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Functionalized titanate nanotubes were prepared using facile and eco-friendly method. Nanofiltration
membranes were fabricated via simple phase inversion method. The neat and mixed matrix membrane
(MMMs) was prepared using PEI as polymeric material and nanomaterials such as TiO, particles (TP), as-
synthesized hydrogen trititanate nanotubes (pTNT), N-doped TiO,NT (N-TNT) and Cu-doped H,Ti;0,NT
(Cu-TNT) were served as additives. The crystal phase characterization revealed the anatase phase for TP,
trititanate phase for pTNT, anatase-rutile mixed phase for N-TNT, Cu-TNT materials and the similar
observations were found with MMMs. The morphology analysis of neat PEI membrane exhibited a denser
top layer and the beneath part of membrane is tighter. Different from neat PEI membrane nanocomposites
of MMMs showed finger-like macrovoids towards the bottom of the membrane. The water uptake and
hydrophilic character of membranes are found in the following order neat PEI > PEI/TP > PEI/pTNT >
PEI/N-TNT > PEI/Cu-TNT. Interestingly, the salt rejection performance of monovalent (NaCl) and
divalent (K,SO,4 and CaCl,) ions in the single salt mixture were found to increase in the same order. The
salt rejection performance of PEI/Cu-TNT was found in the decreasing order K,SO, (80%) < NaCl (75%)
< CaCl, (45%). The high performance of PEI/Cu-TNT in salt rejection and antifouling properties are
ascribed to tubular morphology, copper dopant results high hydrophilic character of the MMMs.

1. Introduction

Design and development of efficient materials for nanofiltration
(NF) membrane is a great societal demand. NF membrane has
been widely used for desalination of electrolyte solution and its
performance can be tuned using appropriate type and density of
charge carriers on the membrane surface. Mixed matrix
membranes (MMMs) composed of nanoparticles blended with
polymeric membrane has proved the enhancement of
performance in terms of permeability, solute rejection and better
anti-fouling properties.'"> In MMMs, mechanical mixing of
inorganic nanomaterials into polymer solution is beneficial for
homogeneous dispersion of nanoparticles in matrix.

To date, variety of nanosize metal oxides like TiO,,>* Si0,,>¢
ALO;,® 710, ZnO" and zeolites'*" were successfully
incorporated into polymers as an additive to improve the
performance such as hydrophilic and flux of membrane.

¢ Membrane Research laboratory, Department of Chemical Engineering,
National Institute of Technology, Tiruchirapalli — 620015, Tamil Nadu,
INDIA. arthanareel 0@yahoo.com

b4dvanced Membrane Technology Research Centre (AMTEC), Universiti
Teknologi Malaysia, Johor, MALAYSIA. fauzi.ismail@gmail.com

“Nano Catalysis and Solar Fuels Research Laboratory, Department of
Materials Science and Nanotechnology, Yogi Vemana University,
Vemanapuram, Kadapa 516 003, Andhra Pradesh, INDIA.
shankar@yogivemanauniversity.ac.in

=y
S

Nanomaterials exhibited superior physic-chemical properties,
such as large surface area leads to vast majority of the active sites
on the surface, improved catalytic, optical and electrical
properties and homogeneous dispersion in solution."* The
physico-chemical properties of TiO, material displayed its multi-
functional application for photocatalysis, heterogeneous catalysis,
dye-sensitized solar cells, lithium ion batteries, biological
applications, ultrafiltration membrane and so on.">'® The purpose
of polymer membrane modification with functionalized
nanoparticles is to minimize membrane fouling due to adsorption
or adhesion, or to introduce functional interactions to improve
performance.'® Nano-size TiO, particles has established much
consideration to enhance membrane properties due to its high
hydrophilicity, great chemical stability, antibacterial and
abundant in nature.’*?? Arrachart et al » successfully dispersed
functionalized TiO, nanoparticles in PMMA matrix by phase
separation method. The nanoparticles blended with polymer
solution results strong hydrogen or covalent bond interaction
leads to improved dispersion.**

Polyetherimide (PEI) is the most preferred polymer for
membrane applications as it displayed mechanical strength,
thermal stability, film forming ability and chemical resistance
under vigorous experimental conditions.”> However, PEI
membrane suffers with hydrophobic character. To overcome this,
hydrophilic PEI/silica membranes fabricated by incorporating the
fluorinated silica nano particles (fSi0,).® The results revealed
that incorporation of fSiO, layer greatly enhanced the hydrophilic
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property of membrane with improved mechanical strength. The
effect low TiO, concentration on the permeability and membrane
fouling of PES membranes was studied using polar solvent of 1-
ethyl-2-pyrrolidone.?” Authors concluded that TiO, nanoparticles
entrapped in membranes have more open structure, higher
hydrophilicity and permeability.

