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ABSTRACT OF RESEARCH

(An abstract of between 100 and 200 words must be prepared in Bahasa Malaysia and in English.
This abstract will be included in the Annual Report of the Research and Innovation Section at a later date

as a means of presenting the project findings of the researcher/s to the University and the community at
large)

In this project, different types of titanium dioxide (TiO2) nanoparticles (NPs) (PC-20, P25 and X500) in various particle
sizes were incorporated as nanofiller into polyvinylidene fluoride (PVDF) UF membrane matrix via the novel in-situ
colloidal precipitation method. Through this novel method, stabilized TiO2 NPs suspension was uniformly embeded into
the polymer malrix during the simultaneous phase inversion process. The presence of TiO2 NPs on membrane surface
do notl provide any significant changes on the membrane physical structure, suggesting that in-situ colloidal
precipitation is an ideal method to prepare mixed-matrix membrane. The performance of the mixed-matrix membrane
(MMM) were evaluated by measuring membrane permeate flux and humic acid (HA) rejection. Experiment results
demonstrated lhat flux of the membranes had improved due to the increased membrane hydrophilicity. Mixed-matrix
membrane using DMAc as polymer solvent with 0.01 g/L X500 in the coagulation bath exhibited extraordinary
permeability (58.81 L/m2 h £ 1.96), with superior relention properties (98.76% 0.05) of HA. The membrane with well
dispersed X500 TiO2 exhibited both superior anti-fouling and defouling properties due to its smoother surface and its
highly reactive surface layer. Hydroxyl-functionalized polymer matrix containing well-dispersed P25 also has superior
relative flux ratio, flux recovery ratio and irreversible flux recovery ratio (UV) compared to the pristine membrane.

Abstrak Penyelidikan

(Perlu disediakan di antara 100 - 200 perkataan di dalam Bahasa Malaysia dan juga Bahasa
Inggeris.

Abstrak ini akan dimuatkan dalam Laporan Tahunan Bahagian Penyelidikan & Inovasi sebagai satu
cara untuk menyampaikan dapatan projek tuan/puan kepada pihak Universiti & masyarakat luar).

Dalam projek ini , pelbagai jenis tilanium dioksida ( TiO2) zarah nano ( ZN) ( PC- 20, P25 dan X500 ) berlainan saiz
telah ditambah sebagai pengisi nano ke dalam matriks membran UF polivinilidene fluorida ( PVDF )melalui kaedah
baru mendakan berkoloid. Melalui kaedah baru ini , TiO2 ZN yang seragam boleh ditambah ke dalam matriks polimer
semasa fasa proses penyongsangan serentak. Kehadiran TiO2 ZN pada permukaan membran didapati tidak
memberikan apa-apa perubahan ketara ke atas struktur fizikal membran , menunjukkan bahawa kaedah mendakan
berkoloid adalah kaedah yang sesuai untuk menyediakan membran matriks bercampur. Prestasi membran bercampur
matriks (MMM) telah dinilai dengan mengukur kadar fluks membran dan penolakan asid humik (HA) . Hasil kajian
menunjukkan bahawa fluks membran telah bertambah baik kerana sifat hidrofilik membran telah meningkat. Membran
bercampur matriks menggunakan DMAc sebagai pelarut polimer berserta 0.01 g/l X500 dalam takungan pengentalan
mempamerkan kebolehtelapan yang luar biasa ( 58.81 L/m2 h £ 1.96 ) , dengan ciri- penolakan yang lebih baik ( 98,76
% = 0.05) HA . Membran dengan sebaran X500 TiO2 yang halus mempamerkan kedua-dua sifat anti-kotoran dan
penyahkotoran dengan baik. Kelebihan ini adalah kerana permukaan membran yang lebih licin dan lapisan permukaan
yang sangat reaktif . Matriks polimer difungsikan melalui hidrosil dan mengandungi P25 didapati mempunyai
peningkatan dalam nisbah unggul relatif fluks , nisbah pemulihan fluks dan nisbah pemulihan fluks tidak berubah (UV )
berbanding dengan membran asli .
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SUMMARY OF RESEARCH FINDINGS
Ringkasan dapatan Projek Penyelidikan

As a summary, this project devised a novel method of preparing MMM via in situ colloidal precipitation
method. Condilions have been oplimized to develop fine and uniformly distribuled TiO2 NPs inlo the membrane matrix
to improve the hydrophilicity and funclionalily of the membrane. Colloidal stable TiO2 NPs in coagulation bath was first
prepared combining the ultrasonic and pH peptization method. The stable TiO2 colloid was then embedded inlo the
membrane matrix during phase inversion process to avoid the TiO2 agglomeralion problem due to the viscous effect.
Using the novel in-situ colloidal precipitation method, the pore formation and particles embedment were carried out
simultaneously so that the changes of physical slructure of PVDF/TiO2 MMMs was minimized.

It was found that the membrane prepared using NMP and DMAc as solvent has beller particle size distribulion
compared to DMF. Membrane with NMP as solvent gave bigger pore size but smaller and irregular particle size,
whereas membrane prepared with DMAc has narrow parlicle size distribution patlern. Additionally, the particle size
increased with the increasing of TiO2 concenlralion in the coagulation bath. Il was found that PVDF/TiO2 MMM system
that was prepared using DMAC as solvent and immersed in coagulation bath with X500 TiO2 NPs has a comparatlively
well distributed, regular and smaller TiO2 NPs on membrane surface. The parlicle size distributions is mainly
contributed by the smaller and slable TiO2 NPs in the suspension balh. System wilh greater Rg/Rp ratio which has
beller thermodynamic stability is therefore required for favorable particle distribution. Smaller X500 particle size on the
membrane (under lhe same concentration) unexpected give higher contact angle compared lo the neat PVDF
membrane. However, surface energy analysis showed that X500 MMMs wilh beller dispersion has beller affinity
lowards waler which indicating the enhanced membrane hydrophilicily.

Filtration tests with HA solulion proved that permeability of the MMMs is signilicanlly improved due lo its
increasing porosity atlribule to the nanogap between lhe particles and the polymer matrix (defect) as well as enhanced
hydrophilicity. The optimum membrane prepared with 0.01 g/L X500 showed significant flux improvement (58.81 + 1.96
L/m2 h) and HA rejection (98.76 + 0.05 %) which could be attributed to the beiler particle distribution, smaller particle
size as well as increasing hydrophilicity. The synergistic effect of TiO2 NPs on membrane water flux and rejection could
be realized only if the NPs were well dispersed. The fine and well Ti02 dispersions on membrane polymeric matrix was
found to have significant effects on the membrane anti-fouling and defouling properties. It is attributed to their reduced
surface roughness as well as increasing surface energy. This finding is manifested through the improved RFR and FRR
values of X500 series PVDF/TiO2 MMMs.

The ultimale advantage of incorporating photocatalytic TiO2 NPs inlo the membrane matrix and their self-
cleaning properties was evaluated by degrading the HA adsorbed on the membrane surface under mild UV light
irradiation. It was found that photocalalytic oxidation could be an effective process for degrading permanent fouled HA
by breaking the hydrophobic and electrostatic interactions between HA and membrane, It was proven thal P25 TiO2
with mixed 25% rutile and 75% analase crystallinity, produced superior UV-cleaning properties with the highest
membrane IFRR(UV) value. A considerably high IFRR(UV) was also obtained for uniformly dispersed X500 on the
membrane surface, which has more aclive surface sites due to the improved dispersions. However, the photocatalytic
properties of P25 MMMs are compensaled by its rough surface. This problem can be solved by hydroxylate the
polymer matrix to improve the dispersion. Hydroxyl-functionalized P25 MMM conlaining a well-dispersed pholocatalyst
with large surface-to-volume ratio is considered to be an altractive membrane which promises highly amalgamalion
application of anti-fouling, defouling and UV-cleaning (self-cleaning) capacity.
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COMPREHENSIVE TECHNICAL REPORT
Laporan Teknikal Lengkap

Applicants are required to prepare a comprehensive technical report explaining the project.
(This report must be attached separately)

Sila sediakan laporan teknikal lengkap yang menerangkan keseluruhan projek ini.
[Laporan ini mesti dikepilkan)

Please refer to Attachment A

List the key words that reflect our research:
Senaraikan kata kunci yang mencerminkan penyelidikan anda:

English Bahasa Malaysia
Mixed matrix Membrane Membran matriks bercampur
antifouling anti-kotoran
photocatalytic pemangkinan foto
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Attachment A

Technical Report for RUI Grant (1001/PJKIMIA/811172)

Title
Preparation and characterization of a simultaneous pore forming and titanium binding
nanocomposite membrane for fouling mitigation

Objectives

In this work, three different types of TiO, nanoparticles (NPs) (PC-20, P25 and X500) were
incorporated into PVDF membrane to produce a mixed-matrix membrane via in situ colloidal
precipitation method. The corresponding membranes were prepared by dissolving the PVDF into
different organic solvent (N-methyl-2-pyrrolidone (NMP), N,N-dimethy!| formamide (DMF) or N-N-
dimethylacetamide (DMAc)) which underwent phase inversion and colloidal precipitation in TiO,
suspension bath. In order to avoid agglomeration and to maintain the stability of TiO; NPs in the
coagulation bath, TiO, NPs were dispersed in the bath via ultrasonication and peptization. The
membranes performance in term of permeation flux and rejection were then evaluated using cross-
flow filtration system. The ultimate advantage of incorporating photocatalytic TiO, NPs into the
membrane matrix could be tested based on the long hour study of membranes with HA model solution
which provides the information on its anti-fouling and self-cleaning functionality. The efficiency of
the surface photocatalysis are evaluated based on the flux recovery. In overall, the objectives of the
project are:

i. Tostudy the formation of nanocomposite polymeric membrane with well dispersed TiO, in
the membrane matrix

ii.  Tostudy the interaction between nanoparticle and polymeric material
iii. ~ Tostudy the cleaning mechanism of nanocomposite membrane under radiation of UVC and
sunlight

Introduction

Polyvinylidene fluoride (PVDF) is one of the most extensively applied membrane materials
in the industry. However, hydrophobic nature is the most critical limitation of current PVDF
membrane in its dignified application as a valuable means of HA separation as they exhibit
susceptibility toward inherent problem of membrane fouling.

Irreversible deposition and adsorption of HA particles (solute) on membrane surface or into
the membrane pores will consequence in membrane deterioration. HA has been demonstrated to be
the major constituent causing membrane fouling during the drinking water treatment process by a
number of previous studies. This phenomenon demands considerable attention as it can greatly reduce
the membrane permeation, affect the quality of the water produced and increasing transmembrane
pressure (TMP) which leads to a higher operational cost, and shorten the membrane lifespan.
Thercfore. membrane fouling always a major obstacle for widespreading of UF membrane
implementation.

To increase the membrane performance, membranes is then being cleaned physically,
biologically or chemically. Physical cleaning of membrane could effectively solve the reversible
fouling phenomenon but for irreversible fouling or scaling problem, intense chemical cleaning is
required. However, high chemical usage in chemical cleaning will impose another additional
environmental pollution. Therefore, a greener membrane cleaning method such as self-cleaning
(surtace photocatalytic) is required.

Since hydrophobic adsorption of HA particles on membrane surface is the key role in
membrane fouling, the surface properly of membrane is the most important factor affecting membrane
fouling. Therefore, hydrophilic modilication is a potential method to enhance the functionality of
PVDF membrane against the fouling.

The unique large surface-to-volume ratio and strong reactivity properties of titanium dioxide
(TiO,) nanoparticles (NPs) with photocatalytic properties make it an ideal candidate to be
incorporated into polymeric matrix as hydrophilic filler. Beneficial cffects of TiO,-based membranes
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in improving the membrane permeability, fouling-resistance and self-cleaning properties have been
reported recently. However, high surface energy of TiO; NPs often resulls in agglomeration; leading
to low functional surface area, which is a conspicuous drawback for application. Therelore, for
feasible application, it is crucial to obtain fine and stable nanodispersions for production of thin
mixed-matrix membrane films with low surface roughness and high surface area of TiO, NPs.

Research Methodology

The overall experiment procedures used in this study can be categorized into three segments.
TiO; colloid suspension stability was first studied at the beginning of the project. Second segment
converse on the neat PVDF membrane and PYDF/TiO, mixed-matrix membrane development under
different membrane synthesis parameters. It was followed by membrane performance evaluation in
terms of membrane filtration flux and HA rejection as well as the membrane fouling studies. These
characterization method include X-ray Diflraction (XRD), Transmission Electron Microscope (TEM).
Fourier Transform Infrared (FTIR) spectroscopy, Dynamic Light Scatiering (DLS), Energy
Dispersive X-ray (EDX), streaming potential, Field Emission Scanning Electron Microscopy
(FESEM), particle size distribution on membrane surface, Atomic Force Microscope (AFM), contact
angle, pore size distribution and Thermal Gravimetric Analysis (TGA). The flowchart of the overall
experimental works is summarized in Figure 1.

Stadv on Ti0; Collord Surpenmon Stabdey

{ - 1
Y. PRSI S
ect of Salution g Effectef TiO; ! Lifestof Vacesae i
Effect of Solution pH Contentration i 3 diatien Tuwe i
| "
t. ¥
XED
TO; Ninoporder Charactenzation  f—¢f - TIM
- IR
nLs

Studw of PVDF TrO: Mixed Matnx Membrane
Cadamp Conditsins

B S—
I Efiect of Sclvest Tope | ‘ Edtect of O: Type [ Effect of T1O; Dossce
. ”ﬁ—*‘l“'"* — P
e e A
l{ Chenucal Propestaes . Puvnza) Propemes
{ . EDX M1 Membiane Charactenzaben }—h FESEM
- NRD ‘ « Pamile Swe Dunibasr
FTIR i Meubtane Swiace
- Sucarnmgpetental - AN
! Centact anige
Pote Size Duteterion
- TGA

- __~~,___| y JR———
L Penneanon flex r-— Memtrane Pefesmance Evaliauen e Reyection

!

1 —me

L 4
Membrane Fouling Sudy
1
t 1
1
JUSURRTRIIS: AU, k]
Wah UV Lz E Withouz UV Lige
| iSelfecleasune Prevetien) ! (Astarondag Prop et

Figure 1: Flowchart of overall experimental works




“Spandadsar g7z Hd pue yw | oy paisnipe a1y d pue uonENUIIU0D L)) Ay
DM /B 1070 JO UONRIUIIUOI IO1 ] L B PAIPMIS Stam SauRIquIBL XINEW-PaNIw Jo ddueutiofiad ay)
1o (00X *STd "0T-Od) 2d&1 TO1L J0 199)3 duy L, XNy [eIUL AY) 19A0 N1 SNOAUBIUBISUL L) SI LIILar
(Or/r) 0| pazijewiou jo swial ui pajudsald aie eep xnp 1o douetiogsad aueiquiapy oy,
‘uonesedas aseyd Funp (az1s sjaned oy uoneiAS jo sniped Jo oner ysiy) Lijiqers araeufpounial)
BYSIY s o1 ponquie st gosx Suisn pasedad aueiquiaul ayy ul uudsnd QL jo aaudap
19883 UL, STl PUL OZ-Dd Buish swidlsAs ayy 01 paredwod xuyLw durIqIsW ) ol pasiadsip 1anaq
sem (TOLL J0 9z1s )Sa||Rws Ay Sy dIYm) 0OSX 1LY Udds Al1e3[d 3q pInoo 1| "a0eLINS BuBIQUIAW AL
uo susaned uonnqLisip azis ajdnaed Juaiayip aaey Japmodoutu Z0LL |RIDIBWIWIOD JO SIZIS pue sadA)
wRdj11d *(Q)z "8I Ui parudsaid s1 pue PaAIISQO SEM AUNIONIS AuIqLUBL XLORW-paxiw L0174 Ad
UL NOYBNONL SN 01, J0 uonnqrisip ay L Suiddew (x@a) 1aewonsads Aei-x aaisiadsip-£Fioud
Aq paunjuod ayung ses anjonns aurquIdW ay) ur 2oL, Jo uoistadsip pue asuasaid ay |,
‘A3ojoydiow sueiquiaw o afueyd |rinionns juesIugis Aue
01 AIQLNUOD 10U S0P Idpasodoutt T RIS JO 9DI0YD aly) Jey) pajedtpul S)Nsa [rpudwiLad XD
AU "SAUBIQUIBW A A HE JO AOBJINS 31 UO PIAIISAO 219M $210d PAIdIULIOD AL, T, |IDIIWIWOD Jo
sad &1 Judsdyip Jo suoisuadsns [eprogjod /8 1070 UL pasiawiwl pue JudaA[os & se oy N Suisn paiedaid
SautIquIdWE NENBW-POXIW TOLL/ACAd JO saBew 2oupns doy NFS ayi *(e)g S| ut usas sy

adf1 201 Jo uonduny e se
IUBIQUUISWE JC Al 780U pue sauRIqUIdW XLIBW-PAXIW 2011/ Ad Y} JO UoHNGLISIP azZIs alog *| Tt
(wn) 3215 240

S0 b0 €0 20 "0 0

00SX /T 10°0 «oeeeee
Yo R V[ Y —
02-2d 13100 » e

JUON == =

baag

Adusn

‘sartadoad
[ea1sAyd a1auy o1 safueyd winwiui i sauraquiaw aaedaid o1 poya [eapr ue st uotsuadsns Q|
2quIs [EPIOJ|0d B yitm uoneitdidaid [BPI0jjod IS Ul eyl PAIEAIPU] UOHEAIISQO SiL| ), QU jeau
1 o1 AGojoydiowr 18350(d Y S T “WEdIJIuTIS 10U 19 aZIS dL0cl QURIQUIDLW U SdTURYD *[|RIIAQ
‘unl 09g'0 APewixosdde sea sueiquiaw JgA 1eau ay Joj “mdp ipawerp atod ueaw YL 'sazIs
aiod ueatu 3s0[d> K1aa pey paiedasd saursquiaw A1 Jo || ‘] "B1J Ul udds aq ued Sy *| T Ul uMOYs ale
SUBIQUISUN XLNBW-PAXItW TO11/JAAd PUE dUBIQUSW JJAJ 18U 3} JO SUOHNQLISIP JZIS 10|

sBuipu,] yaauasay

v Juawiyoeny

)



Attachment A

LA %‘Q‘: X f e
et T S ST e Sl
Legra A8 LD .
Oste 144012011 Tere 17 GA 26 =

P e PR T IENGRY

=

it sl &
WO Vomen  EMI S 1D 000V Lo,

Mag= 5.00 K X J‘f‘l L
R SR RN AT O A DA 1R e ;
(a) (b)

Fig. 2. Top surface (a) FESEM micrographs and (b) EDX mapping of PVDF/TIO, mixed-matrix
membranes with different types of TiO, in a coagulation bath at a concentration of 0.01 o/l

As depicted in Table 1, the membranes gave initial water fluxes of 34.97 + 2.25 L/m? h,43.21
+4.31 L/m* h, 37.67 = 1.11 L/m* h and 58.81 = 1.96 L/m> h for the neat membrane and membranes
prepared with PC-20, P25 and X500 as hydrophilic filler, respectively. The permeate fluxes show that
the mixed-matrix - membranes are relatively more permeable with the addition of TiOy. The Nux
increased upon integration of TiO, NPs was due o several reasons. Upon adding TiO,, the increased
hydroxyl groups on the TiO, surface could enhance the permeate water flux. Another plausible reason
for the flux enhancement as shown by the PC-20 mixed-matrix membrane, which denotes a slightly
more hydrophobic surface, might be due to increase porosity attributed 1o the nanogaps belween the
particles and the polymer matrix.

Table It Water flux recovery and cleaning properties of neat PVYDF membrane and PVDE/TION
mixed-matrix membranes
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Membrane Initial \Vz\}el' Flux RFR (%) FRR (%) IFRR(UV) (%)
(L/m~ h)
M 3497 £2.25 24.24 82.03 0.10
M1 43.21 £4.31 23.48 78.58 5.74
M2 37.67 £ 1.11 36.07 61.89 16.56
M3 58.81 £ 1.96 14.69 78.24 15.30

PVDF/TiO; mixed-matrix membranes with homogeneously distributed X500 particles have
the best membrane permeability, suggesting that X500 (fully anatase) is more hydrophilic and
therefore promises a better HA fouling mitigation effect. It is also proposed that the homogeneous

particle dispersion of X500 particles offers a larger NP surface area, which increases the number of

adsorption sites for water molecules on the membrane surface. Water molecules were attracted into
the membrane matrix in the nonporous regions, thus enhancing the permeability of X500 membranes.
On the other hand, the high aggregation tendency of PC-20 and P25 might block the membrane pores
during immersion precipitation and reduce the membrane {lux.

The flux data resulting from successive filtration are illustrated in Fig. 3. The HA fouling
tendency was clearly revealed by RFR values of 24.24%, 23.48%, 36.07% and 14.69% for the neat
PVDF membrane and the PVDF/TiO; mixed-matrix membranes embedded with PC-20. P25 and
X500, respectively, after 12 hours of HA filtration (the end of HA fouling). Although the membrane
pore size for PC-20, P25 and X500 membranes used in this study were much smaller than the
equivalent size of HA aggregates, the RFR results are in accordance with the pore size distribution,
Membranes X500 and PC-20, which have smaller pore sizes compared (o the neat membrane, were
found to have more fouling resistance compared to the neat and P25 membrane. However, the
subsequent accumulation on the membrane surface resulted in a diminishing effective membrane pore
size, thus leading to further physical retention and causing an increase in hydraulic resistance.

Although the hydrophilicity has been improved by incorporating TiO,, membrane P25 shows
pore plugging and high surface roughness problems, which compensate for the hydrophilicity of the
P25 mixed-matrix membrane and eventually led to poorer fouling propertics compared 1o the neat
PVDE membrane. Coarser membranes can much more easily absorb impurities from water and reduce
the surface energy compared to smoother membrane surfaces, with lower roughness and surface
energy.

In the case of X500, in which the particle distribution was enhanced, the HA fouling
propensity of the membrane was greatly reduced, as shown by the lowered RFR comparced to the ncat
PVDF membrane. This result proves the advantage of using fine and uniformly distributed NPs in
preventing membrane fouling. The improvement of the membranes' anti-fouling potential primarily
resulted from i) the smoother surface tayer and ii) the presence of well-distributed TiO, NPs on the
membrane, which attracted water molecules and formed a thin shiclding water layer to prevent
hydrophobic adsorption between HA macromolecules and the membrane. Therefore, it is suggested
that the advantages of NP embedment can only be realized when the particles are uniformly
distributed within the polymeric matrix,

'
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Fig. 3. Effect of TiO, type on PVDF/TiO, mixed-matrix membrane anti-fouling potential during five
stagess: pure water flux for 4 h, HA solution filtration for 12 h, hydraulic cleaning pure water flux for
4 h, water flux for 4 h after 3 h of UV irradiation and water flux for 4 h after a 2" round of 3 h Uv
irradiation. Operation conditions during the experiment: [HA] =2 mg/L; [Ca® ] = | mM (as CaCly);
pH 7.0; temperature = 25 = | °C; cross-flow velocity = 4.0 L/hr, operating pressure = 0.5 bar; light
intensity = 1.53 mW/cm?.

Membrane fouling can be reversible or irreversible; reversible fouling in this study resulted
from reversible HA deposition, which could be removed by simple hydraulic cleaning. By contrast,
irreversible fouling was caused by the strong adsorption of HA molecules onto the surface or the
entrapment ol HA molecules in pores; irreversible fouling is very difficult 10 remove by hydraulic
cleaning. In this case. membranc cleaning was studied by scouring the membrane surface with pure
distilled water. Cleaning was performed by recirculating pure water at 0.04 L/min for 4 hours. As
shown in Fig. 3, flux increased when the membrane was washed with pure distilled water. The water
flux can be recovered by up to 82.03%, 78.58%, 61.89% and 78.24% for the neat membrane and the
membranes prepared with PC-20, P25 and X500, respectively. This observation indicates that flux
decline due to pore blocking or surface reversible deposition can be significantly improved using
hydraulic torce.

Photocatalytic degradation of the adsorbed HA was performed after physical cleaning by
irradiating the membrane surfaces twice with a UV lamp at a light intensity of 1.33 m\W/em? for 3
hours each. After irradiating with UV light, the fouled membrane, which was initially dark brown in
color gradually changed to light brown and almost yellow when pholocatalytic oxidation was
employed. while the color of the fouled neat PVDF membrane remained the same. As seen in Fig. 0,
the filtration flux of the mixed-matrix membrane was effectively enhanced alter irradiating with UV.
This result proves that the effect of photocatalysis on mixed-matrix membranes provides additional
cleaning properties. During photocatalytic degradation, TiO, particles on the mixed-matrix membranc
surface interact with UV light to generate electrons (¢7) and holes (h"). The photogenerated holes trap
H2O or O 1o yield H" and highly active HO- radicals, which are an elfective oxidation agent in
destroying HAs. Generally, HOs attacks the HA molecule through hydroxyl addition or hydrogen
extraction. Meanwhile, dissolved oxygen (DO) in water can capture electrons and produce Oy, which
reacts with HA or HA intermediates. DO can further form *OH by protonation, which results in the
degradation of HA. Additionally, UV light illumination will hydrolyze water molecules on the surface
of TiOs NPs and produce extra *QH groups. Therelore, the TiOs-embedded mixed-matrix membranes
are more hydrophilic compared to the neat PYDF membrane due to their higher aflinity with water.
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The high water afTinity of the membranes diminishes hydrophobic adsorption between HA molecules
and the mixed-matrix membrane surfaces. Therefore, it is expecled that UV irradiation can reduce
irreversible HA fouling on mixed-matrix membranes.

