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Abstract

In this study, thin film nanocomposite (TFN) membranes were prepared by incorporating multi-walled carbon nanotube-titania
nanotube (MWCNT-TNT) hybrid into the polyamide layer via interfacial polymerization on the surface of PS35 commercial
substrate. The study showed that in the neat thin film composite (TFC), the presence of PIP in polyamide layer increased the
water permeability (from 0.54 to 2.25 L/m” h bar) but decreased the NaCl rejection (from 86.48 to 47.45%). Interestingly, the
presence of MWCNT-TNT in MPD-PIP polyamide layer increased the NaCl rejection by 38.68% (47.45 to 86.13%) while
giving a significant water permeability performance at 0.86 L/m* h bar. The incorporation of acid treated MWCNT-TNT has
improved the water permeability from 0.86 to 0.89 L/m® h bar while decreasing the NaCl rejection from 86.13 to 77.51%.
Further investigation of MWCNT-TNT loading at pH 2 revealed that the increase of its loading in polyamide layer decreased
both water permeability and NaCl rejection performance of the membrane. Overall, it can be concluded that the addition of an
appropriate loading of surface modified MWCNT-TNT into the polyamide layer can remarkably improve the performance of
conventional TFC membranes for desalination applications. In addition, incorporating PIP in the polyamide layer reduces the
capability of the membrane on NaCl rejection.

Keywords: water desalination, thin film nanocomposite membrane, MWCNT-TNT hybrid

Abstrak
Dalam kajian ini, filem nipis komposit nano (TFN) membran telah disediakan dengan menggabungkan karbon tiub nano
pelbagai dinding-titania tiub nano (MWCNT-TNT) ke dalam lapisan poliamida melalui pempolimeran antara muka di
permukaan substrat PS35 membran komersial. Kajian ini menunjukkan bahawa tanpa MWCNT-TNT, kehadiran PIP dalam
lapisan poliamida meningkatkan kebolehtelapan air (daripada 0.54 kepada 2.25 L/m? h bar) tetapi mengurangkan penyingkiran
NaCl (daripada 86.48 kepada 47.45%). Menariknya, kehadiran MWCNT-TNT dalam lapisan poliamida MPD-PIP meningkatkan
penyingkiran NaCl pada 38.68% (47.45 kepada 86.13%) sambil memberi prestasi kebolehtelapan air yang besar pada 0.86 L/m*
h bar. Penggabungan MWCNT-TNT ygng dirawat asid telah meningkat kebolehtelapan air dari 0.86 to 0.89 L/m” h bar namun
mengurangkan penyingkiran NaCl (daripada 86.13 kepada 77.51%). Siasatan lanjut terhadap muatan MWCNT-TNT pada pH 2
mendedahkan bahawa peningkatan muatannya dalam lapisan poliamida menurun kedua-dua prestasi membran terhadap
kebolehtelapan air dan penyingkiran NaCl. Secara keseluruhan, dapat disimpulkan bahawa penambahan muatan dan pH yang
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sesuai bagi MWCNT-TNT ke dalam lapisan poliamida dapat meningkatkan lagi prestasi membran TFC konvensional untuk
aplikasi pengenyahmasin. Di samping itu, menggabungkan PIP dalam lapisan poliamida mengurangkan keupayaan membran
terhadap penyingkiran NaCl.

Kata kunci: pengenyahmasin air, membran filem nipis komposit nano, hibrid MWCNT-TNT

Introduction
Nanofiltration (NF) which lies between ultrafiltration (UF) and reverse osmosis (RO) is a separation technique used
in desalination process mostly to reject multivalent ions rather than monovalent ions. NF shows some advantages
over RO such as greater water permeability and lower operating pressure [1]. The thin film composite (TFC) NF
membrane is normally fabricated through interfacial polymerization (IP) process of two immiscible phases in the
formation of thin and dense polyamide layer. Nowadays, TFC NF membrane has also been widely applied for water
purification, wastewater treatment, food processing and bio-separation [2].