TiO, based nanotubes have attracted wide attention owing to
their potential for application in electrochemical separation
process.'®?! The free standing TiO, nanotubular membrane was
prepared by growth of a high aspect ratio TiO, nanotubular layer
on Ti, selective dissolution of the metallic substrate and opening
of the closed tube bottom by selective chemical etching.”® Rajesh
Kumar et al* suggested that desalination application of TiO,
nanotubes incorporated polysulfone (PSf) membranes. Further,
the detailed study about antifouling and permeation properties of
PSf/ TiO, nanotubes membranes was investigated. The lower
ratio of TiO, concentrations provided a significant improvement
in the performance of blended membranes.’® Addition of
functionalized nanomaterials into polymer membranes provide
the benefit of physical (porous structure) and chemical changes
(functional groups attachment) could lead to enhancement of
separation functions. Yang et al’' and Tedja, et al*” reported the
adsorption of serum proteins on to the surface of TiO,
nanoparticles results in reduction of biological impact compared
to the non-protein treated TiO, particles. The literature survey on
TiO, Dbased polymeric membranes confirms that the
hydrophilicity and antifouling properties were tuned using nano-
size particles and nanostructures as well. To the best of our
knowledge doped TiO, (copper or nitrogen) was not yet studied
as additives for membrane preparation.

For the first-time we have developed novel PEI
nanocomposite nanofiltration membranes by incorporating
functionalized TiO, nanotubes for enhanced desalination
performance. The effect of TiO, nanoparticles and functionalized
nanotubes such as hydrogen trititanate (H,Ti30;) nanotubes, N-
doped TiO, nanotubes and ion-exchanged Cu®**/H,Ti;O;
nanotubes on PEI mixed matrix membranes were studied. The
physico-chemical properties of the TiO, based nanomaterials
were thoroughly characterized. The salt rejection performance
and anti-fouling property of modified PEI membranes were also
investigated.

2. Experimental Section

2.1. Synthesis and functionalization of H,Ti;O; nanotubes
The H,Ti;0; nanotubes were synthesized by hydrothermal
method as reported in our earlier publication.® In a typical
synthesis process, TiO, (LAB, Merck) powder (2.5 g) was
dispersed in 10 M NaOH aqueous solution (200 mL) and cooked
at 130 °C for 20 h in Teflon-lined autoclave (capacity 250 mL).
The white precipitate obtained was subjected to washing (twice)
with distilled water followed by 0.1 M HCI, finally washed with
ethanol, and dried at 80 °C for 12 h. The obtained bright white
powder was functionalized through ion-exchange with copper
solution and N-doping using urea granules.

Ion-exchange method was employed to prepare modified Cu-
ss TNT using an appropriate amount of copper nitrate in aqueous

S

solution.>* For instance, 0.5 gram of H,Ti3;0; was suspended in
100 mL of 0.05M Cu(NOs3), aqueous solution in 250 mL glass
beaker and stirred well. After 2 hours stirring, the suspension was
filtered under vacuum and washed thoroughly with 100 mL of
distilled water for 2 times. It was noticed that after ion-exchange
the filtrate solution exhibited low optical density than initial
solution, indirectly confirms the ion-exchange reaction with TNT
material. Thus obtained pale blue color precipitate Cu-TNT was
dried in hot air oven for 80°C for 12 h.

Wet-impregnation method was adopted for the preparation of
N-doped TiO, nanotubes.* First, 2 g of urea granules dissolved
in 10 mL of distilled water in 25 mL glass beaker. Into this
solution, 1 g of H,Ti;0; nanotubes was dispersed. Then contents
were allowed for magnetic stirring at room temperature for 30
min followed by heating at 100 £ 5 °C for 2 h till water
evaporation to dryness. Thus resulting powder mixture was dried
at 80 °C for 16 h before calcination at 350°C for 2 h. Pale yellow
powder was obtained.