IFRR(UV) values of 0.10, 5.74, 16.56 and 15.30 were recorded for the neat membrane and
the membranes prepared with PC20, P25 and X500, respectively. It is obvious that the [FRR(UV) of
the TiO,-blended membranes is higher than that of the neat PVDF membrane, indicating that no
significant degradation occurred in the absence of TiOs, as the UV light alone failed 10 degrade HA
deposited on the membrane surface. A considerable improvement in terms of IFRR(UV) was obtained
for the P25 mixed-matrix membrane. The high photocatalytic activity of the P25 mixed-matrix
membrane is attributed (o its crystalline properties of P25 which consists of 75% anatase. Particle size
is another important parameter for photocatalysis because it directly afTects the specific surface area
of a catalyst. The X500 membrane, which has a smaller particle size (12 times smaller) compared to
PC-20 has more active surface sites and a higher surface charge carrier transfer rate in photocatalysis.
Therefore, it is reasonable that the X500 mixed-matrix membrane also showed excellent
photocatalytic activity.

High surface tension between the NPs and the polymer matrix were overcome by partially
hydroxylizing the PVDF polymer via the Fenton reaction. The Fenlon reaction was followed by the
embedment of TiO, particles via simultaneous solvent exchange and phase inversion in a colloidal
stable suspension bath. The resulting O functional group on the PVDF-OH polymer matrix was
expected (o promole stronger interactions with (he fine NPs and PVDF-OH to improve the
distribution. lower surface roughness (low fouling) and promote a higher reactive surface area (belter
UV-cleaning).

To prove that the PVDF-OH polymer with more hydroxyl groups has better anti-fouling
properties, a QCM-D adsorption study of 20 mg/L HA solulion on the neat PVDF membrane and
PVDF-OH membrane was carried out. Fig. 4 clearly reveals that the frequency change (4/) of the
PVDF-OH membrane related primarily to the change in mass adsorbed (dm) was lower than the
frequency change of the neat PVDF membrane. In other words, the rate and extent of membrane
fouling ol the PVDF membrane are higher than the rate and extent of membranc fouling of the PVDF-
OH membrane. The thickness of the fouled PVDF-OH membrane is more readily reduced compared
to the PVDF membrane.
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Fig. 4. Dissipation change (4D) and frequency change (4/f) of (a) neat PVDF membrane and (b) neat
PVDF-OH membrane during three cycles of cross-flow process: deionized water flow for S minutes,
HA solution flow for I hour, deionized water flow of hydraulic cleaning for | hour. Casting solution
composition: PYDF/DMAc = 5: 95. Operation conditions during the experiment: [HA] = 20 mg/L;
[Ca*'] =1 mM (as CaCl,); pH 7.0; temperature = 25 + 1°C; constant cross-flow rate = 50.0 pL/min

The HA fouling tendency was revealed clearly by the considerable flux decline in Fig. 5 with
RER values of 24.24%, 36.07% and 15.24% for the neat PYDF membrane. PVDF/TIO, MMM and
PVDF-OH/TiO: MMM. respectively. after 12 hours of HA filtration (the end of HA fouling). Visual
observation revealed that the membrane surface was covered with a thin dark brown deposit layer (gel
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formation) at the end of the filwation, confirming the existence of the fouling layer. In the PVDF-
OH/TiO; MMM syslem, in which the particle distribution was enhanced, the HA fouling propensity
of the membrane was greatly reduced, as shown by the lower RFR value compared to the neat PVDF
membrane and unmodified PVDF/TiO, MMM. This finding shows that the fine and uniformly
distributed NP membrane with lower surface roughness and higher surface encrgy was responsible for
its anti-fouling properties.

A significant increment in flux was found after the membrane was washed with pure distilled
water. The permeation lux recovery was expressed in terms of the FRR. The water [lux can be
recovered up to 82.03%. 61.89% and 87.32% for the neat PVDF membrane, PVDFE/TIO, MMM and
PVDE-OH/TiO; MMM, respectively. This observation indicated that the 1ux decline caused by HA
was mostly reversible, most likely due to the surface reversible deposition that could be improved
significantly using hydraulic force.

Again, the recovery of the PVDF/TiO, MMM flux appeared to have a lower FRR than the
neat PVDF membrane. This observation further supports the suggestion that irregular surface
roughness promoted the adsorption of HA molecules that are difficult 10 remove due to the zero shear
near the surface. The PVDF-OH/TiO; MMM was likely to shown an extraordinary advantage for
membrane defouling properties. This quality was further enhanced by the uniform roughness of the
membrane surface due 1o the trapping of air in the cavities between the drop and the hierarchical
nodular structure of the membrane surface (wetting resistance), which could easily repel the water by
rolling oft the water with anchoring HA.

N2
T
_.A-‘.¢3~' ed.

ARRRREREY Pt

o)

.
.
'
.
.
.
.
.
'
]
ll
'
'
.
[l
'
'
i
'
[l
'
'
'
'
]
'
]
.

03 b Meat :
e 1+ 0.01 gL PYDF/TiO2 Mivik ; 5
01 f o : :

! 0.01 gL PYDF-OH/TIO? : ;
- LM 3 :

0 200 400 600 800 1000 1200 1400 1600 1300
Time (main)

Fig. 5. Effect of the hydroxy!-functionalized P25 MMM on anti-fouling potential during five cycles of
the cross-flow filtration process: PWF for 4 hours, HA solution filtration for 12 hours, hydraulic
cleaning PWF for 4 hours, water flux for 4 hours afler 3 hours of UV irradiation and water flux for 4
hours after a 2" round of 3 hours UV irradiation. Operation conditions during the experiment: (I IA] =
2 mg/l: [Ca*' 1= 1 mM (as CaCly); pH 7.0; temperature = 25 + | °C: cross-llow velocity = 4.0 L/h,
operating pressure = 0.5 bar; light intensity = 1.53 mW/cm?, [a] hydraulic cleaning, [b] hydraulic
cleaning after 3 hours of UV irradiation, [c] hydraulic cleaning after another subsequent 3 hours of’
UV irradiation.

The filtration flux of the MMM was effectively enhanced after UV irradiation. These results
prove that the effect of photocatalysis on the MMMSs did provide additional cleaning propertics.
IFRR(UV) values of 0.10, 16.56 and 11.15 were recorded for the neat PVDF membrane, PVDF/Ti0),
MMM and PVDF-OH/TiO; MMM respectively. The IFRR(UV) obviously had an insignificant ¢ffec
on the neat membrane, as the UV light alone failed 10 degrade HA deposited on the membrane
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surface. Because photocatalylic activity of the MMM is contributed by the embedded TiO, NPs. it is
reasonable to find that the PYDF-OH/TiO; MMM also showed enhanced photocatalytic activity. The
amalgamation of superior anti-fouling, defouling and UV-cleaning ability of the PVDF-OH/TIO,
MMM prepared using the in-situ colloidal precipitation method was therefore attractive for longer
operational lifetimes that could reduce its operating costs.

Summary

As a summary, this project devised a novel method of preparing MMM via in situ colloidal
precipitation method. Conditions have been optimized to develop fine and uniformly distributed TiO2
NPs into the membrane matrix to improve the hydrophilicity and functionality of the membrane.
Colloidal stable TiO2 NPs in coagulation bath was first prepared combining the ultrasonic and pl
peptization method. The stable TiO2 colloid was then embedded into the membrane matrix during
phase inversion process to avoid the TiO2 agglomeration problem due to the viscous effect. Using the
novel in-situ colloidal precipitation method, the pore formation and particles embedment were carried
out simultaneously so that the changes of physical structure of PVDF/TIO2 MMMs was minimized.

[t was found that the membrane prepared using NMP and DMAc as solvent has better particle
size distribution compared to DMF. Membrane with NMP as solvent gave bigger pore size but
smaller and irregular particle size, whereas membranc prepared with DMAc has narrow particle size
distribution pattern. Additionally, the particle size increased with the increasing of TiO2 concentration
in the coagulation bath. It was found that PVDF/TiO2 MMM system that was prepared using DMAc
as solvent and immersed in coagulation bath with X500 TiO2 NPs has a comparatively well
distributed. regular and smaller TiO2 NPs on membrane surface. The particle size distributions is
mainly contributed by the smaller and stable TiO2 NPs in the suspension bath. System with greater
R¢/Rp ratio which has better thermodynamic stability is therefore required for favorable particle
distribution. Smaller X500 particle size on the membrane (under the same concentration) unexpected
give higher contact angle compared to the neat PVDF membrane., However, surface energy analysis
showed that X500 MMMs with better dispersion has better alTinity towards water which indicating
the enhanced membrane hydrophilicity.

Filtration tests with HA solution proved that permeability of the MMMs is significanly
improved due to its increasing porosity attribute to the nanogap between the particles and the polymer
matrix (defect) as well as enhanced hydrophilicity. The optimum membrane prepared with 0.01 g/L
X500 showed significant flux improvement (58.81 + 1.96 L/m2 h) and HA rejection (98.76 + 0.05 %)
which could be attributed to the better particle distribution, smaller particle size as well as increasing
hydrophilicity. The synergistic effect of TiO2 NPs on membrane water flux and rejection could be
realized only if the NPs were well dispersed. The fine and well TiO2 dispersions on membrane
polymeric matrix was found to have significant effects on the membrane anti-fouling and defouling
propertics. It is attributed to their reduced surface roughness as well as increasing surlace cnergy. This
finding is manifested through the improved RFR and FRR values of X300 series PVDF/TiO2 MMMs.

The ultimate advantage of incorporating photocatalytic Ti02 NP’s into the membrane matris
and their sell-cleaning properties was evaluated by degrading the A adsorbed on the membrane
surface under mild UV light irradiation. It was found that photocatalytic oxidation could be an
effective process for degrading permanent fouled HA by breaking the hydrophobic and electrostatic
interactions between HA and membrane. It was proven that P25 TiO2 with mixed 25% rutile and 75%
anatase crystallinity, produced superior UV-cleaning properties with the highest membrane
[FRR(UV) value. A considerably high IFRR(UV) was also obtained for uniformly dispersed X500 on
the membrane surface, which has more active surface sites due to the improved dispersions. Fowever,
the photocatalytic properties of P25 MMMs are compensated by its rough surface. This problem can
be solved by hydroxylate the polymer matrix to improve the dispersion. Hydroxyl-functionalized P25
MMM containing a well-dispersed photocatalyst with large surface-to-volume ratio is considered 1o
be an attractive membrane which promises highly amalgamation application of anti-fouling, defouling
and UV-cleaning (self-cleaning) capacity.
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In this study. the polyvinylidene tluoride (PVDF)-Titanium dioxide (Ti0,) mixed-matrix membranes were
prepared via phase inversion technique. The propertics of PVDF-110, mixed-matrix membranes were
characterized based on pore size distribution. membrane porosity, field emission scanning vlectron
microscope (FESEM) and photocatalytic behavior, The hydrophilicity of the mixed-matrix membrane
was enhianced and resulted in the improved pure water permeability (392.81 £ 10.93 I/m? h bar) com-
pared to that 76.99 £ 4.87 /m? h bar of the neat inembrane. The neat and mixed-matrix membranes were
further investigated in terms of filtration, adsorption and UV-cleaning properties based on methylene
blue (MB) solution. Mixed-matrix membranes showed excellent removal efficiency (~99%) when sodium
dodecyl sulfate (SDS) was introduced into the MB feed solution. The produced mixed-matrix membrane
shows some slight photocatalytic properties improvement as FTIR results reviewed that the cleavage of
—C=N bonding due to MB adsorption reduced more significantly with the presence of TiOz NPs and ultra-
violet (UV} light irradiation. The UV-cleaning properties of the mixed-matrix membrane were further
proved by the 100% Nux recovery ratios (FRRs) lor mixed-matrix membrane, suggesting that the embed-
ded TiO, NPs was photocatalytically active and able o degrade the adsorbed MB in the membrane.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

additives, very low energy usage, casy automation, and optimal
quality of treated water [1].

Membrane technology has emerged as an advanced separation
technology in various industrial applications over the past few dec-
ades, In recent year, ultrafiltration (UF) is considered as a promis-
ing method which can be operated with minimal chemicai

* Corresponding author, Tel.: +60 4 5996418.
E-mait address. chobs@eng.usm.my (B.S. Ooi).

1385-8947/8 - sce troat matter < 2012 Elsevier B.V. All rights reserved.
hup:fidx.dorore/ 10.1016/).0¢).2012.05.050

Micellar enhanced ultrafiltration (MEUF) is one of the energy
clficient membrane separation process uselul in wastewater treat-
ment. The process involves the addition of sudium dodecyt sullate
(SDS) surfactant at a concentration higher than its critical micelie
concentration (CMC) to form the large amphiphilic aggregate
micelles. The micelles are formed through ionic binding between
the solutes with the opposilely charged micelle surface which
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facilitated the removal of metal jons and trace organic pollutants
using lower pressure method [2]. Micelles containing solubilized
organic compounds (having larger size than the membrane pore)
are retained by the membrane and a permeate stream passing
through the membrane is nearly free from impurities [1,3].

However, one of the main barriers to extensive use of such UF
process is membrane fouling. Decline in permeate Nux due o
adsorption of urganic compounds on the membrane surface causes
serious issues related to membrane louling [4-8]. Besides, MB also
caused serious irreversible fouling on membrane matrix which at-
tract great attention on membrane louling analysis.

The semi crystalline polyvinylidene fluoride (PVDF) is une of the
most attractive polymer materials in microporous membrane
industry because of its thermal stabilization and high mechanical
strength [9,10). However, the PVDF UF membrane exhibits hydro-
phobic nature, leading to severe membrane fouling and decline in
membrane permeability. which have become a barrier for waste-
waler treatment due to its high surface encrgy between water
and membrane surface (11).

Various methods have been applied to improve the hydrophilic-
ity and performance of PVDF membrane, Membrane fouling can be
reduced by addition of hydrophilicity materials to the membrane
casting solution [12-14]. The preparation of novel organic-inor-
ganic composite membranes with control properties has been
widely used recently. Titanium dioxide nanoparticles (TiO; NPs)
have received most attention over other NPs due to its stability,
commercial availability, excellent phorocatalytic, antibacterial
and UV-cleaning properties [12,14-16].

Recent stidlies indicate that photocatalytic oxidation is an
emerging alternative technology for wastewaler treatment involy-
ing reactive dyes such as methylene blue (MB). It has been demon-
strated that organic contaminants can be oxidized to carbon
dioxide, water and simple mineral acids at low temperatures on
TiO, photocatalysts in the presence of UV or near-UV illumination
[17]. Lakshmi et al. [18], Tayade et al. [19], as well as Yu and Chu-
ang [20] studied the pholocatalytic oxidation of MB in aqueous
TiOz suspension. The use of Ti0, in suspension is a promising
method for MB photodegradation due o its large surface area of
TiO; available fur the reactivn. However, the Ti0; NP's must be re-
moved in the post-treatiment process which requires a solid-tiquicl
separation stage, leading to higher overall operating cost in the
process. Alternatively, TiO> NPs incorporation onto PVDF memi-
brane matrix was carried out in this study to eliminate the need
ol post-treatment,

Many research works had been carried out on the passive anti-
fouling properties of mixed-matrix membrane by determining its
fouling rate based on protein adsorption. However, in the present
work, not only we observed the adsorption and sieving phenome-
non of dye or micellar enhanced dye of the mixed-matrix mem-
brane bul for the first time, we provide a direct investigation on
the membrane UV-cleaning properties based on the photodegrada-
tion of dye adsurbed on the membrane surface. The performance of
mixed-matrix membranes was compared with that of neat mem-
branes under similar operating conditions in orcler to evaluate its
flux recovery ratio (FRR) under ultraviolet (UV) light irradiation.

2. Materials and methods
2.1. Muterials

Polyvinylidene fluoride (Solef” PVDF) was supplied by Solvay
Solexis, France. N.N-dimethylacetamide (DMAc), sodium dodecy!
sulfate (SDS) and methylene blue (MB) were purchased from
Merck, Gerany. Anatase TiOp NPs, PC-20 (20 min) was purchased
from TitanPE Technologies, Inc., Shanghai. PVDE and Ti0, NPs were

dried in an oven at 70 °C for overnight prior t use, while other
organic chemicals were obtained in reagent grade purities and
used as received. Distilled water was used for all the experiments,

2.2. Membrane preparation

TiOz NPs (1.5 wi.%) was dispersed in the DMAc solvent under
sonication for 15 min. The PVDF powder was then dissolved into
the TiO, solution and stirred at 60-70 °C for 4 h to ensure a com-
plete dissolution. The solution was left to stir overnight at 40 °C
to form a honogenous solution. The final solution was then sub-
jected to Turther sonication for 30 min and allowed to cvol down
to room temperature. Solvent loss by evaporation was negligible
due to the high boiling points of DMAc (164-166 °C). The details
of the membrane syathesis parameters on MEUF Process are sum-
marized in Table 1.

The solution was then cast on the tightly woven polyester sheet
using automatic filin applicator (Elcometer 4340, EU). Subse-
quently, it was immediately immersed into the water bath of dis-
tilled water to allow the phase inversion to occur fur 24 1y to
remove the residual solvent. The PVDF membrane was kept in
the distilled water prior to use.

2.3. Membrane charucterization

2.3.1. Pore size distribution

The pore size distribution of the membrane was determined
using the Capillary Flow Poromelter, Porolux 1000 {Benelux Scien-
tific, Belgium). The membrane samples with diameter of 20 mm
were immersed in perfluorocthers (wetting liquid) prior to test
and characterized using a liquid extrusion technigue in which
the dilferential gas pressure and flow rates through wet and dry
samples were measured. The pore size distributions were then
analyzed using the LabView software.

2.3.2. Membrane porosity

The asymmietric purous membrane porosity, A, was defined as
the volume of the pores divided by the total volume of the mem-
brane. To prepare the wet amdd dry membranes, three pieces of
square flat sheet membranes with the size of 2.5 ¢m < 2.5 cm were
dried in an oven at 60 °C until constant weight was observed and
the weight of dry membrane was recorded, The membrane sam-
ples were then inunersed into 2-butanol (Merck, Germany), and
degassed for 30 s to avoid air trap in the membrane pores, and left
at room temperature for 2 h. Lastly, the iembrane surlace was
dried using filter paper and weighted immediately 1 avoid evapu-
ration of 2-butanol from membranes pores. The membrane poros-
ity was calculated using the following equation:

Ny = —It
Wy -wal 4 Wy
" Py

x 100%, (1)

where Ay is the porosity of the membrane (%), w, and wy are the
weights ol the wet and dry membrane (g), respectively, pp and py
are the specific gravities of the PVDF polymer (1.78 glemn?) and 2-
butanol (0.81 gfcm?) (assuming that all materials kept their specily
gravity constant in the werted condition, and there was no air trap
in the membrane pores), respectively. 2-Butanol a non-solvent for

Tabie t
The detail of the membrane synthesis parameter on MEUF process.

Membrane PVOF {wik) DMAC (Wi Tiv, (wis)
Neat membrane 18 82 0
Mixed-matrix membrane 18 80.5 15
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PVDF [21] was chiosen as a welling liquid because it did not swell
the PVDF membrane and wetted well the hydrophobic PYDF mem-
brane to ensure complete pores filling by capillarity [22].

2.3.3. Field emission scanning electron microscope

The cross-sectional morphotogies of the neat and mixed-matrix
membranes were observed under field emission scanning clectron
microscope (FESEM CARL ZEISS SUPRA 35VP, Germany). The mem-
branes were initially dried with a flter paper to remove the
remaining distilled water on the membrane surface, and air dried
for FESEM observation. The membranes were immersed in liquid
nitrogen and fractured carefully to have a clean brittle fracture
for FESEM images. Membrane surface was coated with a thin layer
ol gold under vacuum before being tested using K 550 sputter coat-
er to provide electrical conductivity. The samples were examined
under the FESEM at polentials of 10.0kV at 1000x image
magnifications.

2.3.4. Adsorption study
The adsorption studies were carried out using a dead-end stir-

red cell (Amicon 8200, Millipore Co., USA) with a capacity of

200 ml, where the disc membrane has a diameter of 6 cm with a
geometric area of 28.27 cm? (excluding the arca cover by the O-
ring). The synthesized llat sheel membrane was cut into the disc
shape and laid on top of the membrane holder in a circular stirrec
cell unit, thus covered and tightened with a rubber O-ring. The stir-
ring speed was maintained at 200 rpm using the controllable mag-
netic hot plate stirrer and the operating temperature was 27 £ 2 °C,
The adsorption clficicncy was monitored continuous for 24 h by
collecting 2 ml of samples at every predetermined time. The de-
sired concentration of MB-SDS in the feed solution and MB-SDS
samples concentration analysis were measured using a UV spectro-
photometer (UV Mini-1240. Shimaczu) on the basis of measure-
ment ol color intensity at the maximum absorbance of 662 nm.

2.3.5. Photodegiudation experiment

The neat and mixed-matrix imembrane after MB UF process
were cut into several small square coupons and mounted onto
glass slides using double-sided tape to ensure a flat membrane sur-
face. The glass slides were immersed in a petri dish which was
filled with ~.50 mi of distilled water to ensure the same water level
throughout the whole photodegradation experiment. The photo-
degradation ability of neat and mixed-matrix membrane were car-
ried out using Ultra Violet A (UVA) light chamber with Tubular
low-pressure mercury vapor lluorescent lamps, UVA lamp (Actinic

J
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BL TL-K 40W/10-R1SL. Philip) at light intensity of 2.5 +0.2 mw/m?
measured using sensor monitor (Muodel 5.0 classic version, sglux).

The acquired fourier transform infrared spectroscopy (FTIR)
spectra were obtained from the neat and mixed-matrix membrane
surlaces using an FTIR spectroscopy (Thermo Scientific, Nicolet
i510, USA) to determine the extent of MB degradation. The FTIR
spectroscopy was equipped with an OMNI-Sample Attenuated To-
tal Reflection (ATR) smart accessory with diamond crystal vperated
at45° The membranes were scans at a resolution of 4 cm=! within
wave number of 4000-525 cm . The changes of absorbance over
different reaction time were determined based on the wave num-
ber of 1599 em™ which indicated the C=N bonding. To minimize
experimental crror, the FTIR spectra measurements were repeated
10 times for each sample at different point locations of membrane
and the results were then averaged.

2.4. Dead-end UF experiment

The UF experiments were performed in a dead-end stirred cell
{Amicon 8200, Millipare Co., USA) with a capacity of 200 ml, where
the disc membrane had a diameter of G0 mm with a geometric area
of 28.27 an® (excluding the area covered by the O-ring). The ap-
plied pressure of the UF system was controlled by N, gas and the
operaling temperature was 27 + 2 °C, The stirring speed was main-
tained at 200 rpm using a controllable magnetic hot plate stirrer
(Heidoph MR Hei-Standard, Germany). The desired MB concentra-
tion in the feed solution was achieved by dituting the appropriate
volume from a stock MB sulution ol 100 mg/l o a final volume of
1000 ml. The predetermined amount of SDS was added as binding
agent to the feed solution before UF process. In each experimental
run, the feed solution was stirred at 300 rpm for 30 min and intro-
duced ro the leed tank of the dead-end UF unit. The permeate (lux
and filtration clficiency were measured for every 10 nl of perme-
ate collected. The permeate flux (J) was calculated by the following
cquation:

=Y (2

=A% (2)
where V(m?) is the volume ol permeated water, A (m?) is the mem-
brane area, and At (b} is the UF uperating time, The concenteations
ol MB with and without $DS surlactant in the feed and permeate
were measured using a UV spectrophotometer (UV Mini-1240, Shi-
madzu) on the basis ol measurement of color intensity at the max-
imum absorbance of 662 and 665 nim. Twuo calibration curves using
different standard solutions containing different concentrations of
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Fig. 1. Schematic diageam of dead-end UF unit.
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Fig. 2. Schematic diagram of cross-flow UF unit.

MB and MB with SDS were determined. The UF efficiency of the dye
removal from the feed solution was calculated using the following
equation;

. Cl' l “
R(A) = |1 = Z£1 x 100%% (3)

Co

where G, is the dye concentration in the permeate and C, is the ini-
tial concentration of the dye in the feed.

The schematic diagram of dead-end UF unit is shown in Fig. 1.

2.5. Cross-flow UF experiment

The UV-cleaning experiments were carried out in a cross-flow
UF unit. where the disc membrane had a diameter of 4 cm with a
geometric area of 12.57 cin® (excluding the area covered by the
0-ring). The applied pressure of the filtration system was con-
trolled by a needle valve 1o a constant pressure of 0.5 bar. The
operating temperature was 27 + 2 °C,

The desired MB concentration in the feed solution was achieved
by diluting the appropriate volume from a stock solution of
100 mg/l MB to a final volume of 1000 mt of 10 ing/l MB and intro-
duced to the feed tank of the cross-llow UF unit. Feed pressure was
continually monitored to ensure that constant pressure was ap-
plied throughout the experiments. The pure water and MB sulution
were charged into a 2-L feed tank and re-circulated at a constant
flow rate of 60 ml/min using a peristaltic pump (Materflex L/S Dig-
ital Economy Drive, Model: 77800-G0, Cole Parmer Instrument
Company). Permeate flow rate were continually recorded using
an elecrronic balance which was connected to a data acquisition
system (AND Super Hybrid Sensor, Modet: Fx-3000i, A&D Com-
pany, Limited). The permeate flux (J) was calculated using Eq. (2).
Al the results presented were average data obtained [rom three
membrane samples. The schematic diagram of cross-flow UF unit
is shown in Fig. 2.