Recently, many efforts have been made to tailor the structural properties of polyamide-based TFC membrane to
improve the separation performance of the membrane. The introduction of polymeric nanocomposites either by
mixed matrix membrane or incorporated in polyamide layer of the membrane have gained interest of many
researchers. Various nanomaterials such as silica, zeolite, graphite, metal oxide nanomaterials and carbon nanotubes
(CNTs) have been introduced for membrane application due to their unique features including the ability to promote
high permeability and decreased in fouling resistance [3]. Evidently, each nano-materials have their own unique
properties, but a single material is unlikely to simultaneously offer several if not all, of these beneficial features for
membrane fabrication. This has led to recent developments and application of hybrid nanomaterials capable of
synergistically contributing the advantages of their individual components and thereby reducing their shortcoming

[4].

The present work aims to evaluate the feasibility of using multi-walled carbon nanotubes-titania (MWCNT-TNT)
hybrid as nanofillers of thin film nanocomposite (TFN) membrane. Even though many works on inorganic
nanoscale particles have been studied, however, there is still no exploration on hybrid nanomaterials for water
desalination membrane. In this study, a hybrid of MWCNT-TNT will be incorporated into the polyamide layer of
TFN membrane to harness the unique characteristic of both MWCNTs and TNTs. The TFN membrane will be
evaluated in term of their water permeability and NaCl rejection performance.

Materials and Methods

Materials

Commercial ultrafiltration (UF) membrane obtained from Sterlitech was used for membrane substrate. 1,3,5-
benzenetricarboxylic acid chloride (TMC, Acros Organic) in n-hexane (Fisher Chemical), 1,3-phenylenediamine
(MPD, Merck) and piperazine (PIP, Merck) in RO water were used in TFC membrane fabrication for PA layer.
Titanium dioxide nanoparticles (TiO, Degussa P25 Evonik), multi-walled carbon nanotube (MWCNT, Aldrich),
hydrochloric acid (HCIl, Merck), sulfuric acid (H,SO4, Merck 95 — 97%), nitric acid (HNOs, Merck 65%) and
sodium hydroxide (NaOH, Merck) and sodium hydroxide (NaOH, Merck) were used to synthesize hybrid
MWCNT-TNT. Sodium chloride (NaCl, Merck) was used in salt water preparation.

Synthesis of MWCNT-TNT hybrid

MWCNT-TNT hybrid was synthesized by oxidization and hydrothermal method. Firstly, 1g of MWCNTSs was acid
refluxed in H,SO4:HNO; (each 3 M, 3:1, v/v) (250 ml) at 80 °C for 24 hours. The solution was filtered and washed
to get pH neutral before oven-dried. 3 g of oxidized MWCNTs and TiO, (1:5) was undergone the hydrothermal
process for 24 hours at 120 °C in 10M NaOH (100 ml). The MWCNT-TNT was washed until pH lower than 9 and
was treated with HCI solution (0.1M) to obtain pH 3 — 4. The final product was washed to pH neutral and dried in
an oven at 60 °C. To prepare the acid treated filler (a-MWCNT-TNT), the prepared MWCNT-TNT was treated with
hydrochloric acid (HCI). Briefly, a 0.2g of MWCNT-TNT was added into a solution of pH 2 containing 0.05 HCI
solution and was shake for 24 hours. All the solution were prepared with a specific gravity of 0.03M NacCl solutions
as buffer solution. The precipitate of a-MWCNT-TNT was filtered and dried in the oven at 60 °C [5].
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Synthesis of polyamide layer

Two types of polyamide layer were formed by (i) MPD (1.5wt) / TMC (0.05wt) which indicated as TFC A and (ii)
MPD (1.13wt)-PIP (0.37wt) / TMC (0.05wt) indicated as TFC B. The polyamide layer for thin film composite
(TFC) membrane was introduced via interfacial polymerization (IP) process on the surface of PS35 substrate
membrane. The PS35 substrate was kept in RO water for at least 24 hours prior to interfacial polymerization (IP)
process. Briefly, the MPD or MPD-PIP, was dissolved in RO water and the solution was covered by tissue paper to
prevent from light oxidation [6]. In separated solution, TMC was dissolved in n-hexane. All the solutions were
stirred at a minimum of 3 hours prior to use. To begin IP process, 40 ml of MPD aqueous solution (0.8 g MPD in 40
ml RO water) was poured and fully covered the PS35 substrate surface which was held horizontally for 1 min. The
excess MPD solution and residual droplets were gently removed by using a soft rubber roller. Then, 40 ml of TMC
solution (0.04 g TMC in 40 ml n-hexane) was also poured and fully covered on the substrate and was drained off
after 50 s. The synthesized TFC membrane was dried for 1 min at ambient condition and 5 min later in the oven at
65 °C. Finally, the TFC membrane was cooled for 1 min at ambient condition before continued to be rinsed with
water and stored in RO water container [7]. The membrane (mentioned as MWCNT-TNT/TFC) were fabricated
similarly to TFC membrane, except that during the interfacial polymerization, the MWCNT-TNT (0.05 wt.% or 0.1
wt.%) was dispersed and sonicated for 30 min in organic solution of TMC in n-hexane and was reacted with MPD
or MPD-PIP immobilized on PS35 substrate commercial membrane