2.2. Membrane preparation

Neat and functionalized titania/PEI Nanofiltration membranes
were prepared by phase inversion method using water as non-
solvent.*® A neat PEI membrane at 17.5 wt% in NMP was used as
polymer matrix. The functionalized Ti-O based membranes were
prepared by dispersing 0.5 wt% of TP, pTNT, N-TNT and Cu-
TNT as additives. The casting solutions were prepared by adding
PEI and respective nanoparticles in 20 mL of NMP as solvent at
room temperature and sonicated for 2 h to disperse nanoparticles
uniformly in solution. It is then stirred continuously until clear
homogenous solutions were obtained. The PEI-additive solution
then cast onto the glass plate for the thickness of about 400 um
with the help of a thin film applicator. Then, the glass plate
immediately immersed into a distilled water bath maintained at
20 °C. The synthesized pure and modified PEI membranes cut
into required area corresponding to dead-end experiment
employed in this study. The details of the nanomaterials used for
the functionalized membrane preparation are given below:

Additive Material / Membrane Sample ID

TiO, (LAB, Merck, India) TP

Pristine H,Ti;0; nanotubes pTNT

Nitrogen doped TiO, nanorods N-TNT

Copper  ion-exchanged  with Cu-TNT

H,Ti;0 nanotubes

PEI blended with TP, pINT, N- PEUTP,  PEI/pTNT,

TNT and Cu-TNT PEIN-TNT and
PEI/Cu-TNT

a

2.3. Characterization of nanoparticles and MMMs

The prepared and modified nanomaterials as well as membrane
were thoroughly examined using different characterization
techniques. Transmission electron microscopy (TEM) images
were collected using a FEI Tecnai F20ST electron microscope
operated at 200 keV and energy dispersive X-ray (EDX)
spectrometer. Powder X-ray diffraction (XRD) patterns of all the
materials were recorded using a D8 ADVANCE X-ray
diffractometer (Bruker) equipped with Ni-filtered Cu K,
(k=1.5418 A) radiation (30 kV, 50 mA). Scanning Electron
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Microscopy (Model: TESCAN, SEM-5600) was utilized to study
morphology of PEI and nanomaterials incorporated PEI
membranes. Thermal properties of neat PEI and functionalized
PEI membranes were quantified by thermo-gravimetric analysis
(TGA). The measurements were taken using TGA thermal
analyser (Model: DGT 2000, Perkin Elmer) that has been
interfaced to a computer. Before loading 5 to 10 mg of membrane
samples into the alumina crucible, the test samples were dried at
180 °C overnight in a vacuum oven to remove moisture. The
thermogram was recorded at the temperature range of 10 to 600
°C and at the heating rate of 10 °C.min"" under the supply of
nitrogen gas. The thermal decomposition temperature range and
the respective weight% loss can be studied and compared by this
study.

2.4. Hydrophilicity

The hydrophilicity of the membranes was measured by an
automated contact angle goniometer (Model: Ramehart, USA).
Distilled water droplet of 0.5 pL was placed on the dry membrane
surface and the equilibrium contact angle was calculated by
determining the incident and receding angles. At least five
different locations were selected arbitrarily on the membrane
surface in order to yield an average value of equilibrium contact
angle of the membranes.

2.5. Water uptake capacity and membrane porosity
Membrane samples were cut into desired size and soaked in water
for 24 h and weighed immediately after blotting the free surface
water (W;). Wet membranes were dried for 24 h in vacuum oven
and weighed (W,). The percent water uptake was calculated using
the following equation

Water uptake capacity (%) = Wi=W., 100 M
1

The porosity of membrane samples can be analysed by

considering the weight of membranes at dry and wet states. It can

be calculated by the following equation

Wi—W,
Yo, rxAxl

Where, p,, = density of water at room temperature (1 g/cm®); A=
area of membrane (cm?); 1 = thickness of wet membrane.

Porosity (%) = x 100 @)

2.6. Membrane performance
The performance of the membrane was studied by checking its
pure water flux to understand the water transport behavior of the

45

Y
S

membrane. Each membrane was washed and cut into circular
shape to be fitted into the stirred cell. It is initially pressurized
with 500 kPa trans membrane pressure (TMP) for 30 min to
reduce compaction effects. The pure water flux of the membrane
was then measured at the same TMP using the following
equation.

V
_ 3)
JW A x At

Where J,, is the pure water flux in Lm? hl, V is the volume of
water permeated in liters, A is the area of membrane in m* and At
is the time for permeate collection in hours.