3. Results and discussion
3.1 Effect of operating pressure on membrane flux and rejection
The feed solutivns consist of MB and SDS was subjected to the

UF process at the operating pressures of 0.2, 0.4, 0.6, 0.8 and
1.0 bar. The effects of operating pressure on neat and mixed-matrix

membrane are presented in Fig. 3. It is evident that both the water
and MB-SDS permeate Nux increased linearly with operating pres-
sure. Operating pressure is the elfective driving lorce for UF pro-
cess. suggesting that increasing the operation pressure will
increase the effective driving force for the solvent transport and
resulling in high permeate flux |23-25).

Mixed-matrix meinbrane showed higher permeability as com-
pared to neat membrane in both pure water and MB-SDS UF pro-
cesses. The pure water permeabilities were 392.81 + 1093 and
76.99 £4.87 I/m? h bar, whereas the MB-SDS permeabilities were
138.43:4.25 and 31.72 £ 3,12 1/fm? hbar Tor mixed-matrix and
neat membranes, respectively. The higher pure water permeabi-
lites of mixed-matrix membrane over the neat memibrane perme-
abilities could be attributed to the changes of membrane pore size.
Fig. 4 shows that mixed-matrix membrane had larger maximum
pore radius (45 nm) compared to the neat membrane (25 nm). lt
could be further proved from the FESEM cross-sectional images
(Fig. 5) which revealed that larger inner pore size for mixed-matrix
membrane was observed as compared o that for neat membrane,
The membranes have the physical properties as listed in Table 2.

According to Hagen Poiseuille Equation, membrane flux could
be predicted using the following equation:

450
400 A

350 -

300 - Ky = 30281 « 69183

e

250 A -~
200 - //

y = 138.43x + 13.894
150 / N
e = 7 I8

100 x//’)(" y = 76.985%-0.8163

Flux (m2h)

e
50 - e = OFET 721 - 0.3814
N L
0 & ——= - ey :
0 0.2 0.4 0.6 0.8 1 12

Pressure (bar)

+ Neat Membrane(PW) @ Neat Mermbrane(MB-SDS)

& Mixed-matrix Membrare(f'w) X Mired-matix Membirance(MB-S0S)
Fig. 3. Etfect of the vperating pressure on nranbrane permeability for neat ang
mixed-matrix membranes for MB and SDS concentrativns at 10 ang 20 M,
respectively under room temperature.
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Fig. 4. Pore size distributions uf neat and mixed-matrix membrancs,

AP,

2 = 128 j1Ax @)

where Q is the volumetric flow rate of single pore (Lfh), AP is the
operating pressure (bars), d, is the pore diameter (nm), Ax is the
membrane thickness (jun) and geis the solution viscosity (Pas).

By considering the pure size distribution, the total Mlux could be
expressed as

__2NG (5)
3. Nidl? /4
_ NPTy /(128)Ax) AP SN

; = Z 6
/ SN /4 3200058 S Ny, (&)

J o Map TNdy - Aap SN AAP S,
C32pAx v Nalh  3200x SN P S s

(7)

where J1s the volumetric flux (1/h m?), A is the membrane porosity,
Niis the number of pores having diameter of d,,,, J; is the [raction of
the number of pores with diameter d,,, and N is the total number of
pores.

The theoretical flux ratio between mixed matrix membrane and
neat membrane could be expressed as

.Lm\l _ (AJ:},\;_‘\, V'A‘VJM- ‘).:f:"":)m.\l _(Efld;},\ri
Jne  Pedng (DX )y ".\;:j;t!;‘!f‘\'!' ‘.\:Jrld,i)nm

Sepaite 3]

Cats J0%sy 2011 Teme 1748

[ttag= 100K %

Table 2
Physical properties of the neat and mixed-matrix membranes.

Membrane characteristics Neat Mixed-matrix
membrane membrane
Maximum pore radius (r,), nm 25 15
Pure water permeability (). fAP), 1] 765.99 £ 1.87 39281 £10.93
m* h bar

Porosity (Ay), % G4.53 £ 0.07 6G5.13 £ 0.05
Thickness (Ax), jun 117 £0.85 110+ 0.33

The subscript MM represents mixed-matrix membrane whereas
the subscript NE represents neat membrane.,

The theoretical ux ratio (Jyami/fvae) caleulated based on the
membrane properties was 3.0, whereas the experimental value of
the flux ratio was 5.1, indicating that the Nux enhancement ol
mixed-matrix membrane was not solely caused by (he changes
ol physical properties, but to certain extent by the pore hydrophil-
ization due to the incorporation of Ti0, NPs, TiOy NPs could form
surface hydroxyl group that attracted water molecules Lo pass
through the membrane, leading to the permeate flux increment,
Bae and Tak [26] observed similar phenomenon that TiQ., compos-
ite membrane could be more hydrephilic than neat polymeric
membrane due to the higher afllinity ol TiO, towards water,

Fig. 6 shows the effect of operating pressure on the MB=SDS
rejection Tor neat and mixed-matrix membranes. U can be seen
that neat membrane had better rejection performance at higher
operating pressure compared 1o the mixed-matrix membrane.

Rejection (%)
[{a]
o

0 02 0.4 06 0.8 1 1.2
Pressure (bar)

—d=Neat Membrane =g Mixed-maltrix Membrane

Fig. G. Elfect of the operating pressure on the ME=SDS rejection for neat and mixed-
natrix membranes,

— DEs 20k M1t Teng thalny ”

(b)

Fig. 5. Cross-scction of: (a) neat, (b) mixed-matrix UF membrances.
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For mixed-matrix membrane, MB-SDS rejection decreased slightly
with the increase ol vperating pressure, ranging [rom 99.71% at
0.2 bar to 96.09% at 1.0 bar, respectively. These data provided us
the important information regarding the maximum operating
pressure that can be used lor such systems, It can also be observed
in Fig. 6 that the optimum operating pressure [or such systems was
found to be 0.5 bar and the corresponding rejections for neat and
mixed-matrix membrane exceeded 99%,

It is not surprising that the rejection capability of mixed-matrix
membrane decreased compared to that of the neat membrane at
higher pressure as mixed matrix-membrane had larger pore size.

At higher operating pressure, the higher pore to solute ratio ol

mixed-matrix membrane allowed the convective transport of sol-
utes through the membrane [27]. Moreover, higher operating pres-
sure also resulted in micelles compaction that enabled the micelle
to squeeze through the membrane pores [G]. Ahmad and Puasa
[23] also observed the same phenomenon as the operating pres-
sure increased, the micellar enhanced dye rejection would de-
crease accordingly. Besides, a compacted micelle would reduce
the dye solubility which led to less amount ol dye removed.

3.2. Effect of SDS concentration on MB flux and rejection

Il this experiment, the MB concentration in the feed solution
was fixed at 10 mg/l and an operating pressure of 0.5 bar was ap-
plied, while the feed SDS concentrations were adjusted (v 0, 0.25,
0.5, 1.0 and 2.5 CMC where CMC is critical micelle concentration
{1 CMC=8 mM of SDS) [28].

Fig. 7 shows the elfect of SDS concentration on the flux of neat
and mixed-matrix. membrane, U was found that the permeate
fluxes for both neat and mixed-matrix membrane decreased as
the SDS concentration increased. Zaghbani et al. [29] reported
the phenomenon ol flux reduction at higher SDS concentration is
generally attributed to the elfects of membrane fouling and con-
centration polarization. Concentration polarization which was
caused by deposition of SDS micelles on the membrane surface
led to the increased solution mass transler resistance. Beyond the
solubility limit, the micelles deposited on membrane surface
would build up gel type layer and caused pores blockage. Besides,
higher SDS concentration formed small and compact micelles as
reported by Fang et al. whereby the small and compact micelles
might plug the membrane pores easily as compared (o large and
incompact micelles which only deposited on membrane surface
[30].

Fig. 7 shows that permeate fluxes decreased as much as 53.72%
and 56.94% with the increasing SDS concentration in the feed solu-
ton from 0 to 2.5 CMC, for neat and mixed-matrix membranes,

<.h)

90,86

58,96

Flux (¥

SDS Concentration (CMC)

o Neat Membrane = Mixed-matrix Membrane

Fig, 7. Effect of the DS concentration on MB-SDS Nux for neat membrane and
mixed=matrix membranes. ME concentration and vperating pressure were 10 mg/L
and 0.5 bar, respectively at reom temperature,
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Fig. 8. Effect of the SDS concentration on MB-SDS rejection for neat and mixed-
matrix membranes, The MB concentration and operating pressure were 10 mg/L
and 0.5 bar, respectively at room temperature.

respectively, Beyond 1.0 CMC (8 mM), a higher reduction in flux
was observed lor mixed-matrix membrane, indicating that ni-
celles Tormation greatly provided higher resistance to permeate
low through cake layer formation, However, its effect on the neat
membrane was slightly lesser due to the larger micelle to pore ra-
10 (0.04) compared to that (0.02) for the mixed matrix membrane.

Fig. 8 shows the elfect vl SDS concentration in the feed solution
on membrane rejection. Without the SDS. there were about 45%
and 22% ol MB rejections Tor neat membrane and mixed-matrix
membrane, respectively. Under SDS free condition, it was unlikely
that the better rejection of neat membrane could be attributed to
its smaller pore size as buth had relatively very small solute to pore
size ratio. Adsorption is the most possible mechanism lor dye re-
moval as it could be noticed Irom the rapid presence of blue stain
on the membrane surface which was difficult o be cleaned. In or-
der tu prove that, dye adsorption study was carried out using the
same stirred cell without applying pressure. The adsorption profile
ol MB=SDS in similar conditions {membranes with 0.06 m diame-
ter immersed in 200 ml of MB-SDS solution of 10 mg/l MB and
20 mM SDS at room temperature) were measured for both neat
and mixed-matrix membrane. Fig. 9 shows that complete adsorp-
tion could be achieved within 30 h for both membranes. Mixed-
matrix membranes had higher rate ol adsorption compared to
the neat membrane, mainly due to the highly connected pore

120

100

MB-SDS Adsorption (%)

0 10 20 30 40 50
Time (h)

= Meal Membrang =g==Mixed-matnx Membrane

Fig. 9. Rate ol adsarption of Mi=5DS for neat and auxed-matix membrages,
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structure which make the PVDF sites more accessible to the dye
adsorption though diffusion.

Fig. 8 reviews that the rejections for both membranes were
sharply increased to nearly 100% when SDS was added into the
feed solution, a phenomenon also observed by Huang et al, [8]
and Zaghbani et al. [29]. The reasons of this phenomenon might
be due to (i) concentration polarization effect and cake layer for-
mation, (i) precipitation of MB with small amount of SDS surlac-
tant, and (iii) direct adsorption of MB on membrane surface and
pores as discussed earlier. Theoretically, there was almost negligi-
ble micelle formed at the SDS concentration below 1.0 CMC, how-
ever, as concentration polarization occurred on the membrane
surlace, the concentration of SDS might exceed 1 CMC and resulted
in micelle formation. For reason (i), as reported by Misra et al. [31],
lor MB feed solution with SDS below 1.0 CMC, MB could be rejected
by precipitation with a small amount ol $DS molecules. Lastly, the
direct adsorption of MB onto the TiOs surlace could be enhanced as
SDS could reduce the surface tension between the solution and
constricted pore size which created more accessible adsorption
sites. As a result, the rejections of both membranes were improved
drastically.

3.3. Effect of methylene biue concentration

The SDS concentration in the leed solution was lixed at 20 M
[29] and an operating pressure of 0.5 bar was applied to observe
the effect of MB concentration on the permeate Mux and rejection.
The experiments were carried out by varying the MI concentration
at 10, 50 and 100 mg/L Fig. 10 shows the clfect of MB concentra-
tion on permeate fluxes of neat and mixed-matrix membranes,
The permeate Huxes decreased as the MB concentration increased,
where increasing 10 times in MB concentration had reduced the
flux as much as 20.3% and 7.5% for neat and mixed-matrix mem-
branes, respectively. However, compared to the effect of SDS,
membrane [ouling contributed by the amphiphilic SDS concentra-
tion is more significant. The reduction in permeate flux was at
higher MB concentration is due to the buildup of free MB adsorp-
tion onto the membrane surface which formed the deposit layer
near the membrane surface, and eventually building up additional
resistance for permeate to pass through the membrane. IHuang,
et al [8] also toand that the permeate flux decreased as the leed
MB concentration ncreased. The higher fouling rate of neat mem-
brane compared to that of the mixed-matrix membrane was
mainly caused by the previously postulated reason in which MB
is more favorable Lo adsorbed on the PVDF matrix than TiQs,

Fig. 11 shows the effect of MB concentration in the feed solution
on MB=5DS rejection. The rejection decreased for both neat and
mixed-matrix membranes when the MB concentrations increased.
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Fig. 10, Ellect of the MB concentration on the MB=SDS 1ux for neat and mixed-
matrix membranes, The SDS concentration and operating pressure were 20 mM anc
0.5 bar, respectively at room lemperatare.
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Fig. 11, Ellect of the MB concentration on the ME=SDS rejection for neat and

mixed-matrix membranes, The 5DS concentration and operating pressure were
20 mM and 0.5 bar at rvom temperature,
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Fig. 12, Schematic diagram of dye adsorption on {a) neat membrane and () mixed-
matrix membrane,

This result could be due 1o the complete coverage of adsorption
site onto membrane surface al higher MB concentrations, leading
to the decreasing of ME=SDS rejection. The rejection for neat and
mixed-matrix membranes were reduced as much as 20% and
13.6%, respectively when the MB concentrations were increased
from 10 to 100 mgfl. AL high MB concentrations, mixed-matrix
membrane showed better rejection compared to neat membrane,
suggesting that mixed-matrix membrane provided more accessible
adsorption sites compared to the neat membrane as illustrated in
Fig. 12.

3.4. UV-cleaning properties of neat und mixed-matrix membranes

The UV-cleaning properties ol neat and mixed-matrix mem-
branes were studicd using cross-llow U process containing
L0 mg/l MB solution without SDS. 1ts performance was based on
the flux recovery of pure water performed over a period of time.
Figs. 13 and 14 show the time-dependent permeate (lux of the neat
and mixed-matrix membranes, respectively. The pure water Hux
recoveries were observed lor three consecutive ultraviolet (UV)
light irradiation cycles. In order o study the UV-cleaning
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Fig. 13. The time-dependent permeation llux of the neat membrane during live
cycles of cross-How UF process.
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Fig. 14. The tisme-dependent permeation llux of the mixed-matrix membrane
during five cycles of cross-flow UF process.

properties, both membranes were subjected to pure MB fouling
through cross-flow Ritration. It were observed that the rate of per-
meation fux cecline for MB filtration was higher during the initial
20 min and then became slower and approached plateau after 1 h.
Fouling normally occurred at different stages as discussed carlicr.
[nitially, the MB started to be adsorbed and accumulate on mem-
brane pores and surface, leading (o the reduction ol membrane
permeability due to the pore constriction. It was then lforming a
definite thickness of cake layer alter certain period of filtration
time which gradually decelerated the permeation flux and reached
a constant {lux.

After the Hux reaching the constant, the membranes were
rinsed by circulating pure water 1o remove loosely bound MB with
and without UV light irradiation, The lux proliles were recorded
and presented in Figs. 13 and 14. The flux recovery ratios (FRRs)
were determined based on the following cquation:

FRR =J—' % 100% ©)

wi

where fw; is the pure water flux at any predetermined time and
cleaning condition, f,, is the initial pure water lux.

It was observed that the flux could be recovered through sur-
lace scoring by recirculating the pure water across the surface at
GO milfmin. The FRR value for neat membrane (94.19%) was slightly
higher than that for mixed-matrix membrane (91.35%), indicaling
that the pore constriction is more serious for the bigger pores.
The photorespounse of the membranes was further tested under
UV light irradiation. After subsequent cleaning by rinsing with
pure water and UV light irradiation, further llux increment was ob-
served for mixed-matrix membrane bur not for the neat mem-
brane. As shown in Figs. 13 and 14, the FRRs for neat membrane
was maintained at 94.19% but lor mixed-matrix membrane, a cas-
cading increased of FRR to about 100% was achieved within 1 h of
irradiation. This observation indicates that the embedded TiQ; was
photocatalytically active and able to degracde the adsorbed MB
more effectively in the membrane.

In order to prove the better photodegradation ability ol the
mixed-matrix - membrane, the time-dependent MB degradation
by UV light irradiation on neat and mixed-matrix membranes were
carried out through FIIR bonding cleavage observation. As illus-
trated in Fig. 15, it could be clearly seen that the (C=N) bonding
(1599 cm 'y on membrane could be scissor [rom aromatic ring in
the MB structure by UV tight irradiation. The disappearance of
the C=N bonds in the MB adsorbed on the membrane as shown
in Fig. 16 was used as an indicator for the degree of degradation.
Fig. 17 shows the relative C=N absorbance value for the MB acl-
sorbed on the membrane. it could be observed that rapid bonding
cleavage occurred within Lol UV lightirradiation with the higher

e C=M scissior, 1539 cm’’

HyC—N
Ciy CHy
NHy
HaC—N s N—CH,
CHy o CHy

Fig. 15. Photocatalytic degradation patlivvay of the MBS |34,

0.0100

lav = 0 i <. =
0.0095) 7 l:: — T /lm- =4hr
sl ~—~— T
00090 1y T TN =S hr
Vv AN -,
0.008 3 e N
20 N
% 00050 s S
3 o /
€ 0.0073 / :
F ST e
= 0.0070) 27 e Tl
0.0065|
0.0060
0.0053
0.0050
1610 1605 1600 1393

Wavenumbars (@ut)

Fig. 16. Elfect of UV light irradiation time interval during C=N bond scission for MB
molecules degradation,

o

Iv]

c

]

2

=3

o

@

o

©

s ‘\__‘ ~——

2 e

8 ‘\:_“:‘-~v~.

& '\\\:}

{
12 16 20 24
Time (hour)
-t~ Neat Memrane -7 -Mixed-malrix. Membiare

Fig. 17, The time-dependent MB degradation by UV light treatment for neat and
mixed-matrix membranes,

rate of degradation for mixed-matrix membrane compared 1o that
for the neat membrane. Being the primary oxidizing species in the
photocatalytic oxidation process, a group ol active oxidant re-
agents such as hydroxyt radical (OF1) and superoxide radical anion
(H) frony TiOx NPs photocatalysed degradation process appeared
on the surface ol mixed-matrix membrane afler UV light irradia-
tion. The electron in the conduction band could be absorbed by
the dye molecules, leading to the formation ol a dye radical anion
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[32]. The subsequent reaction of the radical anivn could lead to
degradation and removal of the membrane foulant effectively as
compared to neat membrane. On the other hand, the photocata-
Iytic behavior of neat membrane was not a surprising phenomenon
as the MB was light sensitive which also photosensitizer [33),

4, Conclusions

PVDF-TiOz mixed-matrix UF membrane was prepared via phase
inversion by dispersing Ti02 NPs into the PVDF matrix. Although
the mixed-matrix membrane had  some  physical properties
changes, the membranes hydrophilicity and subsequently perme-
ation flux were greatly immproved. The addition of TiQ-, NPs also im-
proved the permeability of membrane. The pure water
permeabilities were 392.81 £ 1093 and 76.99 £ 4.87 I/m? h bar.
whereas the MB-SDS permeabilities were 138.43 £4.25 and
31,7232 1/m* hbar for mixed-matrix and neat membrane,
respectively. The produced mixed-matrix membrane with its
adsorptive properties could be operated under pressure as low as
0.5 bar with the corresponding rejection exceeded 99% with the
presence of SDS even below its CMC vatue. Performance of
mixed-matrix membrane surpassed the neat membrane at higher
MB concentration as NI’s could provide extra adsorption sites for
the MB. it was proven that the mixed matrix membrane is photo-
catalytically active as it shows better MB degradativn compared o
the neat membrane with ~100% pure water flux recovery under
1 h ol UV light irradiation.
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ABSTRACT

The response surface methodology (RSM) was used in this work (o develop an optimum membrane f(or
micellar-enhanced ultrafiltration (MEUF). The mixed-matrix membranes were prepared by adding Ti0,
nanoparticles into polyvinylidene fNuoride (PVDF) solution and cast at different thicknesses. Flat-sheet
PVDF membranes were prepared via the phase inversion technique on the basis of centrat composite design
{CCD). The objective function of the optimization is to prepare membrane with high rejection and Mlux for micellar
enhanced methylene blue (MB-SDS) ultrafiliration, The interactive effects of the various parameters, namely poly-
mer concentration, membrane casting thickness and Ti0, concentration towards rejection of MB-SDS and perme-
ation flux were evaluated. CCD was employed to obtain the mutual interaction between the various parameters.
The optimum membrane could be prepared under polymer concentration of 18 wi., casting thickness of
400 pum and TiO, concentration of 1.62 wi.%. The experimental value of permeation flux and rejection was
53.28 £ 2.75 L/ham? and 99.02 4 0.55%, respectively. These values were found 1o be in good agreement and
very close ta the optimized value predicted from CCD, which were 57.68 LAh.m? and 98.77%. The results show

that process optimization using CCD was reliable (o produce membrane with desired performance.

© 2012 Elscvier B.V. All rights reserved.

1. Introduction

The uncontrolled discharge of dye-containing waste stream to the
environment creates a serious problem to the environment. Among
the dyes, methylene blue (MB) for example has been widely used in
textile finishing, as hair colorant, paper coloring, paint production and
as a sensitizer in photo-oxidation of organic pollutants {1]. Various
methods are available for the removal of colored dyes from wastewater
such as adsorption (2], flocculation/coagulation method [3], and biodeg-
radation [4]. Activated casbon is a commonly used material for dye ad-
sorption, however it is relatively expensive in term of manufacturing
and regeneration |2}. On the other hand, the flocculation treatment pro-
cess produces a large amount of sludge which causes disposal problem,
thus increasing the operation cost [3]. Dye, due to its poor biodegrad-
ability is inefficient to be treated using conventional biodegradation
technique [4].

Compared Lo the conventional processes, membrane based sepa-
ration processes have become an attractive alternative for the treat-
ment of industrial wastewater containing dye due to their unique
separation capability, easy to scale-up and low energy consumption
[5]. Micellar enhanced ulrafiltration (MEUF) is one of the energy effi-
cient membrane separation process which involve ionic surfaccant at
concentration equal or higher than the critical micelle concentration

¢ Conresponding author. Tel. + 60 4 5996418,
£-mail address: chobs@eng.usm.my (B.S. Ooi).

0011-9164/3 - see front matter © 2012 Elsevier B.V. All rights reserveql.
doi: 10.1016/j.desal. 201 2.02.018

(CMC) through ionic hinding between the dye with the oppositely
charged micelle surface 6. Nonetheless, an assuciated problem with
MEUF is the membrane fouling phenomenon due to the pore blocking
and surface adsorption [7] which leads to the unwanted flux reduction
problem,

- Membrane fouling could be reduced by hydrophilic modilication
of the polymeric membrane surface {8 by embedding inorganic
nanoparticles into the polymeric matrix. A more recent approach to
improve the membrane antifouling property is by incorporating
TiO, nanoparticles on the membrane structure and surface. Besides
its hydrophilic nature, Ti0, particles can degrade organic foulant ef-
fectively under the UV irradiation [9] which makes it more proactive
in handling the fouling problem. Ti0, bhad gained special attention
among different metal oxides due to its good chemical stability, anti-
bacterial property, availability, and photocatalytic effect [10,1t].

The hydrophilic modilication by TiO, particles was incorporated in
poly(ether sullone) filtration membranes to improve the membrane per-
meability and fouling resistance of by imparting hydrophilicity o their
surface [ 12). Madaeni and Ghaemi (2007) had studied the effects of coat-
ing of membrane surface with TiO, particles and UV radiation in creating
sell cleaning membrane. The flux of the coated PYDE/TIO, membrane
alter being radiated by UV light increased significantly due 1o the self
cleaning properties created by TiO, particles [ 13). TiO, entrapped com-
posite membrane showed lower (lux decline compared (o neat Polysul-
fone (PSF). PYDF and Polyacrylonitrile (PAN) membrane. It was found
that fouting mitigation eflect increased with nanoparticles cantent, byt
above limiting concentration, fouling mitigation did not increase [14).
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Table 1
Processing parameter involved in central composite design (CCD).

Variable Symbnl  Real values of coded levels Variation
interval, i
-« =10 +1 +a
Polymer concentration, wii A 105 12 15 18 195 3
Casting thickness, wm 3 150 200 300 400 450 100
TiQ, concentration, w2 C 0 1 3 5 6 2

In spite of these advantages. the incorporation of TiO; nanoparti-
cles could unavoidably alter the physical properties of membrane
which would affect the membrane performance. The conventional
approach for optimizing the process variables requires huge experi-
mental efforts, which would be very time consuming and yet ignoring
the interaction effects between the considered parameters of the pro-
cess [15.16). Such a limitation may be overcome by the statistical exper-
imental design approach, which reduces the number of experiments as
well as provides an appropriate model for process optimization, allowing
for the evaluation of the influence of inter-variable interactions on the
process outcome [15). Construction of mathematical models in the field
of membrane science and technology is a valuable tool for prediction
and optimization of membrane separation processes [17). For example,
Ahmad et al. (2009) successlully optimized their membrane with de-
sired lateral flow performance by using RSM with only 20 experimental
runs [18] while Ismail and Lai (2004) showed in their research that
defect-free asymmetric membranes for gas separation can be prepared

Table 2
Design layout and response of central composite design (CCNDY.

by optimizing dope formulations and preparation conditions using
RSM [19].

