of membranes as suggested by Yan et al.
[37]. Thus, in this section, various salt solutions (with a
concentration of 1,000 mg L) were used to evaluate the
rejection performance of the novel organic—inorganic TFC-
NFMs. The permeate flux and salt rejection of NF-TiZr2:1,
NF-TiZr1:1, and NF-TiZrl:2 membranes towards MgSO,,
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MgCl,, CaCl, Na,SO, and NaCl were shown in Fig. 7. The
rejection ratio reaches as high as 96% for bivalent cations
although it is lower than 20% for monovalent cations. Salts
rejection order for NF-TiZr1:1 is CaCl, > MgSO, = MgCl, >
NaCl > Na,SO, as represented in Fig. 7a. NF-TiZr2:1 was
proficient in rejection of MgCl, (more than 92%) and
NEF-TiZr1:2 was proficient towards CaCl, rejection (about
(90%) but worthless towards both Na,SO, and NaCl.
The results as presented here, although not so good for
the two membranes NF-TiZr2:1 and NF-TiZr1:2 all satis-
fied those of nanofiltration processes mainly determined
by Donnan and dielectric effects [45]. NF-TiZr1:1 exhib-
ited the highest rejection both towards divalent cations
(between 89%-95%) and monovalent cations (>60%). This
last membrane (NF-TiZr1:1) is a good candidate for mon-
ovalent and divalent ions rejection in the water treatment
process since it combined the proven efficacity of NPs TiO,
and ZrO, acting separately in membranes selective layers.
As demonstrated, the novel organic-inorganic TFC-NFMs
are positively charged at pH 6.0 (Fig. 6b) and hence pos-
sess a better rejection of multivalent cations than anions
(Fig. 6b). The permeate flux during the experimentation
didn’t change too much and was set at 45, 60, and 58 Lm=h™*
respectively for NF-TiZr2:1, NF-TiZr1:2, and NF-TiZr1:1.

Since titanium is thinner than zirconium, membranes
synthesized with increased titanium tend to be less perme-
able but more efficient at forming a barrier for solute par-
ticles of the feed solution to pass through the active layer
of the membrane and end up in the permeate. On the other
hand, NF-TiZr1:2 is more loose and less efficient for salts
rejection in the polar opposite of NF-TiZr2:1. NF-TiZr1:1
The NF-TiZr1:1 membrane plays the role of balance while
reconciling the advantages of the first two membranes.
This state of affairs is understandable, coarse elements
tend to create voids while fine elements tend to break.
Taken together and well sorted, the fine elements tend to
plug the voids left by the large elements and to generate
a more solid structure.
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Fig. 6. Water contact angle (a) zeta potential at various pH (b) of NF-TiZr2:1, NF-TiZr1:1, and NF-TiZr1:2 membranes.
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Table 1
Tools and devices used for membranes characterization

Devices

Role

Field emission scanning electron microscopy (FESEM)

Energy-dispersive X-ray spectroscopy (EDS) (Hitachi S-4800, Japan)

DropMeter A-200 contact angle system (MAIST Vision Inspection &

Measurement Co. Ltd., China)
Electrokinetic Analyzer (SurPASS Anton Paar GmbH, Austria)

Characterize the morphologies of the membranes

Characterize the elemental distribution of the membranes
and phase state of TiO, and ZrO, film

Measure the dynamic water contact angles

Detect the charging property of the membrane surface

The synthesized membrane (NF-TiZrl:1) perme-
ate flux and rejection performance have been reported in
Table 2 below with those of some earlier reported ones.

The membrane synthesized in this study, although
very loose, is effective at removing multivalent ions. The
permeate flux and the rejection are the two main param-
eters that help to decide whether an NF membrane is

efficient or not [16]. Most often if NF membrane exhib-
its high permeate flux it is less selective and conversely if
it displays excellent rejection it has a low permeate flux
release.

Recently, Xu et al. [46] reported a high flux NF mem-
brane based on layer-by-layer assembly modified elec-
trospun nanofibrous substrate, the experiments results
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Synthesized membrane permeate flux and rejection performance in this study and some earlier reported ones

Membrane Permeate flux (L m2h™) Rejection (%) References
PAN/ZrO,-TiO, (1:1) 58 92.5 This study
Polyethersulfone/LbL nanofibrous 75 80 [46]
Hydrolyzed-polyacrylonitrile/ZrO, 60 >90 [37]
Modified membrane (0.5-Ach) 30 95 [47]
PES/TiO, 42 81.9 [48]
PES/functionalized multi-walled carbon nanotubes 24 80 [49]
PES/graphene oxide 20.4 96 [50]
Graphene oxide polyamide 42 90 [51]
TFC-NF/fuctionalized chitosan 229 90.8 [52]
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Fig. 8. Long term stability test on NF-TiZrl:1 membrane. Test
conditions: pressure = 0.6 MPa; cross-flow rate = 30 L h™;
T=30°C; pH =6.0 [CaCl,] =1,000 mg L.

indicated that the resulted membranes exhibited high per-
meate flux close to 75 L m~ h™ with MgSQO, rejection of 80%.

3.5. Long-term stability test on organic—inorganic
thin-film composite NF-TiZr1:1

To evaluate the long-term stability of NF-TiZrl:1, a
continuous 180 h-test filtration was carried out. And the
results were presented in Fig. 8. Test conditions: concen-
tration (1,000 mg L) of CaCl, 30°C, pH = 6.0, 0.6 MPa,
cross-flow rate = 30 L h™'. Globally, both permeate flux
and rejection satisfied the long-term stability test. The
permeate flux of NF-TiZr1l:1 at the start of the experi-
ment was 58 L m?h™ and the end of the 180 h-test was
56 L m?h™'. The permeate flux has decreased steadily
but very slightly with two anomalies observed at 36 and
84 h. The same anomaly was noted, but in an increased
manner at the level of the salt rejection graph at 84 h.
This sudden and singular drop in the salt rejection
rate could only be explained by a bad reading or that
the operator was not on standby. The permeate flux
decreased by about 1% during the 180 h-test. The rejec-
tion decreased from 95% to 92.5% in 180 h continuous

work. Thus, the rejection rate decreased by about 1.4%
during the 180 h-test. These results are very encourag-
ing with regard to those obtained recently by Song et al.
[53] on titanium-based sol-gel deposition principle and
Yan et al. [37] on zirconium using the in-situ formation
approach. Note that these low depreciation rates (1%
for permeate flux and 1.4% for rejection) could be fur-
ther improved again on the downside if the work was
not continuous. Hence, the importance of maintenance
work and regular cleaning of the membranes.

4. Conclusion

Both dioxide of titanium (TiO,) and dioxide of zir-
conium (ZrO,) have been co-deposited on ultrafiltration
PAN membrane using information given by FESEM com-
bined with EDS. Thus, a novel TFC-NFM has been per-
formed for the first time. NF-TiZr exhibited high-perfor-
mance rejection towards monovalent ions and the rejec-
tion rate for multivalent ions reached 95%. The permeate
flux of this organic-inorganic nanofiltration membrane is
as high as 58 L m™?h™. A 180 h continuous exploitation of
NF-TiZr demonstrated its long-term operability. Of obser-
vation, NF membranes that perform well in ions rejection
have low permeate flux. The co-deposition of nanopar-
ticles in strict compliance with stoichiometric conditions
seems to improve the flux of such membranes while being
very efficient at rejecting ions. We, therefore, recommend
that henceforth the scientific world lean much more over
NPs co-deposition for a new generation of NF membranes
more efficient in terms of rejection and flux release.
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