The salt rejection study of membrane was carried out by
treating membranes with salt solution of K,SO,, NaCl and CaCl,
with different concentration in dead end mode filtration. The
synthetic salt solutions were prepared in four different
concentrations i.e, 500, 1000, 1500 and 2000 mg.L'l. All the
experiments were carried out at room temperature 30 + 2 °C. The
synthetic salt solutions then passed through five different
fabricated NF membranes in dead end filtration cell at 500 TMP
and flux was calculated by using the equation 3. The
concentration of salts in feed and permeate was determined by
using the conductivity of solution. The rejection of salt was
calculated using the following equation

Cr )

R(%) =(1- ) x 100
Cy
Where, Crand C, are feed and permeate concentrations of the

salts, respectively.

The biofouling performance of the MMMs was evaluated
based on the static adsorption study of protein solution.
Typically, 100 mg.L™" of egg albumin solution was prepared by
dissolving 0.1 g of egg albumin powder in100 mL distilled water.
Adding 1M NaOH or 1M HCI solutions adjusted the pH to 3, 5,
7, and 9. The membrane samples were cut into small pieces (2 x
2 cm), placed inside the vial containing 10 mL of egg albumin
solution, and kept in shaker for 24 h to allow for albumin
adsorption. The amount of egg albumin adsorbed on the
membrane samples were calculated by using the initial and final
solution of albumin concentrations by UV-visible spectrometer at
a wavelength of 270 nm.

3. Results and discussion
3.1. Morphology analysis of H,T;0; nanotubes

This journal is © The Royal Society of Chemistry [year]
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Fig.1 displays TEM image of H,Ti;0; nanotubes prepared via
hydrothermal method. Fig.1a shows (200 nm scale) the bundles
of randomly oriented one dimensional nanotubes and overlapping
of nanotubes results dark spots at different locations. The
nanotubes at smaller scale (10 nm) are evident for multi-layered
structure of nanotubes with hollow inside and open ended on the
both edges. It is observed that, nanotubes having length several
hundred of nanometer and internal diameter of 8-12 nm is
observed (Fig. 1b). Fig.lc displays selected area electron
diffraction (SAED) pattern of the same material matches very
well with XRD pattern (vide infra) confirms that nanotubes
made-up of H,Ti3;0;. The improvement in properties of the
functionalized PET membrane depends on the available polymer—
filler interfacial surface area, which is greatly influenced by both
size and amount of nanomaterials used as filler.’” Based on the
literature, we understand that optimum loading of filler material
is essential to avoid aggregation we have restricted TiO,
nanotubes loading 0.5 wt% used to improve the performance.”’

Fig. 1 TEM images of pristine TiO, nanotubes.

3.2. Crystal phase identification

X-ray diffraction patterns of TiO, precursor, synthesized and
doped titanate nanotubes are shown in Fig.2. The XRD pattern of
pTNT material (inset) displays the weak, broad diffraction pattern
and peaks centred at 20 = 10.2, 24.1, 28.3 and 48.2° are well
indexed as the monoclinic structure of hydrogen trititanate,
H,Ti;0; (JCPDS No.47-0561). Similar diffraction pattern
observed for Cu-TNT material and it is identified as trititanate
material. The XRD pattern of N-TNT is changed, indicating that
the structural transformation had occurred during calcination
process. The diffraction pattern of N-TNT depicted two
characteristic peaks at 20 = 25.4 and 27.5° confirmed presence of
tetragonal structure of anatase and rutile (JCPDS No.21-1272 &
21-1276). Similar observations on crystal phase change upon
calcination were demonstrated in our earlier report.® TiO,
particles (TP) used as precursor for pTNT preparation showed a
major diffraction peak at 20 = 25.4° corresponding to anatase
phase (JCPDS No.21-1272). The diffraction pattern of pTNT and
Cu-TNT exhibited semi-crystalline nature, whereas N-TNT and
TP exhibited sharp peaks ascribed to well crystalline structure.
The diffraction patterns of neat PEI and MMMs are displayed in
Fig.3. All the blended membranes show sharp or broad peaks
corresponding to diffraction pattern of TP, N-TNT and pTNT
respectively. The neat PEI showed minor diffraction peaks at 20
=21 and 29° and matches well with earlier reports.*®* The MMM
samples displayed characteristic peaks of neat PEI and titania
based materials TP, pTNT, N-TNT and Cu-TNT.
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Fig. 2 XRD pattern of pTNT (inset), Cu-TNT, N-TNT and TP materials.
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Fig. 3 XRD Pattern of PEl and MMMs membranes