In this paper, the experimental approach on preparing PVDF/TiO,
mixed-matrix membrane for MEUF performance using RSM was car-
ried out. Polymer concentration, membrane casting thickness and
Ti0z concentration have been identified as dominant fabrication pa-
rameter in controlling membrane fouling and separation properties
of the mixed-matrix membranes. The specific objectives of the pre-
sent study were Lo apply a three factor CCD combined with RSM to
optimize the membrane fabrication parameters for maximizing the
permeation flux and MB rejection under micellar enhanced condition.

2. Material and methods
2.1. Materials

Polyvinylidene fluoride (Solef® PVDF) was supplied by Solvay
Solexis, France, N.N-dimethylacetamide (DMAc), sodium dodecyl sul-
fate (SDS) and methylenc blue (MB) were purchased from Merck,
Germany. Anatase TiO,, PC-20 (20 nm) was purchased from TitanPE
Technologies, Inc., Shanghai. PVDF was dried in oven at 70 °C belore
use, while other organic chemicals were obtained in reagent grade
and used as received. Distilled water was used for all experiment.

2.2. Membrane preparation

The predetermined amount of Ti0; was dispersed in DMAC solvent
under sonication for 15 min. PVDF powder was then dissolved into

Run numbes Factor iput variables

Response

valymer concentration, wt.s Level A Casting thickness, jun tevel B TiO, concentration, wt.%, Level € Flux, Lan®.h Regection, &
1 15 0 300 0 3 4] 87.82 91.70
2 12 -1 400 +1 5 -+l 139.64 89.33
3 15 0 150 - 3 0 42.45 72.96
4 15 0 300 0 3 [¢] §9.23 89.54
5 19.5 + (1 300 0 3 0 5513 95.80
6 18 +1 200 -1 5 +1 70.52 75.16
7 10.5 - 300 0 3 0 100.27 85.93
8 15 0 300 0 0 —-x 3120 96,16
9 12 -1 200 -1 5 +1 93.29 83.29
1) 5 0 300 0 3 0 749.21 92.60
" 15 0 450 +u 3 0 108.5G 92.23
12 15 0 300 0 6 + 114.72 84.88
13 o 0 300 0 3 0 90.67 87.37
14 i8 +1 200 -1 1 -1 583 93.39
15 18 + 1 400 +1 5 41 103.53 87.45
16 I8 + 1 400 + 1 1 -1 42.48 U8.77
17 15 0 300 0 3 0 87.82 91.64
18 12 -1 200 -1 1 —1 31.79 85.27
19 15 0 300 0 3 0 7738 93.549
20 12 ~1 400 +1 1 -1 96.47 86.14

Table 3
Analysis of variauce (ANOVA) for membrane permeanon flux regression model and model terms.

Response Moxdel terms Sum of squares (583 Degiee of freedom (DF) Mean square (MS) F-value Prab » F
Membrane permeate flux, Lim?.h
Quadratic model 20501.23 G 3416.87 105.22 < 0.0001 Significant

A 3114.35 i 341435 105.14 0.0001

[0 6267.74 ! 62G7.74 193.01 0.000!

& 10124.08 ! 10124.08 31176 0.0001

B 180.64 1 180.64 5.56 0.0347

C 291.45 i 291.45 8.98 0.0103

AB 214.45 ! 214.45 6.60 0.0233
Residual 422.16 13 3247

Lack of fie 265.38 8 3347 1.06 .4985 Not significant

Pure error 156.78 5 31.36
Con total 20823.39 19
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Table 4
Summary of ANOVA and regression anatysis for membrane permeation (lux.

Response madel  R-Squared Adj R-Squared  Pred R-Squared Adeq precision

Quadratic model  0.9798 0.9705 0.9550 39972

the TiO, solution and stirred at 60-70 °C for 4 h 1o ensure a complete
dissalution of the polymers. The solution was left to stir overnight at
40°C. The final solution was then subjected to further sonication lor
30 min and let to cool down to room temperature. Solvent loss by evapo-
ration was negligible due 1o the high boiling points of DMAc (164~
166 °C).

The solution was then cast on the tightly woven polyester sheet
using an automatic film applicator (Elcometer 4340, E.U.). It was
then immediately immersed into the water bath of distilled water
and let the phase inversion occur for 24 I in order (o remove the

H|
s 1
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34.3339\
. 64.8741 ‘.49
T 454143 1
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!
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15.00
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Fig. 1. Kespons

e surtace plotted on (a) polynter concentration: casting thickness; (b} polyiner concentiation: 1O, concentration for membrane perne

9

residual solvent. PVDF membrane was kept in distilled water prior
to use.

2.3. Polymer solution characterization

The viscosity of polymer solution was measured using a Model
DV-III Programmable Rheometer (Brookfeld, USA) at 272 °C to
evaluate the rheology elfect of polymer solution prepared under dif-
ferent concentrations of Ti0, nanoparticles. The rotation speed was
fixed at 10 rpm and the viscosities were measured alter shearing for
30s. The viscosity oblained was the average of three time replicates.

2.4. Membrane characterization

2.4.1. Field emission scanning electron microscope
The top surface and cross-sectional morphologies of the fabricated
PVDF membranes were observed under Field Emission Scanning

N7 250.00

o

"200.00

\\ T 5.00
400
300

C: TiO2 Concentration

ation o,
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Fig, 2, Viscosity of different PVDF concentration ultraliltration polymer solutions with
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Electron Microscope (FESEM CARL ZEISS SUPRA 35V, Germany). The
membrane was immersed in liquid nitrogen and Iractured carefully to
have a clean brittle fracture for FESEM cross-sectional images. Membrane

CuT s 10 030w
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Fig. 3. FESEN images of 18 wioe of neat PYDF uitrafiliration miembrane cross-sectional
for casting thickness of (a) 200 war; (b) 300 un; and (€) 400 wn.

t

o

B 2011 Tesme 1740 04

samples were dried at room temperature and were coated with a thin
layer of gold under vacuum using K 550 sputter coater to provide electri-
cal conductivity. The samples were examined under the FESEM at poten-
tials of' 5 kv for top surface marphologies and 10.0 kV for cross-sectional
images. Membrane final thicknesses were measured by thickness gage
(Mitutoyo Corporation, Japan).

2.4.2. Pore size distribution

The pore size distributions of the membrane were determined
using the Capillary Flow Porometer, Porolux 1000 {Benelux Scientific,
Belgium). The membrane samples with a diameter of 20 mm were char-
acterized by using a liquid extrusion technique in which the differential
gas pressure and flow rates through wet and dry samples were mea-
sured. The pore size distributions were analyzed using the LabView
soltware.

2.4.3. Contact angle

The membrane surface wettability was characterized using water
contact angle instrument (Rame-Hart Model 300 Advanced Goniometer)
based on sessile drop methods. All membrane lilms were cut into square
coupons and mounted onto glass slides. Water draps were controlled at
constant volume using the motor-driven syringe. The acquired images
were analyzed using DROPimage soltware to obtain the measurement
of contact angles. To minimize experimental error, the contact angle
measurement was repeated 5 times for cach sample and then averaged,

2.4.4. Atomic force microscopy

An atomic farce microscape, AFM (Park Scientific, Korea, XE-100)
was emplayed to analyze the surface morphology and roughness of
the membranes. The membranes were dried at room temperature
prior to surface measurement. The membranes were cul into pieces
of 2.cm by 2 em and were placed on specific sample holders and arcas
ol 10 um> 10 pum of each membrane were scanned by non-contacl
mode. The same scan size was used for all samples for comparison
purpose.

2.5, Dead-end wltrafiltration experiments

The UF experiments were performed in a dead-end stirred cell
(Amicon 8200,Millipore Co., USA) with a capacity ol 200 ml, where
the disk membrane has a diameter of 60 mm with a geomelric area
ol 28.27 cm? (excluding the area cover by the O-ring). The applied
pressure ol the filtration system was controlled at 0.5 bar by N, gas
and operating temperature was 27 . 2 °C. The stirving speed was main-
tained at 200 rpm using the controllable magnetic stirrer (Heidoph
MR30000, Germany). The desired concentration of M in the feed solu-
Lion was achieved using the appropriate volume from a stock solution ol
MB 100 mg/L diluted toa final veluime ol 1000 ml ol 10 mg/L MB. Afinal
20 mM ol SDS was added as a binding agent to the feed solution befare
liltration. In each experimental run, the feed solution was stirred at
300 rpm using magnetic stirrer (Heidoph MR3000D, Germany) lor
30 min and introduced to the feed wank ol the UF Test Rig. The flux
and filtration elficiency were measured for every 10 ml of permeate
collected,

The pure walter flux (J) was calculated by Eq. (1):

Vv
Y L

where V is the volume of permeated water, A (m”) is the membrane
area, and At (h) is ultrafiltration operation time. The concentration of
MB with SDS surfactant in feed and permeate was measured wilh a
UV spectrophotometer, model UV mini-1240 (Shimadzu) on the
basis ol measurement ol calor intensity at the maximum absorbance
ol 662 nm. A calibration curve using different solutions containing
different concentrations of MB with SDS was determined. The
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filtration efficiency in removing the dye from the leed solution was
calculated using Eq. (2):

-
E!'.z ~ 100 (2)

"

R - 1=
L

Where C, is the dye concentration in the permeate and C, is the
initial concentration of the dye in the feed.

A
i
:
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e
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= T WG TIO, concentention L = 1w i), concentention

S TIO, concentration e 3 W1 T, concentention

Fig. 5. Pure size chstribution of 18 wig PVDF ultrafiltration membrane at different Ti0,
cuncentrations.

2.6. Experimental design -~ response suiface methodology (RSM)

RSM is a collection of mathematical and statistical technique that
can be used to study the effect of several lactors at different levels
and their influence on each other, The objective of RSM is to deter-
mine the optimum set of operational variables of the process
115,16,20). Besides that, it also helps us o obtain the surface contour
that provides a good way for visualizing the factor interaction. RSM
basically consist of 3 major steps, which are experimental design,
model analysis and condition optimization. Experimental designs
such as CCD are uselul for RSM because they do not require an exces-
sive number of experimental runs (o estimate the main effects and in-
teractions between the variables and able (o develop  higher
polynomial response model with less number of factor n. The total

72
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Fig. 6. Contact angle of 18wt PVDF ultrafiltration membrane a1 diffeient Ti
concentrations,
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Fig, 7. AFM images of 18 wr.% of PVOF ultrafiltration membrane surface at casting thickaess of 400 pm for (a) neat; (b) 1w O, concentration; (¢) 3 wt.% Ti0, concentration: and

{d) 5 wr.% TiO, concentration.

number ol experiments to be performed in a 2 level study is generally
given as sum of the 2" lactorial runs, 2n axial or star runs, and n, cen-
ter runs (2% -+ 2n -+ n.}, where nis the number of independent pro-
cess variables [15].

In this study, response surface methodology of UF membrane
modification by adding dilferent concentrations of Ti0, nanoparticles
was carried out using three independent process variables, namely:
polymer concentration (12-18 wr.%) [21,22], membrane casting
thickness (200-400 pm) [23.24], and TiO; concentration (1-5 wt.%)
[25.26]. The RSM designed in this study was based on CCD in which
the factorial portion was a full factorial design (FI'D) with all combi-
nations of the three factors at two level where the lactor levels are
coded to the usual low {—1) and high (+ 1) values, the axial or star
points for which all but twao lactors were sel at level 0 and the one
factor was set at the outer value corresponding Lo an alpha value of
1.5. The center paints {coded level 0), which were the midpoints be-
tween the high and low levels, were repeated six times, to provide an

Table 5
Analysis of varance (ANOVA) for membrane rejection ability regression model and
madel terms.,

Response  Maodel  Sumol  Degree of Mean - Prob = F
terms sguares  [reedom  square value
{5S) (D) (MS)
Membrane rejection,
Quadratic madel 702.20 5 14044 1953 <0.0001  Signilicant
A 50938 1 5098 7.09  0.0186
1" 231.4% 1 29143 3218 <0001
E 166.06 i 166.06 23.09  0.0003
B 137.76 1 13776 19.15  0.0006
AC 11598 1 11598 16.13 00013
Residual 10069 14 K19
Lack of 7519 9 835 164 03049 Not
fit significant
Pure 2550 5 5.10

crror

Cor total 80289 19

estimate of experimental ervor variance. The design involved 20 runs
and the response variables measured were the Hux coeflicient, ) (L/
m=h) and the rejection coefficient, y (%)

To simplify the recording ol the conditions of an experiment and
processing of the experimental data, the factor levels are selected in
such a way that the upper level corresponds to 4+ 1, the lower level
to — 1 and the basic level to 0. The coded values & 1.5 give the corre-
sponding values of each factor in proportionality with the unit varia-
tion intervals selected for each factor. The operating ranges and the
levels of the considered variables are shown in Table 1.

3. Results and discussion
3.1, Response surface and ANOVA analysis

The respunses of Tull factorial CCD were systematically conducted
using the Design Expert software (Version 6.0.6. Stat-Ease Inc., MN,
USA) to examine the effect and interactions of polymer concentration
{A), membrane casting thickness (B) and Ti0, concentration (C) on
membrane permeation flux and rejection ability. The design layout
and its responses are summarized in lable 2. The contour plots
were [itted o analyze the interaction between independent process
factors and the desired responses, based on mathematical analysis
of the experimental data. nteractions among membrane labrication
parameters, including polymer concentration, membrane casting
thickness and TiO, concentration were found and could induce significant
effects on membrane performance.

Table G
Summary of ANOVA and regression analysis for membrane rejection abibity.

Response madel  R-Squared  Adj R-Squaied

0.5298

Pred R-Squared — Adeq precision

Quadratic madel  0.8746 0.6684 16.882
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3.2. Statistical model for membrane permeation flux

Table 3 shows all the suggested parameters (A: Polymer concen-
tration, B: Casting thickness, C: TiO, concentration) that have first
order elfect on membrane permeation tlux. Meanwhile, quadratic el-
fect of casting thickness (B#) and TiQ., concentration {C?), as well as
interaction vffect ol polymer concentration and casting thickness
(AB) also showed significant model term where prob>F values
were less than 0.05. The analysis of variance {ANOVA) is considered
to be essential to test the significance of the model predicted.
p-0.05 indicated that the regression madels are statistically signifi-
cant with 95% conlidence level in the range studied. The lack of fit
model shows that p>0.05 indicating lack of fit is not significant for
the developed models with 95% confidence level. The larger the F-
value and the smaller the prob>F, the more significant the corre-
sponding factor is. Thus, the significant ranking in this study was C:
first order eflect ol TiQ, concentration> B: first order elfect of casting
thickness > A: lirst oxder effect of polymer concentration > C*; quadralic

eltect of Ti0, concentration > AB: interaction effect of polymer concen-
tration and casting thickness> B*: quadratic effect of casting thickness.
An interaction effects may arise when the relationship between interact-
ing variables had a simultancous influence on the response variable.
From Table 3, it could be noticed that polymer concentration (A) and
casting thickness (B) have a significant interaction on permeation llux,
This means that the polymer concentration and casting thickness had si-
multaneous effects un manipulating the morphology of membrane layer,
thus, influencing the permeation flux. On the other hand, the TiO, con-
centration (C) could only give the direct inlluence on membrane perme-
ation performance.

As shown in Table 4, the empirical model of permeation flux
shows good validity and reliability as shown by the value of R-
Squared (0.9798), Adj R-Squared (0.9705) and Pred R-Squared
(0.9550) which were reasonable close to 1. The Pred R-Squared ol
0.9550 is in reasonable agreement with the Adj R-Squared of
0.9705. Adeq precision measures Lhe signal to noise ratio. A ratio
greater than 4 is desirable. Table - shows an adeq precision ratiy of
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39.972 which indicates an adequate signal and agreed that this model
can be used lo navigate the design space.

The lollowing model with coded value of the membrane permeate
flux (J) was developed.
} = 83341653 A - 22598 - 28.46-C=-h 19+ B =5.32:C* =5.18-A*B (3)
Subjected to: =« x < -« where x=A, B, C.
In terms of actval factors the empirical mode! was

)= =71.18748-0.33157-A + 0.73396B -- 22.20525
< C—4.18599E—004~B% ~ 1.329281C?0.017258 A+ 4)

Subjected 10: 12wWLE<A<1S wi.g, 200 im < B <400 um, 1wt
%<Cs5wLk.

This model can be used to predict the membrane permeate fux
coefficient within the limits of experimental parameters.

3.2.1. Membrane permeution flux analysis

Fig. 1 shows the predicted membrane permeation fHux presented
in a three-dimensional response surface plot which can be used to
understand the effect of the parameters on the permeation flux. High-
ly permeable membrane could only be produced at low polymer concen-
tration, high casting thickness (Iig. 1a) and high TiO, concentration
(Fig. 1b). Polymer concentration has a negative effect on the membrane
permeation (lux as shown in Fig. 1. This is due to the fact that the viscos-
ity of the polymer solution increased with the increasing of polymer con-
centration as shown m Fig. 2. The polymer solution viscosity is an
important parameter that intluences the rheological behavior of the
polymer solution which imposed kinetic hindrance lor solvent exchange
durimg the membrane formation process. Higher dope viscosity would
slow down the mass transfer rate during membrane formation process,

Table 7
Finab thickness of neat PYDE ultraibtration membrane a different membrane casting
thicknesses,

Membrane formulation Final

. K X . thickness
Polymer concentration fwi.z)  Nominal casting thickness (jm) ()
8 200 55.67 £ 0.66
18 300 90.13 £ 0.64
18 400 11764 0.92

Lthus prevent the creation of macroporous structure caused by instanta-
neous demixing [27]. The higher viscosity of the polymer solution will af-
fect the mass transfer of the solvent and non-solvent which resulted in
higher resistant of solvent diffusion hetween the polymer solution and
the coagulation bath, thus delays the solvent-polymer demixing. Higher
polymer concentration will induce the formation of skin layer belore the
demixing occurs; as a result flux was expected to decrease. Mulder
(1991) explained that the increase in polymer concentration in the
membrane casting dope implies a higher volume fraction of polymer,
leading to lower porosity and as a result a decrease in flux is observed
[28]. On the other bang, Fig. 2 shows that the addition ol TiOz in casting
dope would increase the viscosily of solution which could decrease the
permeation flux. However, the higher content of TiO, was lound to be
able to enhance the permeation Nux due to its highly hydrophilic proper-
ties that will be discussed later.

The significant elfect of the membrane casting thickness on the
permeation flux can be observed from Fig. la. It was unexpected
that the permeation Nux increased with the increased of membrane
casting thickness as additional thickness might exert extra flow resis-
tance. Increasing the membrane casting thickness however leads to
membrane structure transition from spongelike to more fingerlike
structure as shown in FESEM cross-sectional images in Fig. 3. Increas-
ing in membrane casting thickness resulted in higher fingerlike to
spongelike structure ratio. Fingerlike structure would allow less resis-
tance for water flow compared to the spongelike structure, thus
higher fingerlike to spongelike structure ratio for thicker membrane
leads to higher permeation Hlux. The same phenomenon was also oly-
served by other researchers, Azari et al. (2010) who found that de-
creasing the thickness of cast polymer solution in a membrane
fabrication pracess may lead to structure transition from finger to
spongelike structure [29] Vogrin et al. (2002) found out that the
cross-sectional morphology of membranes formed from cast thick-
ness of 150 and 300 pum was absent ol macrovoid while membranes
prepared from cast thickness of 500 um clearly had macrovoids {24].

Fig. 1b shows that the membrane permeation flux was enhanced
with the increased of TiO, concentration. This might be due o) the
increasing hydrophilicity by TiO, nanoparticles in composile mem-
brane, or ii) the increasing of membrane pore size. The addition of
TiOy into the polymer matrix demonstrated an obvious change of
membrane morphology by changing the rheological behavior of poly-
mer solution. Higher dope viscosity will aflect the mass transfer of
solvent and non-solvent during the phase inversion process which
resulted in higher resistance of solvent and non-solvent dilTusion be-
tween the polymer solution and the coagulation bath. The thermody-
namic behavior of solution was also affected due to the hydrophilic
nature ol Ti0,. The nonsolvent influx was expected Lo be increased
due o the pulling force of the nanoparticies which enhanced the in-
stantaneous liquid-liquid demixing. On the other hand, solvent mol-
ecules can diffuse more readily from the polymer matrix to the
coagulation bath due to the decreased interaction between polymer
and solvent molecules by the barrier created by nanoparticles {30].
As a result, spinodal demixing is likely to occur which resulted in a
highly connected porous structure that provides less resistance to
water permeation [31]. However, higher TiO, concentration could
cause Ti0, agglomeration as shown in FESEM images (Fig. 4) as a con-
sequence of increasing solution viscosity. TiO, agglomeration had cre-
ated a bigger surface pore size {membrane delect) due Lo the high
surface tension between Ti0, and PVDY as indicated in Fig. 5.

Theoretically, the surface of TiQ, nanoparticles consists of a hy-
droxyl group which could attract water molecules 1o pass through
the membrane thus responsible for hydraphilicity increment. Many
studies had been carried out to investigate the effect ol TiQ, concen-
tration on the membrane flux. Bae and Tak (2005) found that Ti0,
composite membrane could be more hydrophitic than neat polymer-
ic membrane due to the higher alfinity of TiO, towards water [14).
Yuliwati and Ismail (2011), Wu et al. (2008) and Cao et al. (2006)
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had reported that 190, particles which contain hydroxyl group on its
surlace were responsible for the hydrophilicity increment and foul-
ing mitigation {10,32,33]. Oh et al. (2009) modified PVDF ultrafiltration
membrane by dispersing nano sized TiQ, particles in a PVDF solution.
PVDF membrane fouling was reduced by changing the membrane surface
from hydraphobic to hydrophilic after TiO, addition [34).

Based on these literature lindings, it was expected that the mem-
brane with a lower contact angle could be produced at a higher content
of hydrophilic Ti0,. However, in our works, the oppasite observation as
shown in Fig. 6 was found in which the increasing ol Ti0, concentration
increased the contact angles correspondingly. It is an unwanted phe-
nomenon as it might impair the membrane permeation flux mainly
due to the higher surface tension between the water molecules and
the membrane surface. This phenomenon could be attributed to the
changes of roughness of membrane ‘microstructure’ as shown in the
AFM images (Fig. 7). The images clearly indicate that the micro-
roughness of the membranes surface increased structurally with the in-
creasing ol TiO, concentration. Increasing membrane roughness has an-
other disadvantage as it could easily trap foulants in the valley which
reduces membrane performance and antifouling ability [2G).

The effect ol mcrostructure roughness could be explained by

Young's equation which relates the surface tension of a drop of

water on a solid is given by the relation
Yo T Yoy COSU = Yoy (5}

where,ys, Yiv and ysy are the surface tensions of solid-liquid, liquid-
vapor and solid-vapor, respectively. Eq. (5) is suitable for non-porous
surface. However, for porous surface, Eq. (5) should be modified to
accommodate for the elfect of porosity (&) by:

1
= ;@” —E)[Ysv —"Ys).] ()

Positive value af oy = y5 means that the contact angle value is
<90" which indicates that the solid surface is hydrophilic whereas
negative value af ey =y means that the contact angle value is

L R

‘rl'v‘lng = 500X

i thickness of 400 pm for (a) neat; (b)) 1w 1o, coneentration: (€) 3wz Ti0 concentration;

>90° which means it is a hydrophobic surface. Surface effective po-
rosity is likely Lo be increased with the increasing of Ti0, concentra-
tion due to air gap wapped within the micro-protruded structure
and caused the increase of surface contact angle. Based on the
above findings, it could be concluded that the flux increment is
more likely caused by the pore enlargement compared Lo the hydro-
philization effect of TiO,.

3.3. Statistical model for imembrane rejection ability

Table 5 shows that the membrane rejection performance was con-
tributed by the first order eflects of the membrane labrication parame-
ters, polymer concentration (A), Casting thickness (B). TiO,
concentration (C), quadratic ellect of casting thickness (B*) and interac-
tion effect between polymer concentration and TiO, concentration
(AC). These parameters have a significant model term where prob= F
values were less than 0.05. The significance of the model was deter-
mined by the analysis of variance (ANOVA) which shows that P=0.05
was slatistically significant with the 95% confidence level in the range
studied. The lack of fit model shows p=0.05 and indicated that there
was an adequate goodness-ol-lit. The significant ranking in this study

was B: first order elfect of casting thickness = C: first order elfect of

Ti0, concentration = B*: quadratic effect of casting thickness > AC: in-
teraction eflect of polymer concentration and TiQ, concentration = A:
first arder effect of polymer cancentration as shown in Table 5. This em-
pirical model was satisfactory and shows reasonable valicity and reli-
ability for membrane rejection prediction, with R-Squared (0.8746)
and Adj R-Squared (0.8298), as shown in Table 6. Table 6 shows hat
the adeq precision ratio of 16.882 indicates an adequate signal and
agreed that this model can be used to predict the rejection behavior,

The following model with coded value of the membrane rejection
ability (y) was developed.

y = 90.96+ 2.02:A © 4.30/B—3.64-C—3.65B* =3.81:prc )

Subjected 10: —w=x <+ where x =A, B, C,
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Fig. 11, ot of normal % probability versus residual for membrane (a) permeation flux: (b) rejectiun abilty.

In term of actual factors the empirical model was

y 1197219 . 257695°A 1 0.26232B—7.69635
CC—36549 k- 004 B ~0.63458 1A+ C (8

subjected to: 12wt A< 18 wi%. 200 im < B <400 pum, 1 wt%<C<
5 wt.%.

This model can be used to predict the membrane rejection ability
coeflficient within the limits of experimental parameters.

3.3.1. Membrane rejection analysis

Three-dimensional response surface plots were developed to
study the parameter interactions. As shown in Fig. 8, higher MB-SDS
rejection could be achieved by preparing the membrane at high poly-
mer concentration, high casting thickness (Fig. 8a) and low TiQ, con-
centration (Fig. Sbe.