Characterization of MWCNT-TNT, TFC and TFN membranes

The crystal configuration of MWCNT-TNT hybrid was analyzed by X-ray diffraction (XRD) analysis. The tabular
morphology of MWCNT-TNT hybrid was observed by transmission electron microscopy (TEM, HT 7700, Hitachi).
The Zeta potential analysis (Malvern Zetasizer, Nano ZS) was utilized to determine the charge of the MWCNT-
TNT and fabricated membrane. The hydrophilicity of membranes was measured by contact angle goniometer (OCA
15Pro, Dataphysics).

Performance study of TFC and TFN membranes

Pure water permeability and salt rejection performance by RO water and standard aqueous solution of NaCl
(2000ppm) were conducted using dead end RO cell at an applied pressure of 15 bar. All permeation experiments
were performed using circular membranes with an effective area of 14.6 cm®. The membrane water permeability
was evaluated by dividing the water flux value (Eq. 1) with operating pressure (15 bar).

_r
Axt

(M

where V' is the permeate volume (L), 4 is the membrane active area (m”) and ¢ is the experiment time (h) to

obtain V. The salt rejection was calculated based on following Equation 2:

C
R(%)=|1—-—L|x100 2)
C;
where Cp and C ; are the concentration (ppm) of the permeate and feed solution, respectively.

Results and Discussion

XRD analysis

The XRD analysis of MWCNT-TNT hybrid, MWCNTs and TNTs are represented in Figure 1. The self-synthesized
TNTs sample shows an intense peak at 2-theta values of 10.48°, 24.76 © and 48.58 °. These patterns correspond to
the crystal structure of TNTs. The peaks at a 2-theta values of 25.78 ° and 43.13 ° in XRD pattern of MWCNTs
correspond to the cylindrical concentric tubular structure of MWCNTs and the sp® hybridization of the carbon atom.
The characterization peak of MWCNTSs at 25.78° can also be observed clearly in the formation peak at 26.18° in the
patterns of MWCNT-TNT hybrid, which suggested the successful formation of MWCNT-TNTs [8]. Meanwhile, an
intense peak at 2-theta values of 24.98°, 26.18° and 48.72 ° for MWCNT-TNT hybrid samples supported the
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formation of TNTs nanotubes. The diffraction peak 10.48° and 11.1° showed by TNTs and MWCNT-TNT hybrid,
respectively, a notable feature of the tubular structure of TiO, nanomaterials [8].

Intensity
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Figure 1. XRD patterns of (a) self-synthesized MWCNT-TNT hybrid, (b) commercial MWCNTs and (c) self-
synthesized TNT

TEM analysis

TEM images (Figure 2) clearly demonstrate the tubular structure of MWCNT-TNT hybrid which depicted the open
end of MWCNTs in the MWCNT-TNT hybrid. The MWCNT have the outer diameter in the range of 16 —20 nm
while 71 — 141 nm for TNT, as indicated by TEM image. In addition, there were no TiO, nanoparticles (NPs)
observed in TEM image of MWCNT-TNT hybrid, confirming that TiO, NPs was completely converted into TNTs
after the hydrothermal treatment. These findings are consistent with the XRD results. Liu et al. [8],who applied the
same hydrothermal method for the synthesized of MWCNT-TNT hybrid indicated the homogeneous mixture of
nanotube was difficult to be achieved through the simple mechanical mixing.