3.3. Morphology of PEI and MMM membranes

The membrane surface and cross-section morphologies of the
neat PEI and functionalized PEI membranes were investigated by
scanning electron microscopy (SEM) analysis. The influence of
nanoparticles addition onto the membrane surface is
demonstrated in Fig. 4. The neat PEI membrane shows a denser
top layer and the beneath part of membrane is tighter. It was
observed that a change in cross-sectional morphology of
membranes with the addition of nanomaterials. This may be due
to the interlinking of hydrophilic TiO, nanomaterials with
hydrophobic PEI and which results in the fast exchange of
solvent and non-solvent during phase inversion process and
which in turn results in the increase of number of pores in
functionalized PEI than neat PEL* Further, the fast exchange of
solvent and non-solvent in the phase inversion process due to the
hydrophilic nature of functionalized TNT and existing
interactions between components in the casting solution and
phase inversion kinetics.***!

It develops a broad finger like macro voids in the PEI/TP
membrane than neat PEI membrane. In the third membrane, the
finger-like macrovoids were gradually grown towards the bottom
of the membrane and the shape of macrovoids became sponge-
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like porous structure when pTNT nanotubes were added into PEI
membrane. The similar morphological behavior by addition of
silver nanoparticles was observed by our earlier work.®” This may
be due to decrease of interfacial stresses existed between polymer

s and layered H,Ti;O; nanotubes, which were tensed by forming
interfacial pores due to growth of the organic phase during the
delayed demixing process.”> An extremely sponge like porous
structure is observed in functionalized PEI membranes. Thus,
morphology and surface properties of N-TNT and Cu-TNT

10 nanomaterials were responsible for the large pore size and high
water permeability of membranes. Celik et al*® also reported
similar morphological behavior.

;['bp surface

neat PEI Cross-section neat PEI

40

45

Fig. 4 SEM images of top surface (left) and cross-section (right)
of neat and MMM membranes

3.4. Thermal stability of PEI and MMM membranes

The thermal stability characteristics of neat PEI and MMMs
samples were evaluated by thermogravimetric analysis (TGA).
and results are presented in Table 1. The TGA results of neat PEI
and mixed matrix membranes with titania materials viz., TP,
pTNT, N-TNT and Cu-TNT nanotubes were illustrated in Fig. 5.
The temperature range of decomposition of the membrane and
their corresponding weight % losses determine the thermal
stability of the membranes. The first step of degradation
corresponded to a slight but steep drop in residual weight % due
to small weight loss observed between 97.4 and 234 °C for all the
membranes due to evaporation of water and the residual NMP
solvent (its boiling point is 202 °C).44 The major thermal
degradation of membranes mainly occurs in the temperature
range of 407 to 504 °C. However, the thermal degradation of
membrane samples decreases with the addition of nanoparticles.
Among the membranes PEI/Cu-TNT shows lesser degradation
and higher thermal stability. It shows a 7.8% weight loss at a
temperature range of 409 to 506 °C. Whereas, the neat PEI
membrane shows higher thermal degradation with 13.9% weight
loss. The other membranes of PEI with N-TNT, pTNT and TiO,
nanoparticles showed a weight% loss of 8.2%, 8.3% and 8.9%
respectively. The TGA results also confirmed the presence of
inorganic nanoparticles. During membrane fabrication, there is a
chance for the nanoparticle to leach out at the time of phase
inversion. The above results illustrates that the nanoparticles are
still in the membrane and which enhances the thermal stability of
mixed matrix membranes.*

Table 1 Thermal stability of nanomaterials functionalized PEI
membranes

Sample Decomposition stage

Temperature range (°C) ~ Weight loss(%)
Neat PEI 442 13.9
PEV/TP 445 8.9
PEI/pTNT 458 8.3
PEIN-TNT 456 8.2
PEI/Cu-TNT 456 7.8

Journal Name, [year], [vol], 00-00 | 5
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Fig. 5 Thermal stability of PEl and MMM membrane

s 3.5. Hydrophilicity and water permeation of nanomaterials
and functionalized PEI membranes