Polymer concentration has a positive elfect on the membrane re-
Jection ability. A linear increase of rejection ability with polymer

concentration was observed in Fig. 8, which indicated that the rejec-
tion ability of MEUF process is under the polymer concentration con-
trolled region. As shown in Fig. 9, the increased of polymer
concentration resulted inthe decreased of mean pore size:; which
could effectively block the passage of micelle, cunsequently better re-
jection could be achieved. This phenomenon is in accordance with the
increasing membrane density and decreasing void [raction with an
increase of the polymer concentration in the casting dope |22]. See-
Toh et al. (2007) found a similar phenomenon that a decrease in poly-
mer concentration was found to give a higher molecular weight cut-
oflf (MWCO) [23).

Fig. 8a shows the interactive effect of the polymer concentration
and membrane casting thickness on membrane rejection. The rejec-
tion ability is higher for the thicker cast membrane. Increasing in
membrane casting thickness had led o thicker final thickness of the
produced membrane as shown in Table 7 which consists o more ad-
sorption site for the free dye, thus enhanced the rejection ability of
the produced membrane. Fig. b shows that under low polymer
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concentration (12 we.%), the effect of TiO, concentration seems 1o
give a minor effect on membrane rejection ability. However, at higher
polymer concentration, TiO, concentration showed negative effect on
membrane rejection ability. This apparent change of response surface
plane as shown in Fig. 8b could be observed through the interaction
coeflficient term {AC) between polymer concentration (A) and TiO,
concentration (C). This phenomenon is due to the rheology behavior

ol the polymer dopes as shown previously in Fig. 2. The viscosity of

the solutions with higher polymer concentration could be further in-
creased by adding TiO; into the casting solution. TiO, dispersibility
was greatly reduced in such a high viscous dope solution which
causes the membrane defect due to Ti0, clustering. Membrane with
1 wi.% Ti0; concentration exhibits better dye removal compared Lo
the other membrane. It is most probably due to better dispersibility
of the TiO,. Beyond 3 wt.% of TiO, concentration, it could be clearly
seen on the surface that TiO, agglomeration starts to occur which
not only reduced the adsorption site of the membrane but also caused

membrane delect as shown in the FESEM images in Fig. 4. This can he
directly observed from the FESEM cross-sectional images (as shown
in Fig. 10) that at higher 10, concentration, the diameter of the fin-
gerlike structure was relatively larger which resulted in poor dye re-
tention. Furthermore it could be clearly seen that TiO, agglomeration
occurred at sponge-like structure layer which resulted in the lower
accessibility of the dye onto the polymeric matrix.

3.4. Verification of regression model on diagnostic plot

Plot of the normal % probability versus residual is shown in Fig. 11,
The normal probability plot of the residuals is an important diagnostic
(ool that used 1o determine the residual analysis of response surface
design. It is used to detect and to ensure that the errors are normally
distributed (as the residuals fall near to a straight line) and is inde-
pendent ol each other [15), and thus, support adequacy of the least-
square fit. Fig. 11 shows that there is no obvious indication of non-
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optimum membrane performance could be prepared by optimizing the
membrane dope formulation and preparation conditions. Polymer con-
centration, membrane casting thickness and TiO, concentration were
identified as dominant membrane fabrication parameters in controlling
membrane physical and chemical properties, and thus influenced the
membrane performance. TiO, concentration was found to be the
major parameter in affecting the membrane permeation lux followed
by membrane casting thickness and polymer concentration due to its
elfect on membrane morphology. On the other hand, main parameters
of membrane casting thickness and TiO, concentration had the stron-
gest influence on membrane rejection ability due to its enhanced site
for separation and pore size. The optimum membrane fabrication pa-
rameters could be prepared at 18 wt% of polymer concentration,
400 pum of casting thickness and 1.62 wt.% of TiO, concentration Lo
achieve high membrane permeate flux and rejection ability. The corre-
sponding experimental value of the permeate lux and rejection ability
under the optimum condition of the variables was determined as
53.28 +: 2.75 L/ham? and 99.02 4 0.55%. It was found to be in good agree-
ment and very close to the optimized value predicted from CCD, that

were 57,68 L/h.m? and 98.77%. showing that the validity of the empirical
models was conlirmel.
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In this study, litanium dioxide (Ti0,) nanoparticles (NPs) were incorporated into polyvinylidene lTuoride (PVDF)
membrane to produce a mixed matrix membrane via phase inversion and colloidal precipitation method. In
order to avoid agglomeration and to maintain the stability of NPs in the coagulation bath, NPs were dispersed in
the bath via sonication and peptization. The membrane surlace morphology and distribution pattern of NPs on
the membrane surface were observed by fickl emission scanning clectron microscopy. It was found that the NP
size and distribution of NPs on the membrane surface were afected to a very great extent by the type of solvent
used in the dope formulation and concentration of Ti0; in the coagulation bath. Membrane prepared using
N-methyl-2-pyrrolidone (NMP) as solvent has smaller surface particles and narrower particle size distribution
cumpared to N-N-dimethylacetamide (DMAc) and N.N-dimethyl formamide (DMF) due to the hydrophobic/
hydrophilic interactions between NPs and polymer solution. However, the pore size of membrane prepared
using NMP was relatively big, thus resulted in poorer humic acid (HA} rejection. PVDF/TIO, mixed matrix
membrane using DMAc as solvent with 0.01 g/L of TiO, in the coagulation bath exhibited extraordinary

permeability (43.21 L/m? h) with superior retention properties (98.28:4) of humic acid.

© 2012 Eisevier B.V. All rights reserved.

1. Introduction

Recently, nano-sized colloidal particles have extended their advance
applications into membranc technologics by improving their synergis-
tic effects on water and wastewater treatment {1}, The unique farge
surface-to-volume ratio and strong reactivity properties of NP make it
an ideal candiclate to be incorporated into polymeric matrix for highly
specific applications |2,3]. Beneficial effects of NP-based membrancs
on the mitigation of membrane fouling have been reported recently
{4-6]. Among different metal oxide NPs, TiO, which serves as a good
canchdate as hydrophilic filler has attracted great rescarch interests
mamproving the membrane permeability and louling-resisiance 15.7).
Kwak et al. claimed that the deposition of TiO, NPs into hand-cast
polyamide composite membrane had macde an obvious diflerence in
both hydrophilicity and flux [8].

Many technical innovations in mixed matrix membrane produc-
tion have been carried out to incorporate TiO, into the membrane
polymeric matrix. Among others are photocatalytic reactor combined
cross flow filtration, membrane submerged within the slurry reactor
and Ti0y coaled or entrapped membrane {9-11]. However, the high
surface energy of TiO, NPs olten results in agglomeration; leading
to low functional switace arca, which is a conspicuous drawback

¥ Corresponding author. Tel.: 4 60 4 5996418,
E-mail address: chobs@eng.asm.my (B.S, 0oi).

0011-9164/5 - see tront matter € 2012 Elsevier BV. Al rights reserved.
doi: 10,1016, j.desal.201 2 03.014

for application. Besides, the addition of TiO; NPs in most of the case
will alter the physical properties of the neat membranes. Therefore,
for feasible application, it is crucial o obtain ultrafine and stable
nanodispersions for production of thin mixed matrix membrane films
with low surface roughness and high surface area of TiOs NPs [12.13].

The preparation of size-controlled, monodispersed NPs is of
primary importance to these exciting applications. Three methods
commonly employed by researchers to immobilize 1i0, NPs on flat
polymeric ultrafilteation membrane (UF) are: i) deposition of TiO,
NPs on the membrane surface by direct filtration of NP aqucous
suspension [9.11.14}: i) entrapment of Ti0; NPs in a polymer matrix
of membrane by adding NPs into the casting solution |6-8,10,15}):
and iii) fabrication of TiOy/polymer mixed matrix membrane via
clectrostatic sell-assembly between TiQ, nanocomposites and anionic
polymers [1G]. However, there are a few drawbacks in these methods
as the physically and electrostatically embedded TiO, could be poorly
distributed in the membrane matrix due o the poor mixing or
shearing of the polymer solution as well as low stability of the colloid.

Recent works on improving dispersion of Ti0z in the membrane
matrix reported include surface modilication of 110, or modification
of the polymer itself. Ti0, moditication was performed using cou-
pling agent and other steric repulsive polymeric materials such as
aminopropyltricthoxysilane [17] and y-amminopropyltricthoxysilane
[18]. Polymer modification was achieved via electrostatic self-assembly
between TiO, NPs and the modified functional groups on the polymer
such as sulfonic acid [ 16]: diethanolamine | 19]: and 4-vinylpyridine-co-
acrylamide [20]. However, incorporation of these extra components
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might change the morpholougy of the membrane as well as hinder the
photacatalytical property of TiO,.

In the present work, mixed-matrix polyvinylidene fluoride (PVDF/
TiOz) membrane prepared via colloidal precipitation method was
explored. Through this method, the pore forming and TiO, embedding
processes could be carried out in the coagulation bath simultancously.
It was hypaothesized that through the in situ colloidal precipitation
method, not only the dispersion of finer TiO, Ni’s on the membrane
surface could be improved: the membrane morphological changes
could also be minimized optimizing membrane performance.

2. Experiment
2.1. Materials

Ultrafiltration flat sheet membranes were fabricated from «if-
ferent casting solutions of polyvinylidene fluoride, PVDF (Solvay
Pharmaceuticals, Inc., USA}. The casting solutions were prepared by
dissolving PVDF in either N-nethyl-2-pyrrolidone, NMP (Merck,
Germany) (purity (GC) 299.5%), N.N-dimethyl formamice, DMF (Merck
KGA, Germany} (purity (GC) 299.8%) or N-N-dimethylacetamide,
DMAC {(Merck, Germany) (Assay (GC, area %) =99%). These solvents
were employed without further purification. A commercial form of
inorganic photocatalytic titanium dioxide, TiO, (particle size of 20 nm)
nanopowder purchased from TitanPE Technologies. Inc., China (trade
name: PC-20) that contains about 85% anatase and 15% rutile was used
as received,

Synthetic humic acid (HA) with molecular weight mainly ranging
from 20,000 to 50.000 g/mo! was obtained Irom Sigma-Aldrich and
used without Turther purification, Sodium hydroxide, NaOH was
used to improve the dissotution of HA in water, At pH = 10, 20 mg |1A
powder was added and dissolved in 1L of 0.1 mol/L. NaOH (Sigma
Aldrich, USA) under vigorous stirfing,

2.2. Preparation of stable TiO, suspension

Chemical and mechanical methods were carried out te enhance
the TiO; colloidal stability in the coagulation bath. These methods are
described as below.

2.2.1. Chemical method

Firstly, Lo increase the stability ol the TiO, particles in distitled water,
the chemical modification of the original TiO, nanopowder was carried
out by adjusting the pli value of the TiO, suspension. Hydrochloride
acid solution (HCI) was added drop-wise and mechanically stirrec
until it reaches equilibrium of pH 4.0 to achieve electrostatic stability
(zeta potential > + 30 mV), The ptl value of the Ti0, suspensions was
measured using a pH meter (Eutech Instruments).

2.2.2. Mechanical merhod

To further break down the Ti0; cluster, TiO; solution was subjected
to 15 min ultrasonic irradiation using Telsonic ultrasonic horn (SG-24-
5000, Telsonic Ultrasonics). The frequency of the ultrasound was kept
constant at 18.4 kHz.

2.3. Membrane formation and in situ particle embedment

The membrane casting solutions were prepared by dissolving
pre-dried PVDF (24 hour oven drying at 70 °C) using the polymer
solvents; NMP, DMF and DMAc in a 200 mL beaker. Composition of
the PVDF/solvent solutions was kept constant at 18:82 in weight
percentage.

in order to obtain complete dissofution of the polymer solution,
the mixture was subjected to an initial constant stirring of 250 rpm
at 65°C for 4 h to form a homogenous solution. The homogenous
membrane polymer solution was then left overnight with stirring

at 40 °C. Air bubbles were removed by standing the solution over-
night. Solvent loss by evapuration was negligibie due to the high
boiling points ol NMP (202-204 “C), DMAc¢ (164-166 °C) and DMF
(153°C).

The polymer solution was cast using a thin film applicator { Elcometer
4340, Flcometer (Asia) Ple. Lid.) on a flat glass plate wrapped with non-
woven polyester fabric (Holleytex 3329, Ahlstrom) to form a solution
layer at a nominal thickness of 200 yun. The polyester fabric acts as
support, providing mechanical strength to the membrane for pressure
resistant. The nascent membrane on the glass plate was then solidified
by immediate immersion into a coagulation bath at room temperature
(26 °C) to avoid excessive surlace evaporation. The immersion was

'left for a day to ensure complete solidification and removal of residual

solvent from the membranes. The fabricated membrane was then
recovered from the coagulation bath alter detaching it from the glass
plate and subsequently rinsed with and soaked in a bath of fresh clistilled
water, Drying was sequentially done alter dipping the membrane in
cthanol to avoid microbial growth.

Inorder tointroduce Ti0;, particles on the membrane surface, PVDI
solution layers were immersed into the coagulation bath with TiO,
colloidal suspension. The concentiation of TiO, dosed into the distilled
water was varied for 0.001 g/, 0.01 g/L and 0.1 g/L. The preparation
conditions of the membranes were summarized in Table 1.

2.4. Membrane churacterization

2.4.1. SEM analysis

Top surface morphology of the PVDF/TIQ, mixed matrix membranes
was observed using a Ficld Emission Scanning Electron Microscope
(FESEM) (SUPRA 35 VP, Carl Zesis Inc.). For FESEM observation, the
membrane samples were cut into appropriate size and mounted on the
sample holders. K 550 sputter coater was used to coat the outer surface
of the membrane sample with a thin layer of gotd under vacuum to
provide electrical conductivity. Alter gold/palladium sputtering, the
samples were examined undler the electron microscope at potentials of
10.0 kv,

2.4.2. Pore size distribution

Pore size of the membrancs was determined using gas flow/liquid
displacement method via Capillary Flow Porometer Porolux 1000 (CNG
Instruments). Membrane samples with a diameter of 10 mm were
characterized using the “dry up-wel up” method. In this method, gas
flow was measured as a function ol transmembrane pressure, through
wetted membrane with 1,1,2,3,3.3-hexailuoropropene and the dried
membrane. The pore size distribution was estimated using "Ml
software.

Table
Membrane depe and cuagulation bath formulation.

Membrane  PVDF weight  Solvent weight— Solvents 190, conceniration
number ratio (%) ratio (%) (/L)
M1 (a} 18 82 NMI? 0.600
M1 (b) 18 82 NMP 0.001
M1 (¢) 18 82 NMP 0.010
M1 (d) 18 82 NMP 0.100
M2 (a) 18 82 DMAC 0.000
M2 (1) 18 82 DMAC 0.001
M2 (¢) 18 82 DMAC 0.010
M2 (d) 18 82 BMAC 0100
M3 (a) 18 82 DMF V.VuY
M3 (b) 18 82 DMF L.0u1
M3 (¢) 18 g DMIF 0.010
M3 (d) 18 82 1M QU0
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2.4.3. Identification of crystalline phase

X-ray dillraction (XRD) technigue was used to identify the crys-
talline phases of PVDF on the membrane surface. Modified surfaces of
the membrane were subjected to X-ray radiation and the dilfraction
data were collected on a BRUKER AXS D8 ADVANCE diffractomeler
{Bruker AXS, GmbH). The system is equipped with a Cu X-ray tube
and a LynxEye detector operated at 60 kV and 80 mA, and the con-
figuration was calibrated using a lanthanum boride (LaB6) powder
standard (ICDD PDF#34-0427). Scanning was performed from 10° to
80" (2 -angle), with a step width of 0.02° and a sampling time of 0.3 s
per step.

2.4.4. Surface tension {wettability) measurement

The membrane wettability is characterized by static contact angle
ol the membrane samples, which was measured based on sessile drop
technique using a DiopMeter A-100 contact angle system (Rame-Hart
Instrument Co., US.A.). The membrane sample was stuck onto a glass
slide using double-sided tape Lo ensure its twp surface was upward
and flat. A droplet (~13 L) of deionized water was dropped onto
the dry membrane surface using a microsyringe at room temperature
(21£1°C). tmmediately. a microscope with long working distance
6.5 x objectives was used to capture micrographs at high frequency
(100 Pcs/s). The reported contact angles were average values from
the measurements taken at 10 different locations on the membrane
surface, as a measure to minimize random error.

2.4.5. Streaming potential

The surface properties of the membranes were examined using
streaming potential device. The streaming potential was evaluated
using a devise constructed from two Plexiglas chambers with Nging/
Cl electrodes inserted at cach end. Data were obtained using 10 mM
NaCl at pH 7.0, wath the fluid flow across the membrane surface. The
apparent zeta potential (§) was evaluated from the slope using the
Helmholtz-Smoluchowski equation [21-23]

o dE; :
& (&;}—,) dar ()

where A, is the solution conductivity, 1) is the absolute viscosity of
medium, &, 1s the penmittivity of vacuum, and &, is the dielectric
constant ol the medium,

As streaming potential is lincarly dependent on the applied pres-
sure ditferential, it allows apparent zeta potential to be evaluated
dircctly [rom Eq. { 1). Several studies have shown that Eq. (1) provides
useful information on the charge characteristics of membranes cven
though the Helmholtz-Smoluchowski equation neglects the effects

of surface conductance and overlapping double layers [22,23]. All
results in this study were reported in terms of apparent zeta potential
data as calculated from Eq. (1).

2.5. Permeation flux and rejection of humic acid measurements

Alaboratory beneh scale cross-fow recirculation unit was used Lo
study permeation flux and rejection of the mixed matrix membrane
using 20 mg/L ol humic acid (HA) as model solution a1 ambient
temperature (25 “C). The schematic diagram of permeation unit is
shown in Fig. 1. The produced flat sheet membrane was cut and
housed in the stainless steel circular membrane test cell with a
diameter of 5.1 cm (effective membrane Aluration area of 20.43 cm?)
and sealed with a rubber Q-ring. Synthetic FIA solution was charged
into a 5 L feed tank and re-circulated at a constant cross-flow rate of
0.04 L/min using the peristaltic pump (Hydra-Cell, Wanner Interna-
tional). Filtration pressure was controlled by a necdle valve to 0.5 bar.
Absorbance of the collected permeates was measured using UV spec-
trophotometer (UV mini-1240, Shimadzu).

Pure water flux was determined by direct measurement of the
permeate volume over the time,

v .

/
where Fis the pure water flux (122 h), Vis the permeate volume (L),
A is the membrance surface arca (m?), and ¢ is the time (h).

Experimental rejection of solute (R) was calculated from the leed
sulution (HA solution) and permeate solution using the following
equation:

Ri) = ( —&) x 100% (3
G

where R is the rejection ultrafiltration process (%).C, is the concen-
tration of the permeate solution and C; is the concentration of the
feed solution.

3. Results and discussions
3.1. Morphologies of PVDEFTIO, mixed matrix wmembrane

Fig. 2 shows the SEM top surface images of PVDE/TIO, mixed
matrix membranes for membranes prepared using dilferent types of

solvents and immersed in colloidal suspension containing 0.001 g/L.,
0.01 g/L and 0.1 g/L of TiO. As could be seen from Fig. 3 with 5.00 kx
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Fig. 2. FESEM tucrogiaphs ieveal the detail ol the twpugraphy stucture of PYDF membrane tabricated wath ditferent solvents and ditferent TiO, concentrations at 1LOU k~ {a) NMP

(b) DMAC (¢) DMF

of magnification, celtular pore structure appeared on the surface of
PVDE membrane using DMF as solvent while for membranes with
NMP and DMAc as solvents, membranes with more connected pores
were observed. The experimental results indicated that choice of
solvent did contribute to structural change of the membrane mor-
phology [24-26).

The morpholugical changes of membrane prepared using dilferent
sotvent systems could be related 1o the solubility parameters of solvent
i water. Rate ol solvent-nonsolvent (water) inter-diffusion depends
on value of solubility parameters of the solvent and non-solvent. The
solubility parameter difference Ais  pg between solvent system of the
casting solution and non-solvent system of the coagulation bath can be
calculated using the following equation:

2

Biig_ps = \/ [('ﬂl.s““‘d./s's)z + (‘%"%.NS)Z + (511.{"5"..\15)“] (4)

where &, is Hansen polarity parameter (Cal”* cm™34), &, is Hansen
dispersion parameter and o, is Hansen hydrogen parameter. It has
been known that lower value of this parameter corresponds to a higher
affinity of the hquids: hence promotes higher sotvent outflux and non-
solvent influx, and a better miscibility [27]. Solubility paramelers of
water with the organic solvent increased in the (ollowing order: DMF
{(31.14) < DMAc (32.44)<NMP (35.38) which dictates that miscibility
of water-solvent decreased in reverse trend: DMF> DMAC> NMP.
Improved miscibility of DMF with water momentously increased the

polymer concentration at the interface due to the higher solvent
outflux. As a result, membrane with tighter pore size could be produced.

As shown in Figs. 2 and 3, with the increasing TiQ, concentration,
the amount of TiO, particles deposited on the surlace was increased
and exists as different sizes of snowflake. This is the result of Ti0,
particle agglomeration at higher TiO, concentration. The increasing
number of Ti0y particles on membrane surface will likely provide
additional hydrophilicity strength to the membrane, possibly increas-
ing the permeate water flux and its antifouhny properties. However,
higher TiOz concentration might induce the aggregation of TiO,
particles thus blocking the pores ol membrancs.

Sizes of NPs distributed on the PVDI/I1Q, mixed matrix mem-
brane surface were measured from the FESEM images using Image)
1.43 usoftware at 10.00 k x magnification. and the results are presented
in Fig. 4. Fig. 4 shows that dilferent solvents (used in polymer solution)
did play an important role in changing the particle size distribution
on the membrane surface. Membranes using NMP (M1) as solvent
produced smaller surface particles compared 1o the systems using
DMAC (M2) and DMF (M3} as solvents. This phenomenon is probably
due to the higher surface tension between DMF and Ti0y compared to
NMP-TiO, which promotes particle aggregation during the phase
inversion. The surface tensions between the solvents and NPs are
actuaily following the trend of the solubility parameter. The higher the
solubility paramerter of solvent-waler means the least hydrophilicity
of the solvent. As a result, the relatively hydrophobic solvent would
induce colloidal instability when it was brought into contact with the
hydrophilic TiO, NPs. Consequently. the refatively hydrophobic DMF
has the tendency to form larger Ti0» aggregates,
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Fig. 3. FESEM micrographs reveal the detail of the topoy
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Besides, Mackay et al. |28] lound that dispersion of NPs into a
polymeric liquid is thermodynamically stable for systems where the
radius of gyration (R,) of the lincar polymer is greater than the radius
of the NPs. In this case, different solvents will most likely affect the Ry
value of the polymer solution. The solvent that contributes to greater
R, in polymer solution is suggested to have smaller Ti0, particle
size distribution on membrane surface with relatively stable TiO, NPs
dispersion. The relations between the root-mean square radius of
gyration of the chain in the three solvents and the molecular weight
obtained by Ali and Raina [29] using the theory of Inagaki et al. [30].
were<§?>=282x107" M3, 2.95x 10~ " M2, and 8.13x 10~2
MR for NMP, DMAc and DMF respectively. [t can be coneluded that
the polymer chains are more extended in DMAC than in DMF and
NMP. So, it is not surprising to observe that DMF gave a relatively
poor particle size distribution as the PVDF has the smallest gyration
radius when it was exposed to DMF environment,

We tried to relate the size ol the particle w its colloid stability in the
solution bath during phase inversion. As commaonly known, repulsive
putential Vg of the 110, NPs is a complex function of Vg=2 n & a ¢?
exp(-x2) where a is the particle radius, € is the solvent dictectric
constant, K is a function of the ionic composition and ¢ is the zeta
potential. The dielectric constant of NMP, DMAc and DMF are 32.20,
37.78 and 36.71 respectively. Based on the value of €, TiO, suspension
should be relatively stable for DMF system as the dilfusion of DMF with
higher diclectric constant should provide relatively higher repulsive
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sraphy structure of PVDF membrane fabricated with different solvents and dilferent Ti0, concentrations at 5,00k~ {a) NMI?

force within the particles. However, a reverse trend was observed
whereby M3 (DMF system) showing the worst clustering phenomenon.

From the results obtained from solubility parameters, hydrophilic
interaction gyration radius as well as colloidal stability, it can be
concluded that the effect of solvent on particle size distribution is o a
greater extent alfected by the hydrophobic/hydrophilic interaction
rather than the electrostatic interaction hetween the NPs and polymer
solution. This phenomenon could lead to a better understanding on
how to prepare well distributed NPs in the polymer matrix.

3.2. Pore size distribution

Selection of salvent is crucial not only lor its particle size dis-
tribution but it is one of the important parameter that aflects the pore
size distributions of the membranes. As shown in Fig. 5, membrane
prepared using NMP as solvent has a relatively larger pore size and a
wider pore size distribution compared o membrane using DMAc and
DMF as solvents. The maximum diameter of pore, d, . for meme-
brane prepared using NMP as sotvent was around 0.100 jum, while for
membrane prepared using DMAC and DMF as solvents was around
0.075 pum and 0.050 pim, respectively.