Figure 2. TEM image (magnification: 40K) of MWCNT-TNT hybrid
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Membrane performance

Water permeability and NaCl rejection were evaluated for the membrane performance to determine the effect of the
addition of MWCNT-TNT hybrid as nanofiller in polyamide layer of composite membrane. It was observed (Figure
3) that the water permeability of TFC membrane was increased from 0.54 to 2.25 L/m* h bar when piperazine as a
co-monomer was used in polyamide selective layer (TFC B). The transport property that includes flux and rejection
of nanofiltration membranes were greatly influenced by monomer type during polyamide layer formation which in
accordance with that reported Saha and Joshi [9]. It was also believed that the addition of piperazine into PA layer
will disturb the restricted chain flexibility of MPD-TMC PA, resulting in high water permeability in TFC B [9].
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Figure 3. Water permeability and NaCl separation of thin film composite membranes (TFC) of TFC A [MPD
(1.5wt) / TMC (0.05wt)] and TFC B [MPD (1.13wt)-PIP (0.37wt) / TMC (0.05wt)]. (Test conditions: 15
bar, 25 °C, 2000 ppm NaCl aqueous solution)

However, the sharp increase in water permeability deteriorating the NaCl rejection from 86.48% to 47.45%. This
observation is in agreement with that of reported by Wu et al. [1] where PIP was used as co-monomer. Uniquely, by
incorporating the MWCNT-TNT hybrid in TFC B, the NaCl rejection increased from 47.45% to 86.13%, while the
water permeability was higher compared to TFC A. The existence of hydrogen on MWCNT-TNT can enhance the
hydrogen bonding formation in PA layer which in turn decreased the pore sizes in PA layer while later contributed
to low water permeability and increase NaCl rejection [9]. Moreover, the successful synthesis of MWCNT-TNT as
confirmed by XRD and TEM provides unique properties for the membrane which offers pore channels and high
hydrophilicity of hybrid to increase water permeability while reject certain dissolved ions [10], [11]. Meanwhile,
when the MWCNT-TNT was treated with acid (a-MWCNT-TNT) and was incorporated into the polyamide layer of
TFC B, the water permeability was increased as indicated by decreasing contact angle from 72.92 to 61.71° of the
membrane as shown in Table 1.

However, a-MWCNT-TNT/TFC B showed a slightly decreased in NaCl rejection. The polymer links formed from
PIP and TMC, which occurs faster in polyamide layer of TFC B might compete with the bonding between a-
MWCNT-TNT with the free —COCI groups of TMC [1]. Hence, contributed to the decreased in surface negative
charge of the membrane as provided by the positive value of zeta potential (Table 1). The further increased of a-
MWCNT-TNT in polyamide layer of TFC B deteriorated NaCl rejection of membrane performance. It is possibly
due to the tendency of NaCl molecules to pass through some voids between a-MWCNT-TNT and polyamide at high
loading of the hybrid nanotube [11]. Moreover, higher a-MWCNT-TNT loading (0.10 MWCNT-TNT) led to
ineffectiveness on water permeability, which likely suggests the formation of thicker polyamide rejection layer
under this a-MWCNT-TNT loading condition [12, 13].
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Table 1. The properties of MWCNT-TNT hybrid and TFC/TFN membranes prepared in this work

MWCNT-TNT / Membrane Contact Angle Surface Zeta Potential

) (mV)
MWCNT-TNT - -8.95
a-MWCNT-TNT - 26.6
TFC A 90.22 +£2.81 -
TFCB 52.66 £3.39 -14.1
0.05 MWCNT-TNT/TFC B 72.92 +3.56 -10.6
0.05 a-MWCNT-TNT/TFCB  61.71+2.21 17.2
0.10 a-MWCNT-TNT/TFCB  75.77+2.97 14.3

Conclusion

Novel TFN membranes for nanofiltration were fabricated by incorporating MWCNT-TNT hybrid. The MWCNT-
TNT hybrid was successfully synthesized, which was confirmed by XRD and TEM analysis. The mixed cross-
linking of MPD-PIP diamine monomer during interfacial polymerization in polyamide layer decreased the rejection
of NaCl to an average of 39%. The unique properties of MWCNT-TNT hybrid such as tubular structure have
improved the membrane performance in terms of water permeability and NaCl rejection. The acid treatment of
MWCNT-TNT with HCI possibly provided external Cl group which help on PA layer formation. However, it might
compete with the fast reaction of PIP monomer which decrease the negative charge of the membrane and decreased
the salt rejection. Worth noting that the higher loading of a-MWCNT-TNT in MPD-PIP polyamide layer decreased
both water permeability and NaCl rejection of membrane performance due to the dense PA layer formation.
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