The hydrophilicity of membrane influences both water
permeation and desalination performance. Higher contact angle
corresponds to a hydrophobic surface whereas smaller contact
value corresponds to hydrophilic surface of membranes.*® Fig. 6
displays the surface contact angles of PEI membranes blended
with TNT and functionalized TNT nanomaterials. The contact
angle of PEI membrane is 79.8° further these properties improved
for different membranes are 75.5, 69.2, 63.5, 60.3° for PEI/TP,
PEI/pTNT, PEIUN-TNT and PEI/Cu-TNT respectively. It is
observed that the contact angle of nano metal oxides incorporated
PEI membranes decreases, especially with TNT than TP. A large
amount of surface hydroxyl groups in pTNT is ascribed due to
o nanotubular morphology and layered structure as well. Rajesh
Kumar et al® reported that the contact angle of nascent
polysulfone and PSf/chitosan membrane with 3.0% TiO, NT are
73° and 58° respectively, that is contact angle of 20.5%
decreased. Interestingly, in the present study PEI/Cu-TNT
s showed 20.1% decrease in contact angle without chitosan.
Further decrease in contact angle of N-TNT is due to biphasic
structure with oxygen defects in crystal structure. The Cu-TNT
membrane showed lowest value among the nanotubes due to
hydrophilic nature of copper species. Choi et al., reported*’ that
the hydrophilic functional groups into the surface of the carbon
nanotubes (MWCNTs)/polysulfone blend membranes, thereby
generating increased free volume and appropriate free volume
cavity size. In general, the large amount of hydroxyl group on the
metal oxide surface increases the hydrophilic character of the
s membrane that is hydrogen bonds between water and the
membrane surface. In the case of nanomaterials functionalized
membranes, the dimensions of membrane surface pores increase,
more water is adsorbed by the membrane during the contact angle
experiments. The above results are in-tune with earlier reports.

@

S

0

Table 2 Water uptake capacity and porosity of membranes

SL Membranes Water uptake Porosity
No capacity (%) (%)

1 PEI 62.3 14

2 PEV/TP 70.5 21

3 PEI/pTNT 74.0 25

4 PEI/N-TNT 79.0 29

5 PEI/Cu-TNT 82.2 33

45

60

65

70

75

Table 2 displays water permeation capacity and porosity of the
membranes. Neat PEI membrane has the least water uptake of
62.3%. The water uptakes of the membrane increased to 70.5,
74.0, 79.0 and 82.2% for PEI membrane with nanoparticles TP,
pTNT, N-TNT and Cu-TNT respectively. All the functionalized
membranes showed increased in hydrophilic character with
increase in porosity of the membranes. It reveals that, the
membrane interconnectivity between the sub-layers increases
with an increased number of surface pores of the skin layer,
alternatively membrane hydraulic resistance decreases resulting
in a higher water flux. The above results demonstrated the flux
increases due to increased hydrophilicity, surface pore density
and pore connectivity. An increase in water uptake with
membrane functionalized with carbon nanotube and TNT has
been reported.*®

79.8
804 75.7
70 69.2
63.5 60.3

60 ] -
)
S 50
& =
=2 e = z
v 404 A~ Zz z =
Ei = g z i 3
5 30| = = z ¥
b5 A = 2 2
£ 204 = =
=
=]
© 104

0
Membrane

Fig. 6 Contact angle of membranes

3.6. Performance of mixed matrix membranes
3.6.1. Pure water flux

Fig.7 represents pure water flux with time for different
membranes. The membranes show a decline in water flux with
respect to time when operated under high transmembrane
pressure of 500 kPa and this loss in water flux is irreversible for
membrane. Compaction is compression of the membrane
structure under a high transmembrane pressure difference in
which the walls of the pores became closer, denser and uniform
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resulting in reduction in pore size and flux during the
compaction.* After three hour operation the flux value reached to
a steady state value which is higher for PEI membrane with Cu-
TNT showed a 0.25 L/m’h steady state water flux. It was
s witnessed by water uptake study that the water uptake increases
with nanoparticle doping and the same trend has been observed in
the case of water flux too. Incorporation of nanoparticles into the
membrane matrix results more hydrophilic properties, which
facilitates the penetration of water into the membrane. As
10 explained earlier for water uptake behavior, the same explanation
will justify the water flux character of the membrane. The
PEI/Cu-TNT membrane showed high initial and steady state
water flux followed by PEI/N-TNT, PEI/pTNT, PEI/TP and neat
PEI membranes. Incorporation of TNT nanomaterials into PEI
1s membrane surface promoted the attachment of surface hydroxyl
groups. The PEI surface and PEI network have strong interaction
with water molecule, which led to attract water molecules by
hydrophilicity of the membrane surface. This has beneficially
contributed to the enhanced water permeability through the
20 membrane.”® Zhao et al’' demonstrated excessive TiO,
nanoparticles loadings decline hydrophilicity by decrease in
specific surface area of aggregated nanoparticles. Hence, we
chosen 0.5 wt % of TNT nanomaterial in PEI polymer matrix.