Membrane pore size distribution would be changed upon in-
corporation of Ti0, NPs depending on the type of solvent used. For
NMP, the addition of TiO; did increase the maximum pore size but its
cffect on pore size distributions was not significant. On the other
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hand. for membranes prepared using DMAc and DMF as solvents even
pore size distribution was improved by adding 0.1 g/l and 0.01 g/L of
TiOz but became poorer at fowest TiOy loading (0.001 g/L). It can be
conctuded that membranes prepared using high affinity solvent such
as NMP and DMAc have a tendency to reduce its pore size by adding
NPs. These results were similar with what was observed by Damodar
et al. who found that the number of small pore size increases with
increasing TiO, content {31]. This is probably due to the increase of
stress between polymer and TiO; NPs as a result organic shrinkage
occurred during the precipitation process of wet-casting polymeric
membranes. Another plausible reason is because of pore blocking due
to the precipitation of NPs on the pore wall which further reduced the
pore size.

3.3. Polymorph analysis

XRD diffraction patterns of TiO, NPs, PVDF membrane and PVDF/
TiO, mixed matrix membrane are shown in Fig. 6. It can be seen that
the XRD pattern of PVDF/TIO, mixed matrix membrane had lour
crystalline characteristic peaks at 2 of 18.570°, 20.395°, 25.405° and
38.712° that was analogous with the predominant characteristic
peaks of PYDF membrane and TiO, crystal powder, respectively. Due
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to the low concentration of TiQ, NPs in PVDF/TI0, mixed matrix
membrane, only characteristic peaks could be seen in XRD patterns.,
However, their lucations were slightly shifted, when compared with
the pattern of TiO, NPs at 2 of 25.209” and 37.722° respectively. The
shift of characteristic peaks indicated that there are interactions
between polymer and Ti0, which influenced the PVDF crystal
structure (transition of phase) in the mixed matrix membrane.

The direct evidence of polymorph change of the PVDF membrane
can also be seen in Fig, 6. The neat PVDF membrane exhibited peaks at
2 0l 18.69" and 20.11°; characteristic of «-polymorph |32}, which
was close to the literature data of 18.5° and 20.2" from Wang et al.
[33]). There was a significant change of polymorph after the inclusion
of C-20 in the ncat PVDF membrane. The a-polymorph of the PYDF
membrane increased with the addition ol TiOz This phenomenon
was expected as hydrophilic nature of TiOy NPs would enhance the
a-polymorph which promises excellent hydrophilic characteristic of
the composite membrane.

3.4. Permearion flux and rejection of membranes

The elfect of solvent and TiO, concentration on mixed matrix
membrane contact angle, permeability and rejection of HA was inves-
tigated through cross-flow membrane filtration experiments and the
membrane performances were summarized in Table 2, All the presenteg
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membrane permeability and rejection of HA results corresponded to
the average of three replications with the membrane tested randomly
chosen [rom different independent sheets. The elfect of membrane
hydrophilization on PVDF/TiO2 mixed matrix membranes could be
evaluated by the performance of HA solution flux (F).

Comparing the HA permeation of neat PVDF membrane using
NMP, DMAC and DMF as solvents, which were labeled as M1 (a), M2
(a) and M3 {a} respectively, the lux for the neat membrane using
NMP as solvent is 5 times higher than that for DMAc and DMF. This is
mainly due to the fact that membranes prepared using NMP as
solvent have larger pures (as shown in Fig. 5).

As shown in Table 2, the PVDF/TiIO, mixed matrix membrane in
average has higher flux in comparison to the neat membrane, even
though there was not much change in terms of contact angle attributed
to the increase in hydrophilicity of the membrane due to TiO, NPs and
narrowing of pores occurred for DMAc and DMF, Theoretically, contact

Table 2
The vifect of T concentratiun and types of sulvents on contact angle, permeate flux
antd ivgechion.

Solvents  Membrane 11O, concentration  Contact Permeate lux  Rejection
number  (gl) angle (*) (L/m? h) (%)
NMI Mi {a) 0.000 68.54 £ 0.61 142.12 91.57
Mi (b) 0.001 70.25:0.89 171.09 92.13
M1 () 0.610 69.3240.50 209.79 94.70
M1 () 0.100 7305089 138,76 96.94
DMAC M2 (a) 0.060 6756092 3770 98.08
M2ib) 0.001 67.014087 4315 Y8.28
M2 g 0.010 68.24+ 081 43.21 98.28
M2 o) U100 70.68 1086 39070 98.06
DMF AYERNY [ 0740+ 127 3303 97.81
50D, [SRVR} GOUSEA LIV 302 Y7.88
MY vole 70324 135 37.26 98.58
M3, [RIYG 7153 £ 1,05 3349 97.25

angle measurement is mainly affected by membrane surface hydrophi-
licity, roughness, porosily, pore size, and pore size distribution, Rana
and Matsuura [34] reported that the contact angle value of membrane
with higher roughness is higher compared to the other membrane of
lower surface roughness, even though both membranes are having
similar hydrophilicity. Therefore, it was hypathesized that the slight
increases of contact angle in Table 2 are mainly due to the higher surface
roughaess created with the increasing of TiO, concentration, whereby
the water droplet is not directly in contact with the membrane surface
a3 Ti0, NPs will build a barrier between them, which then impaired the
membrane surface welttability. Although TiOy NIPs that are deposited on
the membrance surface show the increasing trend of the contact angle of
the membrane, it does not mean that TiQ, has reduced the membrane
hydrophilicity. [n fact, the increasing «e-polymorph of PVDE membrane
with the addition of Ti0; in Fig. G as in Section 3.3 proved that
the hydrophilicity of PVDF membrane has been improved remarkably
wilh the introduction of TiO, NPs on membrane surface via in situ
colloidal precipitation methad. These results are in consistent with
other rescarch findings [16,35.3G] which observed that the modilied
membrane with the addition of Ti0, showed higher flux for sludge
filtration compared to neat polymeric membranc. Nonetheless, the
larger cffective surface arca caused by the roughness could greatly
improve the flux of membrane,

Table 2 shows that 0.01g/L. of TiO, contributes to the most
excellent result in increasing membrane permeability as it exhibited
the highest membrane permeability for all types ol solvents used. The
observed flux increase (improved hydrophilicity) upon integration of
TiOz NPs can be explained as such. During the exchange of TiO, NPs
onto the membrane surface, the PYDF membrane was exposed in the
low pll HCLL i which the acid has caused partial hydrolysis ol the
membrane surtace to increase its hydrophilicity. and hience increased
the permeate water flux [37]. However, at higher concentration of
Ti0z (0.7 g/L). the membrane permeability was largely dectined. This
phenomenon may be duce 1o the higher asglomeration tendency for
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TiO, particle in water suspension which blocks the membrane pores
during immersion precipitation,

Besides the flux performance, removal elficiency of HA was found
to be affected by the presence of TiO, on the membrane surface for
membrane using NMP and DMF as solvents. Membrane using DMAc
(M2) was found to have the greatest ability to remove HA (>98%),
followed by DMF (M3) and NMP (M1). The dilferences in solute
rejection of each membrane are mainly contributed by Lhe steric
hindrance of the membranes due to the pore size, Membrane M1 with
bigger pore size has the poorest HA rejection compared to M2 and
M3 membranes. However, with the addition of TiO,, the rejection
performance of Miwas improved from 90% to 97% even through the
pore size was increased. This phenomenon indicated that HA might
form macromolecule (aggregate) at the surlace with the hydrody-
namic size bigger than 0.2 pm. Pore opening will allow more passage
of pure water, which therefore improved the HA rejection. However,
the overall rejection of M1 membrane is still low compared to M2 and
M3 membranes mainly due to the leakage of smaller HA molecules.

Additionally, variation in membrane properties such as surface
charge by TiO, NPs might affect the physic-chemical interactions of
membrane and its solution [38]. The apparent zeta potential of the
neat membrane and PVDF/TIO, mixed-matrix membrane prepared
using DMAc as solvent at 0.001 g/l., 0.01 g/L. and 0.1 g/l. concentra-
tions were —8.505, —10.43, —10.22 and —10.44 mV respectively.
The increasing net negative charge on the PVDF/TiOa mixed-matrix
membranes compared to neat membrane could be attributed to the
presence of TiO, NPs. Both HA and TiO; particles on membrane
surface which possess negatively charged surface will then create a
strong electrostatic repulsion between HA and surface of TiO,. Therelore,
in addition to hydrophilic characters, increasing of membrane surface
negative charge with the introduction of TiO, NPs was expected to
provide additional advantage in lowering fouling propensity.

In overall, the membrane performance in terms of HA removal
could be improved by embedding the Ti0O, NPs into the PYDF mem-
brane matrix. The addition of TiO, could enhance the permeation flux
at ditferent degrees depending on the type of solvent used. The flux
enhancement effect is lollowing the arder of NMP > DMAC> DMF.
Besides, it 1s worthwhile to note that the addition of 0.01 g/L of TiO,
could enhance both the rejection and flux of the membrane. Mem-
brane prepared using DMAc as solvent coagulated in 0.01 g/L of TiQ;
suspension was found to be the best membrane in terms of HA
rejection and water flux.

4. Conclusion

Stable 110, colluids in coagulation bath were successfully embed-
ded to the membrane surface through phase inversion and colloidal
precipitation method. 1t was [ound that the membrane prepared using
NMP and DMACc as solvents has better particle size distribution
compared to DMF. The particle size distribution is mainly contributed
by the hydrophobic interaction between the NPs and the polymer
solution. However, membrane prepared using NMP has relatively
bigger pore size which resulted in poorer HA removal compared to
DMAc and DMF. Nonetheless, using the in situ collvidal precipitation
method, the changes of the physical structure of PVDF/TIO, mixed
matrix membranes could be minimized.

Permeation tests with HA solution proved that permeability and
gejection of the mixed matnx membrane were signilicantly improved
due to its enhanced roughness as well as hydrophilicity. By adding
0.01 g/L of Ti0. NPs mto coagulation bath, the optimum membrane
performance was obtained together with the dramatic increase ol the
permeate flux without compensating its HA rejection. Membrane
prepared using 0.01 g/l ol TiO, 'and DMAc as solvent is the best
membrane which give 43.21 L/m? h of flux and rejection as high as
98.28% of HA.

Although membrane prepared using DMAC as solvent presents a
good result on particle size distribution with flux enhancement,
further research on long hour HA liltration test has to be carried out in
the future to test on the chemical stability of TiO, dispersed in PVDF
matrix and its antifouling properties.
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ABSTRACT: A major factor limiting the use of ultrafiliration (UF) membrane in water treatment process is the membrane fouling by
natural organic matter such as humic acid (HA). In this work, neat PVDF and PVDF/TiO; mixed-matrix membranes were prepared
and compared in terms of their antifouling properties. Two commercial types of 10, namely PC-20 and P25 were embedded to pre-
pare the mixed matrix membranes via in situ colloidal precipitation method. The contact angles for the mixed-matrix membranes
were slightly reduced while the zeta potential was increased (more negatively charged) compared with the neat membrane. Filtration
of HA with the presence of Ca** demonstrated that mixed-matrix membrane could significantly mitigate the fouling tendency com-
pared with the neat membranc with flux ratio (J/f) of 0.65, 0.70, and 0.82 for neat PVDF membrane, PVDF/TIO, mixed-matrix
membrane embedded with P25 and PC-20, respectively. PC-20 with higher anatase polymorphs exhibited better antifouling properties

due to its hydrophilicity nature. © 2012 Wiley Periodicals, Inc. J. Appl. Palym. Sci. 000: 000-000, 2012
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INTRODUCTION

Polyvinylidene fluoride (PVDF) is one of the most extensively
applied membrane materials in the industry, However, PYDF UF
membrane with its relatively hydrophobic nature limits its appli-
cation in water separation pracess as they exhibit tower permen-
tion flux due to the high surface tension between water and the
membrane sueface and  more suseeptible 1o fouling. Fouling
caused by natural organic matter (NOM) is o najor obstacle for
efficient use of ultraliliration (UF) membranes in the water puri-
fication process. Fouling could greatly reduces the permeate flux
and increasing the operational pressure, which leads 1o a higher
operational cost, and a short membrane lifespan. Several studies
had demonstrated that humic acid (HA), which is an important
forebonding of trihalomethane and haloacetic acids, has a major
influence on membrane fouling in the application for water
reatment.'™ HA cxists ubiquitously in the aquatic environment

which primarily resalts from the microbiological degradation of

surrounding vegetation and animal decay that enter surface water
through rain water run-off’ from the surrounding land.* Humic
acid are thought to be the complex aromatic macromolecules
owing to the presence ol both aromatic and aliphatic substances
with three main functional groups: carboxylic acids (COOH),
phenolic alcohols (OH), and methoxy carbonyls (C=0).}

7 2012 Wiley Periodicals, Inc
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The effects of solution chemistry that plays an important role
on HA fouling were broadly investigated in several membrane
processes.” ” The charge and conligurations of LA macromole-
cules is extensively affecied by its solution chemistry, which
could alter the structure and hydraulic resistanee of e foulant
deposit layer, Wang et al,, Hong et al. studied the elfect of solu-
tion chemistry an membrane fouling in the treatment of water
solutions containing HA. The results showed that the CaCly or
MgCly salts could readily form complexes with the functional
groups of humic macromolecules, increase the electrostatic
shielding among the charged HA molecules and change the
charge of both humic substances and membrane surface thus
caused more severe fouling, ™™

A variation in membrane properties such as pore size, surlace
charge and hydrophilicity might alfect the  physic-chemical
interactions of membrane and its solution.” In the previous
study, Kabsch-Korbutowicz et al. investigated the deterioration
of permeate flux during the UF of 1A and found that hydro-
phobic UF membranes were more susceptible to HA fouling
than hydrophilic UF membranes.” This finding was in line with
the work of Lee et al." who found that the hydrophilic regener-
ated cellulose membranes has superior antifouling property
compared to the hydrophobic polyvethersulfone membranes.

J APPL POLYM SC! 2012 DOV 10 10020400 1340,



Recently, the combination of TiQ, nanoparticles (NPs) with
membrane filtration has been widely reported for its antifouling
properties.' " In addition 1o hydrophilic  characters, mem-
branes which possessed a negative charge on the top selective
layer were also found extra useful in lowering fouling propen-
sity."* Kwak et al. reported that the deposition of TiO, NPs into
hand-cast  polyamide composite membrane had made an
obvious difference in both hydrophilicity and flux." Among the
technical innovations used 10 incorporate TiO» NPs into the
membrane  polymeric matrix, addition of TiQ, NPs during
coagulation precipitation is considered as one of the most con-
venient  methods 1o create  the membrane
hydrophilicity.

impact  on

Because of the complex chemical and  physical interactions
Uouling) in the UF process for water solutions containing HA,
4 more systemalic investigation of these interacting aspects is
needed. The main objective of this article is 1o evaluate the
effects of membrane surface chemistry on membrane fouling via
NPs modification.

EXPERIMENT

Materials

PVDF (Solvay Pharmaceuticals) olirafiliration membranes were
prepared by casting the PVDF in - N-N-dimethylicetamide,
DMAC (Merck, Germany) (Assay (GC, arca %) > 99%) solution
at 200 pm thickness. Two different types ol commercial tita-
nium dioxide, TiQ, nanopowder were purchased from TitanPE
Technologies, China (trade name: PC-20; particle size of 20 nm)
and Sigma-Aldrich, St Louis, MO (irade name: P25; particle
size ~ 21 nm). As reported by the manufacturer, PC-20 con-
tains about 85% anatase and 15% rutile, while 125 contains
about 75% anatase and 259% rutile. They were used as received.

Synthetic HA obtained from Sigma-Aldrich was used as the or-
ganic Toulant during the experiment without further purifica-
tion. dodium hydroxide, NaOH solution was used 10 improve
the dissolution of HEA in water, Feed solutions were prepared by
dissolving a preweighed 10 mg of TTA powder in 5 1 of distilled
water. The solution pH was adjusted 10 pH 7 by addition of
small quantities of 0.1M NaOH. To study the effect of HA foul-
ing, the amalytical grade inorganic salt (CaCly) was used to
adjust the total ionic strength of the HA feed solution,

Preparation of Stable Ti0, Suspension

Chemical were  carried  oul 1o
enhance the TiO, colloidat stability in the coagulation bath as
described below.

and  miechanical  treatments

Chemical Method. Tirst, in order 1o increase the stability of
the TiO, particles in distilled water, the chemical modification
of the original Ti0, nanopowder was carried by adjusting the
pH value of the TiO, suspension. Hydrochloride acid solution
(HCH was added drop-wise and mechanically stirred until it
reaches equilibrium of pH 4.0 to achieve electrostatic stability
(zeta potential > +30 mV). The pH value of the TiO, suspen-
sions was measured using a pH mieter (Ewtech Instruments).

Mechanical Mecthod. The 110, cluster was further  broken
down by subjecting the Ti0, solution to 15 min ulirasonic
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irradiation using Telsonic ultrasonic horn (SG-24-500P, Telsonic
Ultrasonics). The frequency ol the ultrasound was kept constant
at 18.4 k.

Membrane Formation and In Situ Particle Embedment

The membrane casting solutions were prepared by dissolving
predried PVDF (24 h oven dried at 70°C) using DMAC in a
200-mlL beaker. Compuosition of the PVDF/solvent solutions was
kept constant at 18:82 in weight percentage,

To oblin complete dissolution and optimal dispersion of the
polymer solution, the misture was subjected 1o an initial con-
stant stirring of 250 rpm at 65”C for 4 h o form a homogenous
solution. The homogenous membrane palymer solution was
then left overnight under stirring at 40°C and 1hen kept in a
centrifuge tube. The trapped air bubbles were removed by
standing the solution overnight. Solvent loss by evaporation was
negligible due to the high boiling point of DMAc at 164-166°C.

The polymer solution was cast using a thin (itm applicator (Elc-
omeler 4340, Elcometer (Asia) Pte) on a flat glass plate wrapped
with nonwoven polyesier fabric (Folleytex 3329, Ahlstrom) to
form a film at nominal thickness of 200 g, The polyester fab-
ric acts as membrane support layer, providing  mechanical
strength to the membrane for pressure resistant. Therealter, the
nascent membrane on the ghass plate was solidified by immer-
sion into a precipitation water (distilled water) bath immedi-
ately 10 avoid excessive surface evaporation. The immersion was
left Tor a day 10 ensure complete solidification and removal of
residual solvent from the membranes. The resulting fabricated
membrane was recovered  from the coagulation bath  after
detaching from the glass plate and subsequently rvinsed with and
soaked in a bath of fresh distilled water. Drying was sequentially
done after dipping the membeane in ethanol o avoid microbial
growth,

To introduce 190, particles on the membrane surface, the
casted  mascent PVDE membrane on the glass plate was
immersed into 0.001 ¢/L TiO, colloidal suspension as prepared
by using the methad stated in Section 2.2, Since the membrane
surface solidification and particle embedment occur sinndltane-
ously, this particle incorporation method is an in sitie approach
to embed particles onto the membrane surface,

Membrane Characterization

SEM  Analysis. Top surfaces morphology of the PVDE/TIO,
mixed matrix membranes was observed using a Field Emission
Scanning Electron Microscope (FESEM) (SUPRA 35 VD, Carl
Zusis). For FESEM observation, the membrane samples were cul
into appropriate size and mounted on the sample holders. K
550 sputter coater was used to coat the outer surface of the
membrane sample with a thin layer of gold under vacuum 1o
provide electrical conductivity. Aflier gold/palladium sputiering,
the samples were examined under the electron microscope at
potentials of 10.0 kV. Using the same sample in SEM, the sur-
face composition analysis including quality of dispersion and
existence of TiOQ, particles on the membrane surface were car-
ried out using cnergy dispersive X-ray (EDX) (EDAX).

Pare Size Distribution. Pore size of the membranes was deter-
mined using gas Now/liguid displacement method via Capillary

Y2WILEY g ONLINE LIBRARY
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Figure 1. Schematic diagram of cross-llow recirculation membrane fliration rig.

Flow Porometer Porolux 1000 (Benelux Scientilic, Germany).
Membrane samples with diameter of 10 mm were characterized
using the “dry up-wet up” method. In this method, gas low
was measured as a function of transmembrane pressure, initially
through wetting of membrane with 1,1,2,3,3,3-haxalluoropro-
pene followed by dry Now of gas through the membrane. The
pore size distribution was estimated using PMI software.

TgA. The thermal stability and degradation of PVDF/TiIO,
mixed matrix membranes was examined by Thermal Gravila-
tional Analysis (Perkin Elmer, USA) performed by a means of
TGA 7 Thermaogravimetric Analyzer. Aluminum  open pans
were used as sample holders, A membrane sample was placed
on a pan by means of a plastic syringe in order 1o keep the
sample. mass and shape as uniform as possible. The sample
mass weighing approximately 5-7 myg was used. Degradation
temperatures were determined by heating the membrane sam-
ple using pure oxygen under ambient pressure at a heating
rate of 20°C/min for the tempesature range of 30-850°C and
observing regions of significant weight loss. The TiQs concen-
tration on membrane surface was estimated (rom the residual
weight,

Surface Tension (Wettability) Measurement. The membrane
wetiability is characterized by static contact angle method
based on sessile drop technique using a DropMeter A-100
contact angle system (Rame-Harl Instrument). The membrane
sample was stuck onto a glass slide using double-sided tape 10
ensure its top surlace was upward and flat. A droplet (~13
nl) of deionized water was dropped onto the dry membrane
surface using a icrosyringe at room lemperature (21 *
1°C). Immediately, a microscope with long working distance
6.5 > objectives was used 1o capture micrographs al high fre-
quency (100 Pes/s). The reported contact angles were average
vialues Tromy the measurements taken at 10 different locations
on the membrane surface, as a measure to minimize random
error,

Streaming Potential. The surface properties of the membranes
were examined using streaming potential device, The streaming
potential was evaluated using a devise constructed from two
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Plexiglas chambers with Ag/Ag/Cl clectrodes inserted at each
end. Data were obtained using 10 mM NaCl at pH 7.0, with the
Muid flow across the membrane surface. The apparent zela
potential () was evaluated from the slope using the FHelmholiz-
Smoluchowski equation

. (UNs dE:
£ (::',::,) dAP tm

where Ay is the solution conductivity, i is the absolute viscosity
of medium, & is the permittivity of vacuum, and & is the
dielectric constant of the mediam,

As streaming potential s lincarly dependent on the applied
pressure differential, it allows apparent zeta potential to be eval-
uated directly from eq. (1). Several studies have shown that eq.
(1) provides useful information on the charge characteristics of
membranes even though the Helmholtz-Smoluchowski equation
neglects the effects of surface conductance and overlapping dou-
ble layers. All results in this study were reported in terms of
apparent zeta potential data as caleulated from eq. (1),

Crossflow Filtration

Figure 1 displays the schematic diagram of the experimental set
up for crossllow filtration. The rig mainly consist of a mem-
brane cross-flow liltation cell, feed reservoir (HA tank and
clean water tank), peristaltic pump, llow meter for measuring
Nlow sale, balance for measuring filtrate Now with data acquisi-
tion system, pressure gauge 1o show the cquilibrivin pressure
and 1o evaluate the membrane performance under different
pressure. All produced Mat sheet membranes were cut into the
disc shape and kid on top of the membrane holder in a
designed stainless steel circular membrane test cell with a diam-
cter of 5.1 cm (effective membrane filtration area of 2043 ¢m?
exchuding the area cover by the O-ring) and tightened by a
rubber O-ring,

Before the experiment was carried out, the membrane was com-
pressed using distilled water al constant pressure of 1.0 bar for
1 and left for a dav. During the experiment, the synthetic HA
solution was charged into a 3 L feed tank and recireulated at a
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constant cross-flow rate per unit projection membrane arca of
0.04 L/min using the penstaltic pump (Hydra-Cell, Wanner
International). Filtration pressure was generated using a peri-
staltic pump and controlled by a needle valve at 0.5 bar while
the permeate side was opened 1o the atmosphere. The retentate
was returned to the feed tank (HA tank) to minimize the
changes of feed concentration. Fresh feed solution was added
every 2 hvin order 1o maintain constant concentration. Permeate
Mux was measured every | min by weight differences obtained
online from the analytical balance,

RESULTS AND DISCUSSIONS

Morphologies of PVDF/TiO, Mixed Matrix Membrane

Figure 2 shows the SEM top surfuce images of PVDF/TIO,
mixed matrix membranes for membranes prepared using DMac
as solvent immersed into different type of commercial TiQ, col-
loidal suspension containing 0.001 /L TiQ, NPs. It can be seen
from Figure 2 that connected pore structure appeared on the
surface of PVDE membrane using DMAc as solvent and the
type of commercial TiO1 nanopowder used does not contribute
to the structural change of membrane maorphology due 1o its
similar kinetic and thermodynamic environment during phase
inversion,

In this colloidal precipitation method, TiQ, nanoparticles were
introduced into the whale membrane matrix during solvent
exchange process as reported in our previous works.'® This can
be proven by the cross-sectional SEM images as well as the
EDX line mapping in Figure 3. As apparent from the figure, the
titanium line scanning of both mixed matrix membrane shows
a uniform and similar distribution pattern which had proven
the embedinent of ‘1O NPs in the membrane matris, indicat-
g that the polymer is homogeneously embedded with the
TiO; NPs. However, the titanium signal recorded for membrane
prepared by 0.001 g/l. PC-20 was much more uniform com-
pared to 0.001 g/l P25. Therefore, it can be ruled out that this
was caused by higher degree ol aggregation of PC-20 during the
in siti precipitation process, produces membrane with poorer
particle size distribution.

Sizes of NPy distributed on the PVDFFTIO, mixed matrix mem-
brane surface were measured from - the FESEM images using
Image] 143 v software al 10,00 k> magnilication, and the results
are presented in Figure d. Figure b shows that different ype of
conunercial 110, nanopowder did play an importanmt role in
changing the particle size distribution on the membrane surface.
Membranes using P25 as colloidal suspension produced smaller
surface particles compared with the systems using PC-20. This
phenomenon is probably duc 1o the higher agglomeration tend-
ency of PC-20 compared to P25 which promote particle aggrega-
ton during the phase inversion. The increasing deposition of
TiO; particles on membrane surface will likely provide additional
hydrophilicity strength to the membrane, possibly increasing (he
permeate water Jux and its antifouling propertics.

Pore Size Distribution

Pore size distributions of the neat and PVYDF/TIO, mixed-ma-
trix_membrane were shown in Figure 5. As can be seen (rom
Figure 5, all the membranes prepared had quite similar pore
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Figure 2. FESEM micrographs reveal detail of topography structure of
PVDEFFTIO; mixed matrix membrane () neat (1) 0.001 g/l PC-20 (<)
0.001 /L. P25.
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size distribution. The maximum number of pore, Fpmay for the
neat and mixed-matrix: membrane is around 0.03 gm whereas
the pore size distribution was slightly wider for mixed-matrix
membrane prepared via in sitee colloidal precipitation method,
By adding TiO; NPs into the membrane polymeric matrix, it
induced the bigger pores; this is probably due to the seeding
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Figure 3. The TiO, distribution pattern on PYDF/TIO, mixed matrix
20 (b) 0.001 g/l P25, [Color

which s

membrane immersed in {a) 0001 g/l PC-

figure can be viewed 1 the online  issue, available  al

wileyonlinelibiary.com. |

eflect of fine NPs which induced the carly vitvification of the
polymer. As a result bigger pores were produced. However, the
increase ol membrane pore size of was not significant indicating
that colloidal precipitation method is an ideal method 1o pre-
pare  membrane  with  minimum  changes o its  physical

propertics.

TgA
The TGA analysis of PYDF/TIO; mixed matrix membrane with
TiO, concentration of 0,001 g/, before and after undergoes 6 h
ol pure water lux filtration process was reported in Figure 6.
Neat PVDE membrane is almost [ully decomposed when the
samples heated up 1o 850°C in oxygen atmosphere. Thus, tta-
ninm was the main component of the residual of PVDF/TIO,
mixed matrix membranes. According o the TGA results in Fig-
wre 6, after thermal decomposition at 850°C, the residual weight
percent of titanium particles in membrane prepared before and
after 6 h of membrane filtration process for both 0,001 g/l of
P25 and PC 20 TiO; were almost the simie ranging from 3 (o 4
These resulls indicated that the high stability of TiQ),
PVDE matrix was obtained due o the hvdrogen

wi %o,

NPs on
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Figure -1 TiOy, particle size distribution on the PYDE/TIO mixed matrix
membrane, [Color figure can be viewed in the online issue, which s avail-

able at wileyonlinelibrary.com.

bonding between Nuoride of PVDE and the
ised TiOs surlace."”

partially hydroxyl-

Contact Angle

Surface tensions of membranes were determined by contact
angle measurement, Hydrophiliaity is the commeonly used term
in measuring water-solid surface interaction as a result of sur-
face tension cquilibrium (Young's Equation). The lower the con-

tact angle, the more hydrophilic membrane will be. Contact

angle is poverned by the chemical composition as well as yeo-
metric structures of the surfaces, 1t was reported that water con-
tact angle playing an important role in changing the permeation
Mux and fouling behavior of the membrane, '™

The contact angles of the neat PVDE membrane and PVDE/
Ti0, mixed-matrix membrane prepared by PC-20 and P25 are
shown in Figure 7. As depicted in Figure 7, the contact angle
for PVYDE membrane was reduced slightly with the incorpora-
tion ol TiOy NPs via i sitn colloidal precipitation method.
This was mainly due 1o the TiO; NPs that were depuosited an
the PVDEF/TIO; mixed-matrix membrane consisted of hydroxyl
group which increased the membrane hydrophilicity.'™ This
phenamenon had also been reported by many researchers, such

25

- = = Neat

——— FC-20,0.001 g1
E‘ 15 F23,0.000 gL
] |
) |
& 104

]

0 0.02 0.04

0.06 008 0.1
Puie Hrx (1=n)

012 014 016 018 02

Figure 5. Pore size distribution of the PVDEATOL mised-matris mem-

brane and neat membrane,
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Figure 0. TGA thermograms of neat and PYDEZTIO; mised matrix mem-
brane before and after 6 h of membrane filtration process.

as Bae & ‘Tak (2005) and Rahimpour et al. (2008) who found
that the membrane surface contact angle decreased with the
increased of entrapped TiOs concentration.'™"

In our study, less reduction of contact angle for PYDE/TIO,
mixed-matrix membrane prepared by P25 compared with PC-
20 has been observed, shows that PC-20 is relatively more
hydrophilic than P25, Therelore, it was postulated that the
hydrophilicity of PC-20° embedment could be relatively more
significant compared with P25, This is most likely duc to the
different degrece of crystallinity for each commercial TiO, nano-
powders. The TiO, with anatase crystal structure has been
reported by many rescarchers to have good characteristic in
hydrophilicity.

Streaming Potential
Figure 8 shaws the zeta potentials of the neat membrane and
PVDETIO, mixed-matrix membrane prepared at pH 7.0 and

10
69 l
63 3

67

Coatest Angle
KA

|

Neat Mixed matrix Miexd matrix
¢ membrane (PC-20)  manbrane (P25)
Type of Membrane

Figure 7. Contactangle of neat PYDE membrane and PVDETIO, mixed-
nratny membranes. {Color figure can be viewed in the online issue, which

iy avahable st wievenlinetibraevaom,
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under the environment of 10 mM NaCl. The neat membrane
and PVDF/TIO, mised-matrix membrancs obviously showed
different  clectrokinetic  properties at the same pH  value,
Although both membranes were negatively charged under 1072
M NaCl solution environment, the zeta potential of the PVDF/
TiOz mixed-matrix_ membrane was having higher value, The
apparent zeta potential of the neat membrane and PYDF/TIO,
mixed-malrix membrane prepared with PC-20 and P25 at con-
centration of 0.001 g/l were ~8.503, —10.43, and —10.30 mV
respectively. The negative charge of the neat membrane is due
to the presence of dipolar polarization (orientation polarization)
elfect inherent by PVDF polar molecules on the base polymer
and the preferential adsorption of negative chloride ions from
the solution.

Generally, the amphoteric behavior of mineral oxides is due to
protonation and deprotonation of hydroxyl groups on the mate-
rial surface.” The adsorption model of H,O-TiO; in a stream
atmosphere has been ascribed by Marrison (1980) who showed
that the inequivalent adsorption of H' and O™ on the TiO.
could takes place with O™ being adsorbed by the titanium
cation and H™ is adsorbed by the oxygen anion.'** The
adsorption of H* and OH ~ on the TiOs surface might not be
equivalent and depends on the pH of the solution,'” in which
the surlace net charge density and the surface potential of the
membrane could be changed accordingly:

Inacidic medium, (13-0H), ¢ -+ H;0° = Ti-OH, = HyO
(2)

+O0H" —Ti=O0H + 11,0
(3)

In acidic medium, (Ti-OH)

surdace

Equation (2) leads 10 a net positive charge on the surface of
TiO; NPs due 10 the adsorbed OF - reacting with the 11° in
the solution; while ¢q. (3) leads 1o the net negative charge of
TiO, NPs due o the adsorbed 147 reacting with the OF in
the solution. "The IEP of the TiO, NPs was reported 1o be ~phH

Neat Macd matiis manbrae(PC 20)  Masd matis membeane
(25)
Type of Mautene
Figure 8. Lifect of Ti0, embedment on streaming potential with 1 maJ
CaCly solution at pH 740, [Colon figure can be viewed in the onling isae,

which is available at wileyonlinelibrarv.com. !
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Figure 9. Effect of embedded TiO; on membrane fouling process. Opera-
tion conditions during the expesiment; [HA) = 2 mg/L; [Ca®*) = | mM
(as CaCly): pH 7.0; temperature = 25 = 1°C; crossllow velocity = 4.0 L/
h, operating pressure = 0.5 bar.

6.3, so for NaCl solution at pH 7.0, which is greater than the
IEP, the membrane would be negatively charged. The absolute
value of the zeta potential for PVDE/TIO; mixed-matrix mem-
branes is almost constant for both PC-20 and P25Ti0, NDPs.
This is because, with the same concentration of TiOa, the pres-
ence of counter-ions or charge densily in the diffuse layer is
almost the same, and thus results in similar value of streaming
potential.

Streaming potential could provide useful information on HA
fouling mechanism on membrane surface, Negatively charged
Ti0: particles on membrane surface demonstrate a strong abil-
ity 1o repeal HA from its aqueous solution. At pll 7, both HA
and Ti0; particles possess negatively charged surface which cre-
ates a strong electrostatic repulsion between HA and surface of
Ti0:. Therelore, no significant absorption of HA on membrane
surlace was observed. The experimental results of HA absorp-
tion by Li ¢t al. agrees with our postulation. According to Li
etal, it was clear that the coverage of HA on the TiO; catalyst
surface is obviously pH-dependent as the TiO- particles demon-
strated a strong ability 10 adsorb HA on TiO, particles a low
pH condition (pH < 3), but at pH 7 onwards, the absorption
of HA become very difficult.” Therefore, increasing of mem-
brane surlace negative charge with the introduction of TiQ,
Nis is able 1o withstand fouling caused by adsorption.

Effects of TiOz Embedment on Membrane Fouling

The comman salts, which can be easily found in a variety of
wastewaters, including monovalent ions (Na*, CI7), divalent
hardness cations (Ca?', Mg:' ), and divalent anions (SO.;").H As
reported by Wang ct al,, in the treatment of water solution con-
taining HA, HA macromolecules was more readily form com-
plexes with monovalent ions and change both humic substances
and membrane surface charge which cause more severe fouling.®
On the other hand, Srisurichan et al. claimed that at low plH,
the dissociation of FIA is lower and the available carboxyl func-
tonal groups for Ca® are limited; thus, the complexation
decreases, Their results show that the amount of coagulate was
highest at pH 7 and decreased with decreasing pHL® This work
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was urther proved by Hong and Elimelech® which showed the
similar trend. In this work, we carried out the fouling test based
on 1 mM CaCl, salt and solution pH of 7.

The performance of PYDEF/TIO, mixed-matrix membrane on
the HA fouling behavior are presented in Figure 9. The initial
water fluses for neat PVDF miembrane, PYDEF/TIO; mixed-ma-
trix membrane embedded with PC-20 and P25 are 51.55, 53.03,
and 53.32 L/m* h respectively showing that the mixed matrix
membrane are relatively more hydrophilic. The observed Mux
increased upon integration of TiO; NPs can be explained by
two possible reasons. During the exchange of TiO, NPs into the
membrane surface, the PYDE membrane is exposed in the low
pH HCI, in which the acid has been found to cause partial hy-
drolysis on the membrane surface and increase hydrophilicity,
and hence increased the permeate water lux.® The other expla-
nation may involve the water uptake characteristics of TiQ), par-
ticles,*” which are considered 1o be further contributions to the
increase of permeate water flux.

Referring (o Figure 9, for PVDE/TIO, mixed-matrix membrane
with PC-20, the permeate lux was observed to be greater than
PVDFITIO, mixed-matrix membrane with 125, suggesting that
PC-20 is more hydrophilic (higher anatase content) and had
therefore promises u better HA fouling mitigation effect. This
finding was in line with the work of Cao et al.* who claimed
that, compared with the rutile TiO, NPs (average diameter ~30
nm), anatase TiO; NPs with a smaller diameter (~10 nm) are
reported 1o have a better antifouling effect on the membrane
prepared,

In addition (o hydrophilic characters, PYDF/TIO L mixed-matria
membranes which passessed muore negative charge on the wop
selective layer were also contribute in lowering fouling propen-
sity. With the embedment of TiO: NPs into PVDF membrane
polymeric matrix, it increased the zeta potential of the mem-
brane surface. Sutlicient clectrostatic repulsion appears between
highly charged PVDF/TIO, mixed-matrix membranes and HA
aggregates alleviated the fouling phenomenon.

The fouling behavior is expressed in term of flux reduction
based on flux ratio changes over time. One can see that with
the presence of CaCly salt in HA sohwtion, neat PVDE mem-
brane caused more severe fouling than PVDEITIO, mised-ma-
wix membranes. Membrane fouling could be infuenced by
hydrodynamic conditions, such as permeation drag and back
transport, and chemical interaction between foulants and mem-
branes.®™ In order to relate the hydrophilicity with antifouling
properties, the membranes were tested under similar hydrody-
namic conditions and most important close to similar mem-
brane physical properties. The later property could not be
achieved by cmploying the conventional  NPs  embedment
method but it could be achieved via our proposed surface coug-
ulation method.

The result in Figure 9 clearly reveal the considerable iluy
decline, with a }/f, of 0.65, 0.70, and 0.82 for neat PVDE
membrane, PYDF/TIOs mixed-matrix  membrane  embedded
with PC-20 and P25, respectively afier 12 hof operation (the
end of each  curve).  These that  the

results  sugpest
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incorporation of TiO; into PVDF membrane had successlully
reduced the fouling propensity of the membrane towards HA.
The dark brown deposit layer could be obviously observed on
the neat membrane surface but to a less extent on the mixed
matrix membranc.

The severe fouling of neat PVDE membrane by HA macromole-
cules occurs because the organic substances are transported to
the membrane and accumulated near the membrane surface,
which causes wn increase in hydraalic resistance, ™™ Since
HA contains negatively charged carbosyl groups, divalent cati-
ons such as, Ca®" acts like a binding agent between the mem-
brane surface and the negatively charged carboxyl groups ol the
HA™ As a resull, the electrical repulsion between the mem-
brane surface and the HA molecules was weakened™? and
adsorplion occurred.

On the other hand, HA macromolecules appear to be less
adsorbed onto the PVDF/TIO, mixed-matrix membrane as indi-
cated by the less touling phenomenon. This linding indicates
that the hydrophilicity of PVDE membrane has been improved
remarkably with the introduction of TiOx NPs on membrane
surface via i sitn colloidal precipitation method. The more
hydrophilic of PVDF/TIO, mixed-matrix membrane than that
the neat PVDF membrane is due to the higher aflnity of TiO,
towards water. Therefore, hydrophobic adsorption between HA
macromolecules and PVDF/TIO; mixed-matrix membrane was
reduced. Water molecules were attracted into the membrane
matrix, forming a shiclding layer 10 prevent louling, These
results are in-consistent with other rescarcher findings' 4536
who observed that the modified membrane with addition of
TiQy showed higher flux for sludge Glteation than neat poly-
meric membrane,

CONCLUSIONS

The effect of TiO, embedment into PYDE membrane polymeric
matrix has been investigated for HA fouling phenomenon. The
contact angle for PVDF membrane was slightly reduced and the
surface zeta potential was increased with the incorporation of
TiO, NPs. The results demonstrated  that (he PVDF/TIO,
mixed-matrix membrane could be less prone to HA deposition
as it exlubited o ligher degree of hydrophilicity compared with
neat PVDE membrane with the ux ratio tor neat PYDF mem-
branc, PVDE/TIQ, mixed-matrix membrane embedded  with
PC-20 amd P25 are 0.63, 0.70, and 0.82, respectively. PC-20
showed better antifouling properties compared o P25 due to its
higher anatase polymorph. These properties render the mem-
brane and HA with sufficient electrostatic repulsion and there-
fore enhanced the Touling mitigation. The effect of TiO, NPs on
membrane antifouling could be realized only if the membranes
were compared with the same basis (hydrodynamic and physical
properties) which can be realized using the proposed colloidal
precipitation methaodd.
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Mixed-Matrix Membrane for Humic Acid Removal:
Influence of Different Types of TiO, on Membrane
Morphology and Performance

Yo H. Teow, B. S, Ooi, AL L. Ahmad, and 1. K. Lim

Abstrace-—Ditterent  types  of  tianiuvm diovide (i),
manaparticles NP PC200 P23 and NSO0), with varions
particle sizes n congnlation bath were fncorparated as an
sanofiller inta membrane marreiv, The NS were added 10 the
pulsvingdidene (PNDE) wleafilivation (U1 membranes via
pliase inversion wnd colloidal precipitation method, A series of
test, such as surface el scanning  electron
(FESENM)  dmages,  enerpy-dispersive N-ray
speetroseopy (EDXJ mapping and pore size measurement were
performed  to characterize  the  modified mined-matriy
membranes, FESEM wuas applicd o abserve the distribution
patters ol TiOL NPy i the membrane  matris aud its
distribution swas examined  using (EDN) The  size and
distribution aof TIO NP on the membrane surfaee was aftected

chission
HIETHSCOPY

o very great extent hy the size of Ti0), prepared in the
comulation hath. Conversely, the presence of 10, on
membrine surtiace daes net provide any significant chinnges on
the membrane pore size distribution, supesting that in sitg
precipitation method s suitable to prepare mived-matris
membrune without searilyiog the membrane rejection ability,
The pecformance of the UF membranes fabricated from the
nano-sized TiO, particles vere evaluated by measuring the
membrane permentes Moy and humie acid (HA) vejection. The
evperiment demanstrated that (he Tus improvements ol (he

membranes were improved doe to the pore cibirgement (defect)

asowell as fnereasing membrane Iy draphiliciey, The Quy of the
mised-naateis membrane preparved Iy adding NA0D nanolille
wis e greatest (4006 L/m by, which was detevimine ay the
optinium FiO; te without searified the membrane rejection
WS compared 1o P20 and P25. This is due to the
relativedy sovadl size of NS00 which provides hetter dispersibilin
i the membraie matris whereby Moy was enhunced tdue to
improve ol bydiophilicity swithout the eapense of poor humic
acid rejection,

Idex Perms—1ydrophilicity, colloidal precipitation method

mized-mateiv membeane, altraliltration

LIS TRODUCT 0N

Vanbuted o s umique large surface-to-valume ratio and
sl reactivity properties, mano-sized collordul particles
have extended therr advanee applications into membrane
technologics for two major purposes. One of the purposes is

o praduce membrane with desirable structure due 1o the

d November 2202012
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particles mteraction with pelvoier chuins and or solvent
durmyg membrane preparation {1, The other mim (s (o mprove
the synerpetic etfects on water and wastewales trestment due
W amproved vdrophilic propertios {21 (3] These structira)
moditications have heen proven and reported by many
vescarcher such as Ler ol (20070, Kim or of (2003). Kim
and Brugeen 120100 and Razjou of af (20113 that faver o
higher selectivity and permenbility in water separation and
sitislactory ultraliltration (UFy and
mmotiltration (NF) membranes [41-[7].

performance in

Among metal oxide nanoparticles (NPs), Hamom dirade
(1Os) with

properties emerges as a highly promisng candidste 10 be

photocatalviie and  desirable hydrophihe
incorporated into polymeric mateis 5], 19, In recent LS,
1O nano-inorganic mived matris meimbrancs have aticceted
great rescarch interests to provide a solution o the rade-oll
problem faced by the polymeric membranes o water
CPO-02] and o improve  the  membrane
performance by increasing hydrophilicity {41, [S], [13], [14].
Two  common  wechnieal

separation

mnovations  inoomixed  matrix
membranes production have been camed out: assembling
N on the sartaee of the porons membrines (SLLE3) (130
f1o] or blending NPs into the polymernic casting soluton [3],

Flof- L However, the bigh surfice enerey of Ti0. NPs

added mahe casting solution olen resulis i poor NP
distribunion in the membrane miatis tiwough entrapment ol
B0 NP ma polvimer matox of membrane, The oo
distrtbution 15 due to the poor pixing of shearing of the
polymer solution as well as Jow stubality ot the coilowd;
surfuce  aren, which 14 g

leading 1o low  funcuonal

canspieuons  drawback  (or application. Therefore,  for
feasible application,  the preparation of  size-controtled,
monodispersed NPS s of primary niportance.

I the present work, msed-manes, palyvinyidene thonde
(PVDE T membrane was prepared viom st collodat
precipitation method, Mechames] and chemiceal approaches
wereapphied for TO- madification to inerease homaogenity in
dispersion, reduce aogtomeraton, inprove stabiliy of Ti0,
NPs and enhance the nanofiller-polymer interaction, The aim
of the current work 1s 10 investigate the effect of sizes and
types ol T, NPs on the  membrane bydroplufici
enhancement and struciure of the TiO . embedded PNDF LH
membranc prepared by m sit collawda) precipaation method,

Three different sizes (froam 8 mm w2 mn) and tvpes

(PC-20,P25 and X300 af 1103, NPs were used. The inluence
ol dispersinge T NS on membrne propertics was

exammed  based  on warly morpholovy,  memivane

permeabrhity ad hunne aced (HA) reiection
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o NMATERIALS AND METHODS

i Muareruds

Polvvmviidene fluonde (PVDE (FAG0TO. (001 Solvin
Plastics, hne . USA) ulirafiliration flig sheet membranes were
iabricated by casting the PV i NoN- -dimethy licetnide,
DMAC (Merck, {lLJIHI.H\) (Assuy (GO, area Yol T 999
sofution at 200 wm thickness. Three different tvpes ol
commercial  titaninm - dioxide,  Ti0), nanopowder  were
purchased from TwanPE Technologies, Ine. Ching (trade
e PO-20und Na00) and Siema-Aldrich, St Lous, MO,

USA Girade name: P25). The chumetenistics ul these

Banopaiteies (INFs) are presented o Tabie | Svithene A
withmolecular weight mamly cangmg trom 20,000 10 50004
was oblained from Sigma-Addrich and used as the argani
foulant during the experiment without further purificition.
Sodium deu:\niu. NaGH solution was used o improve the
dissolution of HA in waler, For permeation test, eed
solutions were prepared by dissolving a pre-weighed 20 mg
of HA powder in 1L of distilled water under VIgOTous stirving
aned the solution pH was adjusted o pH L0 by addinon ot a
sl guantiey o 0.1 M NaOIL,

PABLE T Ok tpiis <o gt e

1S rystalhne Mwerage crystailine Averuge s12¢ m
Sumpies s () _suspen o (:tml
PC-20 5 - . M)
25% Runle
SO0 Anditise 0
p3s 0% At 3 2
2% Rutile
NS Arntisg <% LR

B Proparatiog of Stable Ti0), Stispreisiein

Chomical and mechanienl methods were carried ont 1o
enlinee the 1Os collondal stbihny i ihe coitgulaton bath as
ll\'\L' ribed below

Chemical method. Firsdy, in order to increase the st ity
of the 10O NPs i distilled water, the chemical modification
ol the origmal TiOL nanopowder was carried out by adjusting
the plovalue of the TiO, suspension. Hydrochloride acid
solution (HOD was added drop-wise and mech; mically stirred
until 1t reaches an equlibrivm of pH 4.0 10 ackieve
clectiostatic stability (zew potential = 1 30mvV). The ph value
of the THO. suspensions wis measured sz aophl mscter
thutech fnstruments).

Wotbuemcal method. The TiOy cluster was further broken
doven by subjecting the TiOs solution to 15 min ultrasonic
imadution using Telsonie ultrasonic horn (5G-24-5000,
Lelsome Ultrasomies). Frequeney of the ultessound was kept
constunt at }5.4 kllz,

o Membrane Formation and in Sit Pasticle Fimbedm i

e membrane casting  solutions  were prepared by

dissobving presdaed PVDE (24 5 of oven drymy at 70°0)
wsiag the polymer solvents; DMAC i a 200 il beaker,
Composttion of the PYDE/DMAC was kept constant ar 18:82

in weight pereentage

in oder w obin complete dissolution and aptind
disperstion ol the polymer solution, the mixture was subjected
to an mital constant stirring of 250 rpm at 65°C for 4 hours to

torm o homogenous solution, The homogenous membrane

)Wivther solution was then fef overnieht under stirina s
- I‘:d’l -

A0C The apped arr bubbies were remonved § by st

\nll'-h.-ll'l e >1|I:_ Saolvent Joss iy

K (AR EH 4 HE] i
netiible due o the high bonling point of l)\'
O

Phe polviner soluton was cast using o tan tilm applicat

3T ‘__[..’,g :

(Eleometer 23400, Fleometer (Asa) Pre. Lid) on a i uliss
pl He wrapped with non-woven polyester fabrie fHolevies

29 Ahlstrom) to form a solution Lver st nominal thickness
ol 200 . The polyvester fabric acts os membrane “upport
fver. providimge mechanead strength (o the membrane o
pressure resistimee. The nascent membrane on the uliss plate
wis e sohidimied by mmocdiate mmmersion into
cosgulation bath at room wmperatize (26 °C) 1o avond
excessive surliee evaporation. The immersion was leit tor
day 1o ensure complete sohdification and removal of residual
solvent from the membranes. The tabricated membrane w o
then recovered from the coagulation bath alter detaching
from the gliss plate subsequently rinsed with and soaked
in a bath o tresh distilled water, Pryving was sequentially
done alter dipping the membrane m cthanod o avoud
micrabnl growth,

Inorder ontroduce TOL NPy onto the membrane suriace,
PVDIEF solutton liyers were mumersed into the congulution
bath with 0.1 /1 o 10, colloidal susprension as prepared by
using the n u!im-l statedan Section H AL Smee the membrane
surlace solulitication and NPy cmbedment U
stnudtancously. this NPs mcorporation method is an o, sl
approach o chibed NPs onto the membrane surfice

Do Nesirane Chavacterization

[ order to probe the top stiraces morphology and exaime
the composuion of the PN DE 10O, muived-matris menibrangs,
neld enussion scanning electron nucroscope (FESEM) and
energy dispersive Xemy (EDXJ were perfonned using
SUPRA 35 VP, Carl Zesss Tne. The membrane samples werg
cut mtean appropesite size and mounied on the sample
holders. K350 spatter coster was used o coat the ouler
surface ol the membrane sample with a thin layer ol pold
under vacuum o provide electrical conductivity, Ajtes told
sputtermy, the samples were examined under the clectron
mictoscape at s 100 KV potentials

The membeanes pore size was determined using LS
Howhiguid displacement methed  via Capillary  Flow
Porometer Poroluy 1000 (Benelux Scientific, Giernany
Membrane  samples wul a 1O dirmeter  were
characterzed wsing the dey up-wet up” omcthod. Iy this
method,  gas Now  was picasured o g tunction o
transmembrane  pressure. unnally  throueh wotbing oy
membrane wah 1, 1, 203, 3, “-}I.l\.lﬂlllIH'[‘IHpL'ng_' Tolowed
by «dry Aow ol gas through the menibrn Fhe pore o,
distribition was estimated sing PN soltware (130

benehs
Scientiic, Gertmany

i Fer nriitens i e Refoction o A by

A Labortory beneh seale

oss - low recuculation gy W

tsed 1o sudy permeation flux angg FOICCHOn Of gy

mied-untny  nembrane using 20 p ol HEAN T T
solution at ambient temperature (25 °C). Ihy |1|.nimul Han
sheet membrane was cut into the dise shape and 1. nd o
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membrane holder o desiened simnless steel arcular

membrane tost celb with o dismeter of 31 em (elfeciive

mettheane fihiranon area of 20043 ey and sealed with o

rubbor O-rnze Synthetic HA solution waes charged o o 3L

feed ok wnd re-circulated 2t g constant cross-1low rate of

(.04 Limin using the peristaltic pump (Hydra-Cell, Wanner
International). Filtration pressure was controlled by @ needle
valve to 0.5 bar. Absorbance of the collected permeates was
messured using UV spectrophotomieter (UV mini-1240,
Shimadzw) at wavelenath of 234 um

Pure water Hun was determined by direct meusurcient of

olume OVer e,

tie permeate
(h

where # is the pure water flux (Lam™h), 1 s the permeate
volume (1L, 1 1= the membrane effective sartice area (m°),
and 1 s the penneation tme (hy.