25

Fig. 7 Pure water flux of membrane with time

3.6.2. Permeate flux and rejection performance of salt
30 solution

The permeate flux and rejection of salt solutions of K,SO,, NaCl
and CaCl, were studied with concentrations 500, 1000, 1500 and
2000 mg/L at the transmembrane pressure of 500 kPa. The effect
35 of concentration on critical flux of salt solutions is listed in Table
3, 4 and 5. From Tables, it is clear that flux is increasing with

decrease in salt concentration for all the membranes. In addition,
among the membranes, PEI/Cu-TNT showed higher permeates
flux. The TiO, nanotube in polymer matrix opened tube entrance,

40 thus induced transport of ions through-hole TiO, nanotube array

membranes. In addition, MMMs prepared with N-TNT, pTNT
and Cu-TNT are expected to enhance hydrophilicity in PEI
polymer surface and matrix. The effect of novel functionalized
nano-TiO, loading electrocatalytic membrane for oily wastewater

ss treatment reported.”> The electron—hole pairs were generated

50

from TiO, to promote the electron transfer, which was attributed
to the special function of TiO, membrane. They suggested that
developed functional membranes would provide a brand-new
prospect for water purification.

Table 3 Effect of concentration of K,SO, solution on critical flux

Concent Flux (L/m%h™)

ration PEI  PE/ PEI PEI/ PEI/
(mg.L™") TP pTNT  N-TNT Cu-TNT
500 0.111 0138 0.142 0.151 0.156
1000 0.101  0.108  0.115 0.12 0.127
1500 0.051  0.059  0.065 0.072 0.079
2000 0.019 0.025 0.034 0.041 0.049

Table 4 Effect of concentration of NaCl solution on critical flux

Concent  Flux (L/m%h™)

ration PEI PEl/ PEl/ PEl/ PEI/
(mg.L™") TP pTNT N-TNT  Cu-TNT
500 0.111  0.119 0.126 0.134 0.14
1000 0.092  0.102 0.109 0.115 0.12
1500 0.036  0.042 0.048 0.054 0.059
2000 0.021  0.026  0.032 0.037 0.04

Table 5 Effect of concentration of CaCl, solution on critical flux

Concent  Flux (L/m’h)

ration PEI PEI/T PEI/pT PEIN- PEI/Cu-
(mg.L™") P NT TNT TNT
500 0.09 0.104  0.109 0.115 0.12
1000 0.070  0.079  0.086 0.093 0.099
1500 0.029 0.035 0.04 0.049 0.052
2000 0.012  0.02 0.025 0.031

60

The tables above indicate that, for all the salts with lower
concentration i.e, 500 ppm shows higher permeate flux and high
salt concentration i.e, 2000 ppm shows lesser permeate flux. The

This journal is © The Royal Society of Chemistry [year]
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reason for this can explain with the help of salt rejection, which is
shown in Fig. 8, 9 and 10. The rejection data also shows that low
concentration of salt solution giving higher performance than
high salt concentration. This means that actual salt concentration
in permeate is lower and therefore the higher rejection. This is
because, as concentration increases, the sorption of salt into the
membrane increases and ability to reject salt decreases.” In
addition, PEI/Cu-TNT membrane shows more rejection for all
salts followed by PEI/N-TNT, PEI/pTNT, PEI/TP and PEI
membranes. The incorporation of hydrophilic TNT inside the
membrane matrix encourages the formation of loss structure with
a more open pore and porosity, and with enhanced hydrophilicity.
Both effects facilitate solute transport through the membrane
structure, thus increasing the permeate flux. The higher salt
rejections of PEI/Cu-TNT suggest that void size of the polymer
when swollen is more important.>*

Among the salts, potassium sulphate showed more flux and
rejection followed by sodium chloride and calcium chloride. This
can be explained with the help of ionic size and charge density.
The higher rejection of K ion upto 80% for the membrane
PEI/Cu-TNT is because of the higher ionic radius of the K'ion
(157 pm) than Na' (116 pm) and Ca® ions(112 pm).”> The
performance of TNT incorporated membrane depends on
permeate flux and salt rejection. It is found that copper doped
TNT shows improved performance. The rejection of potassium
salt water increased around 15 % over the neat PEI membrane at
500 ppm concentration. The enhanced rejection performance of
Cu-TNT/PEI membrane is mainly ascribed due to smooth and
hydrophilic wall of nano-tubes, which facilitated attraction and
rapid movement of water molecules in polymer and nanotube
chains. In addition, SO4% ion has net negative charge on their
surface moiety. Furthermore, the higher radius of ions exhibit
relatively better rejection, because these ions can restrictedly pass
through PEI/Cu-TNT membrane, suggesting that the introduced
very small organics through narrow the spacing within Cu
functionalized membranes to form new nano networks. In case of
membranes with the addition of pristine TNT and functionalized
TNTs acquires higher negative charge on membrane surface. This
negative charge and the membrane surface negative charge will
highly repel and give better sulfate rejection. The K" ion permeate
through the negatively charged membrane only with the
conjugate SO4> ion.*® In addition, the positive charge of copper
doped TNT rejects the positively charged K™ ions. Hence, copper
functionalized rejects more due to enhance ion selectivity.
Similarly experiments with NaCl solution, PEI/Cu-TNT
membranes holds higher rejection of up to 75%. The 21.70% of
NaCl rejection at 1000 ppm was reported by Rajesh Kumar et al®’
using 1 wt% of TiO, nanoparticles incorporated poly(amide-
imide) asymmetric nanofiltration membranes. Interestingly, in
our study, 3-fold (64%) higher rejection of similar concentration
of NaCl solution was obtained using PEI/Cu-TNT membrane.
The results are displayed in Fig. 8, 9 and 10. On contrary CaCl,
rejection was lowered up to 45%, it is mainly because of the
small ionic radius of Ca®" ions and less negative charge of CI
ions. On whole, the membrane performance was ordered as a

function of rejection as follows as PEI/Cu-TNT > PEI/N-TNT >
PEI/pTNT > PEI/TP > PEL
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Fig. 8 Rejection of Potassium sulphate solution at different
6 concentration
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Fig. 9 Rejection of Sodium chloride solution at different
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3.6.3. Protein adsorption

The effect of additive nanoparticles on membrane antifouling
performance was also investigated through the static egg albumin
adsorption test as shown in Fig. 11. It shows that change of egg
albumin protein adsorbed onto the titanate nanotubes incorporated
PEI membranes. Generally, the neat PEI membrane protein
adsorption is higher because of its hydrophobic surface, so that
the surface does not have significant ability to hinder the
attachment The nanoparticles
incorporated membranes showed less egg albumin adsorption

of any kind of foulants.

than a control membrane. The functionalized titanate nanotubes
could be widened to attribute polymer onto a range of oxide type
nanotubes. The affinity of PEI to functionalized titanate
nanotubes in maintaining stable combinations of Cu-TNT, N-
TNT and pTNT in aqueous solution egg albumin.”’ Further, a
study of the albumin adsorption on the membrane surface at
different pH values was carried out. It can be seen that the highest
adsorption occurred at pH 5 and shows a major aggregation of
protein on the surface. The reason is that at pH 5 both protein and
composite membranes are nonpolar; therefore the hydrophobic
interaction causes the albumin to be more easily adsorbed on the
surface.”*At lower pH, cationic species in solution resulted in
chain relaxation leading to efficient solvent diffusion. At higher
pH, there will be less amount of the protons in solution leads to
small repulsion forces limits its flux performance. In addition, it
could be possible that the albumin molecules may aggregate more
easily because of hydrophobic interactions and reduced
30 intramolecular and intermolecular electrostatic repulsion, which
also leads to stronger adsorption™.
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Fig. 11 Effect of pH on protein adsorption of neat PET and MMM
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4. Conclusions

Hydrogen trititanate nanotubes were synthesized using simple
method. It was functionalized with doping process using nitrogen
or copper precursors. Mixed matrix membranes (PEI-Titanate)
was successfully prepared using titanate and functionalized
titanate as additives. The nanotubular shape of pTNT was
confirmed from TEM images. The crystal phase of both neat PEI
and MMMs were analyzed using XRD pattern. The morphology
analysis of MMMs showed macro voids formed after addition of
titania based material compared to neat PEI membrane. The
standard hydrophilic tests revealed that high hydrophilic nature of
Cu-TNT among the membranes. The desalination experiments
with different mono and divalent salt solution revealed that
PEI/Cu-TNT showed high salt rejection besides enhanced flux
and reduced fouling properties. In addition to that, the best
membrane also exhibited sufficient stability against biofouling.
The PEI/Cu-TNT displayed higher water uptake capacity,
hydrophilicity, pure water flux and holds higher performance
than neat and PEI/TP and pTNT respectively. Such enhanced salt
rejection performance is ascribed due to increase in negative
charges by addition of Cu-TNT to PEI the resulting membrane
showed improved charge densities and ions sieving performance.
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