Expermmental rejection of solute (£ was caleulated from
the fead sofution (A selution) and permeate solution ising
the tollow iny equation

= OO (2)

where £ 1s the rejection ultralihration process (%4),C, is the
coneentration of the permeate and s ahe
concentration of the feed sofution

solution

SUL TS AND DESCTSSIONS

1 \,"u,l';-.-',', dogies of PVITIC e Mixee-Mareiy Mewbrane
Fig, 1) the  SEM surlace amages ol
PVINETION mixed-maters membranes immersed in colloidal

shows wop
suspension of different TiO; type at concentration of 0.1 p/1..
Fia) with

pfcation, connected pores appeared on the surfiee of all

As could be seen from the g

PY D membrane asimg DNMAC as solvent

Fhe presence of Tion Npson the membrane structure was

er condtimed by energy-dispersive N-ray spectrometer
IR EAS] (10,
PV D TO 0 nsed-matnes membrane were obseeved and e
results are presented m Fig. Lb). Tecould be elearly seen tha
membrane using XSO0 (wheeh is the smallest size T100) as
hydrophilic filler was able o disperse uniformly e the

Sizes of NPs distributed on o the

mapping,

membrane natris compared 10 the membrane prepared by
PC-200 and P23

membrane prepared using X300 1s probabiy due to the highe

Fhe desser degree of TiO, clustering for

thermody namic stability of NS00 0 coagulation bath system

when 10 wis broucht mto comact with the solvent and

polviner which agrees well with the theory proposed by

1 '
{

\-l..n'-.r!f- (WO )
NPs o o polyeernie hguid is thermodynanucally stable for
systems where the mdius of gyration (Ry) ol the hinear
polymer is greater than the radms of the NPs (R 3 [20]. In this
case. ditferent TiOy most Tikely atfeot the thermodynamie

Fhe relation between the root-imean

5.00 k- of

0] Mackay ctal tound that the dispersion of

Lo Naoa, Decembor 201
square radivs of wyration of the chain e DMAC and the
molecutar weight obtnned By AT wnd Rama 127 wsime e
etal, [22], was -8 RICLIEE [ER.Y
2200 P25 and NS00 are 114, o and 10
respectively, N300 which contributes 1o greaer RyR,, ratio
compared to PC-20 and P25 has beter thermaodynamic
stability. This result is consistent with Bagehi {23] who tound
that when particles exiubit robust stabthizauon, sueh as

theory ol Tnaealn

RORL ratio lor ¢

repelling cach other sierically and providing thermodyamie
stability, the particles do not cluster. So, it s not surprising 1o
P20

paiticle sizes (512 nmes brgge

obsenve i P25 wath ek npeer averwe
N3 om o water

suspension imduced an aggregate of T particles adsorbing

thun

or embedding on the sarface of PVDE TO0 nised-matris
nmeimbranes dormye the phase wiversion. For mised-matiy
membranes prepared from PO-20 and P23, the tendency o
promote the particle clusering gave o relauve poor particle
size distribution whereby the IO particles deposited on the
surtace exust i different sizes of snowtlakes, 1904 cluster
bloacked the pores theretore decreasing the nicroporosity
the PVDF membranes. Ineeneral, ihe tvpe of 0, has a
protound cticet on the distithuiions of TiOs but it s very

shight elTeet on the membrane structure.

A

M
i

P :

; Y

G R

Rk
’,:‘? i

<
N,

The surface e FESERE sicrapmiphis wad (b FON mapping of

PN 0, nusedsnotn imembrang

B Pore Size Phistribadion

the and PVDE TiO.
mised-matrin membrane were shown in Frg 20 As can he
seen from Fig. 20 all the membranes prepared had quite
stnilar pore size distributions, Phe masimum diameter of

Pore siee distiibutions ol neal

pore, dy o tor the neat membrane was around 0.05 o while
ustng PC-20, P28 and XSO0 were
around Q042 wm, DLO6T o and 0,028 wn, respectively

for membrane prepared

Result showed that the addition ¢f P23 o the membrane

petvinenc matin enlarged  the pores shubithy The pore
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eifargement s probably duc to increase of the stress between
polviier wnd (0. Sps, resulted from the oreanie shrinkage
that cecurred duning the precipitation process of wet-casting
polyinene membranes, On the other hand, lor membranes
prepared using PO-20and X300 as hvdraphilic filler, o has
tendeney to reduce s pore size. For X300, due 1o 1ts smaller
NP stees it provides the seedmy, effect which mduced the

curhy |

sitnfication of the polvimer {240 Fallowed by
sofidification, smaler pore stze an the surtace was observed.
Monetheless, i could not be demed diat pore narrowing of
mived-maton membrane prepared by NS00 occurred 1o,
Due wo the seleively smadl particle size ol X300, pore
Blockine s hikely o happei Onthic other hand, membrane
prepared by PC-20 shows stringer evidence of pore blocking
due o the precipitation o NPs on the pore wall which further
reduced the pore size, These results were simidar with what
wits abserved by Damodar of of who found thar the numiber
ef small-sized pores merease with nercasing TiO» content
£25].

Incoverall, the changes of membrane pore size were not
stnilicant as compared to s particle size distribution using
calloidal precipitation method. This mdicated thar colloidal
precintation method s andeal method o prepare membrane
with minimum changes to its phvsical properties.

brotenaie v

P 2 Pore size distnbunes of the PVDE 1O cuxad natny membeoane and

neat membane
O Permeation Fluy amd Rejection of Membranes
the cliect o ditferent types of 10+ on mised-nutris
membrane permeability Nux and rejection of HA  were
imvestigated  through  cross-Mlow  membrane  (lration
experunents. The membrane performances were summarized
m Fable 20 Al the presented membrane permeability and
rerection of HA resufts were obtumned using the average ol
Bree repheations wuh the membrane tested  which was
candomlby chosen from ditferent |iu|.-;;k'mium sheets
Phe crieat of membrane inorphology and hydropinhizason
on PYDELICH mixed-miatrix membranes can be evaluated
by the performuance of A solation flux (F). Comparing 1A
permeation of the nest PV DE membrane and the PVDE O,
msed-matric membrane using PC-200 P25 and X300 as
hydrophilic filler, which were lubeled as M1, M2, M3and M
PVDE T,

abwavs bave higher fluxes in comparison with the neat

respecthively,  he mused-matns o membrne

membrane This result coincides with experimental results by

Lo et al, 12005) whreh demonstmted that the Nus and
retenition of the 110, composite

from 702 Ly o 102,09 1

membrane wmercased vreath

heand trom 21.9% w 35,
respectively as compared 1o the neat U polviether sultone),
PES membrane tor polyvethylene glveol=so00 separation | 12]
Additonadly . aecordimg to Bac ot al 20000, 10 was elear thae

the il shirp drap o1 oy cbsenved tor PES polsnesie
membrane during MBR sludpe nhranon was alleyired by

INIOR

membirane mamtaimed g hieher stabibizcd relative as (36,

wnebdizaton wheeehs the 10O NaaCcoposiIe
ofthe it Tus pthan that ot the PES membrane (20% ol the
bl v | 26

I was proposed that dhie cnbanveed penmeabaiin o
miscd-matriy membranes was diwe 1o the mereasing porosits
of the membrane that was resulted from the reduced polviner
chinn packing by the [271028]. Table
demounstrated that XSOU with the best pmtcle distibution

nunotillers

-

contribute to the most exeetlent result mncreasmg
membrane permeability: compared o the other membrane
Fhe flus mercased drnmateally trom 32,97 Loan-ho 45 3
Lo hwath noproved LA rerection. Thess improvements are
due to the pore narrowiny aswell as inproved hydrophiticiy
of the membrane as sugeested previousiy. A homovencouns
particle dispersion olfers alarper surtace aren of NPs which
feads o adsorpion of more water maolecules that are Toeated
un the surtace of the memibrane {291 On the other hand, the
permeabilityol PC-20 and P23 membranes mereased with the
This

considening  the

compensation  of decrcasing repection capabibin

phecomenon  can be  explained Iy
aguresation of PC-20 and P23 o water suspension which
hlocks the membrane pores. However, tis phienomenon
deviiates tromn work reported by Shaswhy et al (2011 o
which multi-wall carbon nanowbe
(MWONTY (IPA)

ninocomposie membrane had mercased the HA removat b

Hicorporation  of

mto the 10%  aromabe  polvamide
Seb 1o 0% with a small sacriice in the permente e, mannh

due o the structural compaetness ot the composie
membranes resalted trom the strong aeraction bebween
MWONTs and PA matrix which sugpests i network structure
{301 The poor thermodvimie stability between the NPs and
the polvimer enabled the semoval o NS from the surtace and
s result
by the nereased  fux bt reduced  rejection
Addionatly,  the

permeabiluy 1or the membrane vsing P20 and 125 was

resulted i the detfect of the membrane structure
WU proven

capabthiny - phenomenon menibragg
shightly decreased compared o the memnbrane using NS00
Fus phenomienon can be explained by the agl aggrepation
wendeney of PC-20 and £25 which reduces the effective
surface of NPs and theretore, declines the hyvdroxyt groups
on the surface of mixed-matrin membeanes, These results ure
in good agreement with previous reported works (261031
The observed Hus mncrcase Gmproved hydrophihieny)

upon intevrauon of TiO NP can be -."\;‘E.H'!\;'-J Us sl

the
PV T, noxed-matres membrane 1s more hydropinly,
than the neat PVDIE membrane doe 1o the lnpher attfinus o
1O towards water had reduced the |I}\i1\~[ﬂlui\m‘ .11!5\4:_.-(5.‘:.
between HA PNDEFi '

Iherefore, water molecules are

particle  and s ed-matry

membrine. attracted o the

membrane marin and  promoied 0 pass throgel the

membrane, thus enhancing the membrane Nuy These re. Bl
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are cvinistcni wath those by other rescarchers [32]-) 34] who
found that the modified membrane with additoming of TiQ),
showed igher fux tor studge filration than neat polvieric
mentbrane
improned by this method as the hydrophilic membrane will
be covered with o Fever ol water.

As aresult, Touling-resistant property can also be

TABLEAL Bie Fronotor Lios Pypros PR ar Fros aso i age Aci
Bisre pion

RO ceemy e s

AMembrane Permeate 1l Rejecthan
tuber oty (")
B T R 2
M2 0,87 8. 0010.85
Ma NS sy G9T:042
S 48,300 ] n 14
IND Cone b sion
o

sl B colloends i congadation bl were sueeessiully
ermbedded ot membrane matris through phase mversion
and colfordad preapitation method 1t was found  that the
membrane prepared with DMAC as solvent and immersed in
coagulation bath with (.1 wL X500 has relatively well
distributed, revular and smaller TiO, NPs on membrane
surface. The particle size distribution is mainty contributed
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Abstract

Titanium dioxide (1iO;) nanoparticles (NI’s) have attracted great rescarch interests in impraving the membrane permeability. fouling-
resistance and sell-cleaning properties. For application feasibility, the TiO; NPs should exist in preferable small aggregate size and should be
uniformly dispersed in the polymer film as mixed matrix membrane, The aim ol this study is to investigate the effeet of pH and ultrasonic
irradiation time on (he surface chemistry and the dispersibility of Ti0; NPs. The results showed that for pll < 4.0, a stable PC-20 Ti0, NPs
suspension could be produced with zeta potential > 30 mV. while for P25 Ti0O; NPs. better dispersibility with broader pll range (< pll 5.0) can
be observed. Besides, ultrasonic irvadation time is found to contribute its elTect on size distribution of O, NPs in water suspension. The mean
size o Ti0; NPs in water suspension deercased lor longer ultrasonic irradiation time.

Keywords: Ultrasonication: Zeta potential; TiO, nanoparticles; Walter suspension

1. Introduction

With  the rapid  population and  improper
industrialization practices over the last two decades, it leads to
the detrimental surface and underground water pollution. This
phenomenon has raised concerns in the public for stringent
environmental legislation and alternative technology in water
treatment to increase both drinking water quantity and quality.

Membrane technology has become a dignified
separation technology as a valuable means of solute filtering,
The use ol membrane as advanced water treatment process has
raised greatest attention for environmental remediation in
producing high quality water with small footprint. However,
membrane fouling appears to be the main obstacle in waler
treatment process by membrane separation [1-3]. 1t is mainly
caused by irreversible deposition of solute in the feed water on
the hydrophobic membrane surface or into the membranc
pores, which will result in water llux loss and solute
selectivity change with time.

A number of approaches to alleviale the membrane
fouling and increase the membrane performance  have
therelore  been  investigated.  These  methods  include
pretreatment of feed solution (Mocculation and coagulation),
periodic cleaning (physically, biologically or chemically) and
hydrophilic modification of membrane surface. Although
pretreatment of feed solution by chemical additives and
chemical cleaning are effective in lessening the membrane
fouling, high chemical usage will impose another
environmental pollution. Therelore, increasing in membrane
hydrophilicity appears to be a good way for membrane fouling
mitigation [4].

Due (o its stability. commercial availability, high
affinity 1o water and outstanding photocatalytic activity that
can decompose organic foulants on membrane, TiO, NPs

Clohal . Envicon, Sci. Fechnol 2012, 2016
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appear to be an appealing additive in surface modification of
membranes and have been received most altention by
numerous researchers in recent years [S5-7]. For application
feasibility, it is crucial to obtain ultrafine and stable
nanodispersions that will produce thin nanocomposite
membrane films with low surface roughness and high surface
area of TiO, NPs [8,9].

To reduce the surface roughness of the fabricated
membrane films, the primary size of TiO> NPs should be less
than 20 nm. Although the primary size of most commercial
NPs is quite small (5-50 nm), the high surface energy of TiO,
NPs causes them to agglomerate in the synthesis and post-
synthesis processes [10]. This leads to materials with primary
particles in the nanometer range. but with variable and
complex networks, shapes, and morphologies, all of which
impact the particle size distribution {11].

Ultrasonication is a common method which is used to
break up agglomerated TiO; NPs. An energy transfer device,
an ultrasonic probe, is employed to oscillate the TiO, liquid
suspension, causing nucleation and sofvent bubbles. Bubbles
initiating and collapsing on the solid surface can be very
cffective in  fracturing the TiO, aggregates.  During
ultrasonication, efTective (racturing on TiO> aggregates occurs
due to the mechanical atirition [10.12]. It initiates at surlace
flaws and imperfections. With prolong ultrasonication, large
TiO, aggregales are broken down into smaller aggregales until
there are no more defecls to initiate the breakage. Further
encrgy input results no signilicant attrition. The breakage of
TiO, agglomerates by ultrasonic irradiation is controlled
predominantly by specific energy input (power, time and
dispersion volume) [13].

In order to form slable dispersions, it is not enough to
break NPs apart. Stabilization of colloidal dispersions of TiO,
nanopowders by clectroslatic interactions generates charges on

1
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the surfacc of TiO, NPs, which acts as a barrier resulting from
repulsive force. prevents two particles from adhering 1o each
other forming assemblics. Therefore, stable TiO» suspension
could be realised only when the TiO, particles have
sufficiently high repulsion charge to permit any newly formed
particles to be reagglomerated. A common way to evaluate the
stability of colloidal dispersions is by determining the
magnitude of zeta potential. Zeta potential is function of the
surface charge of the particles. In dispersions, where value of
the zeta potential is close to zero (isoclectric point), particles
tend to agglomerate. At higher negative or posilive zeta
potential (more than 30 mV or less than -30 mV), particles in
dispersions (end to repel cach other to prevent agglomeration
[14]. TiO2 powders obtained from different manufacturers
have dissimilar surface chemistry and as a result exhibit
isoelectric points at different pH values [11].

As long-term stability of TiO, nanodispersions is
important  for  producing high quality nanocomposile
membrane, breakage of the TiO. NPs has become a critical
issue. The objective of the present investigation is to study the
breakage of commercial TiOa NPs in walter dispersions by
means of ultrasonic irradiation maintaining (he stability of the
NPs based on solution pH.

2. Experimental

2.1. Materials

Two different  commercial forms ol inorganic
photocatalytic titanium dioxide (TiO2) nanoposwder purchased
from TitanPE Technologies, Inc., Shanghai, China (trade
name: PC-20) and Sigma-Aldrich, St. Louis, MO, USA (trade
name: P25) were used as received. As reported by the
manufacturer, the primary particle size of PC-20 TiO, NPs
was 20 nm, while P25 TiO, NPs was ~21 nm, respectively.

2.2, Preparation of TiO; colloid suspension

Powdered TiO, with different weights was dispersed
in 100 mL of distilled water for preparing different
concentrations of TiO, suspensions, 0.1 g/L and 0.05 g/L. The
pH of TiO, suspensions was then adjusted to values between
2.0-9.0 with hydrochloric acid or sodium hydroxide 10 obtain
suitable zeta potential  values in achieving clectrostatic
stability. Hydrochloric acid or sodium hydroxide was added
drop-wise to the TiO, suspensions and it was mechanically
stirred until it reached equilibrium with a specific pH value.
The pH value of the TiO- suspensions was measured by using
the pH meter (Eutech Instruments Ple. Ltd., Ayer Rajah
Crescent, Singapore).

The ultrasonication was conducted using a Telsonic
ultrasonic  horn  SG-24-500P (Telsonic Ultrasonics, Inc.,
Michigan, USA). The [requency of the ultrasound was kept
constant at 18.4 kHz. The efficiency of ultrasonication in TiO,
dispersion was evaluated by changing the sonication
irradiation time. The dispersibility (changes in zeta potential)
and TiO, particles size distribution under various pHs and
ultrasonic irradiation times were determined by using Malvern
Zelasizer Nano ZS90 (Malvern [nstruments Lid., U.K.) on the
basis of dynamic light scattering theory and cumulant method.

~
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2.3. Characterization ol TiOy nanoparticles
2.3.1. X-Ray Diflraction (XRD)

X-ray difTraction (XRD) technique wus used to
identify the crystal structure of TiO. NPs, which determines
the property and functionality of the TiO.. XRD analysis was
performed on TiO, nanopowder samples by subjecting it 1o N-
ray radiation and the diffraction data were collected on a
BRUKER AXS DS ADVANCE diffractomeler (Bruker AXS,
GmbH). The system is equipped with & Cu X-ray tube (18 kW
Cu Ko radiation; . = 0.15418 nm) and a LynxEye detector
operated in the theta-theta geometry at 60 kV and 80 mA, and
the configuration was calibrated using a lanthanum boride
(LaBo) powder standard (ICDD PDFi#34-0427). Scanning was
performed from 10* to 90" (2@-angle), with a step width of
0.02° and a sampling time of 0.3 s per step.

2.3.2. Transmission Electron Microscopy (I'f-M)

The microstructure of TiOa NPs was analyzed by a
JEOL rtransmission electron microscope (TEM, JEOL JEM-
200CX) at 120 kV. For the TEM obeservation, TiO colloidal
suspensions (0.1 /L) were dropped on a carbon-coated grid
and then dried at room temperature.

3. Results and Discussion

3.1. Crystal structure and particle size of conunercial 1i0,
nanoparticles
The crystal structures of both the commercial TiO,
NPs (20) were examined by using the X-ray diffraction
(XRD) analysis and the spectra were illustrated in Figure 1. ©
is the dilTraction angle, measured witly respect to the incident
beam, while 2 is constant-wavelength diffractiometer. It is
commonly known that TiO, particle has three different crystal
forms, anatase, rutile and brookite [7]. In the anatase structure,
the oxygen forms a cubic closest packing, and the titanium
atoms lie in octahedral voids, while in the rutile form, the
oxygen are arranged approximately in a hexagonal closest
packing, and the titanium atoms occupy a row pattern. The
anatase has been reported by many researchers to be the most
photoactive and stable NPs for widespread applications,
having good characteristics in  bacteria  Killing, and
hydrophilicity — whercas  the  rutile  is  comparatively
photocatalytically inactive or much less active, although it
shows strong photoactivity seleclivity towards some cases.
Therefore, anatase is suitable for membrane modification [15].
Figure | shows that the characteristic peaks of PC-20 TiO,
nanopowder was located at 20 of 25.319" which is close 1o the
literature reported data 25.24° of anatase and a small rutile
peak at 20 o 27.460¢, consists ol 85% anatase and 15% rutile.
It can be identified that the PC-20 TiO, nanopowder is mainly
composed of anatase, which promises excellent photocatalytic
properties, hydrophilicity and anti-fouling characteristics, As
for the diffraction pattern of P25 TiO» nanopowder, which is a
mixture of 75% anatase and 25% rutile, the 20 of eminent
peaks are 25.230" for anatase and 27.376" for rutile.
Transmission clectron  microscopy  (TEM)  was
employed to determine the primary particle size of PC-20 angd
P25 under high magnification (22k x). The micrographs are
shown in Figure 2 (a) and (b) respectively, All (hege
nanopowders were received in the dry form, and all containeq
large agglomerated particles. As shown in Figure 2, 1y
Glubal d bavicow, Seic echpot 2012.2 16
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Figure 2. Morphology ol commercial TiO, nanopowder (1) PC-20 (b) P23 under 22 k> of high magnilication.

images of both anatase NPs demounstrated almost spherical
shape which can be seen in the form of black spots and they
are extensively agglomerated with particle size from 75-200
nm and 50-150 nm, respectively. The discrepancy between the
particle sizes determined by TEM ascribes 1o the
agglomeration lendency of TiOy NPs. With the smaller
particle size distribution, P25 could disperse more cffectively
by the ultrasonic irradiation than the PC-20. The
agglomeration of Ti0, particles is mainly contributed by the
drying procedure during the preparation of TEM samples [15].

Cilabad L Favivon, Sei, Teehnol. 20012,2: 10
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3.2, Lfect of pll on colloid  stability of the  T1i0),
naunopowders

The optimal  dispersing  conditions  for  TiO,
nanopowder and its long term stability was evaluated based on
zela potential. The zeta potential measurements (by means of
the electrophoretic maobility) were performed on Malvern
Zelasizer Nano ZS90 equipment, High absolute values of zeta
potentials are necessary to achieve electro-statically stabilized
TiO; NPs in walter suspension. In general, the criterion for
suspension stability is thought to be [&]> 30 mV [11].

suspension is stable when the zeta potential value is less than -
30 mV or greater than +30 mV, particles in dispersions tend 1o
repel each other and hence no agglomeration occurs.

12012 Simplex Academic Publishers, All rights reseived
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Figures 3-6 present the pH cffect of different
commercial TiO, nanopowders on the stability of the
suspensions within the range of pH 2.0-9.0. Figure 3 and
Figure 4 show the zeta potential while Figure 5 and Figure 6
show the mean particle size distribution of the colloids under
different pll values and different concentrations (0.1 g/L TiO
and 0.05 g/L TiOa). The pkl was adjusted with hydrochloric
acid immediately after 15 minutes of ultrasonic irradiation to
the suspension. The isoelectric point (IEP) is a point (pH
value) where the plot passes through zero zeta potential. At
this IEP, the colloidal system is least stable. Refering to Figure
3 and Figure 4, the 1EP for P25 TiO, takes place at neutral pH
region while for PC-20 TiO, it is at acidic pH region. The
higher zeta potential of P25 compared to PC-20 shows that
P25 could readily form stable colloidal system within the pH
range. For P25 TiO» with concentration of 0.05 g/L and 0.1
o/lL, high cnough zeta potential values were obtained in the
broader pH region (as shown in Figure 3) and they are
considered stable at pH value lower than 5.0 with comparable
mean particle size (as shown in Figure 5). On the contrary,
PC-20 NPs demonstrate its stability in suspension at pH value
lower than 4.0. For PC-20 TiOa, higher pH (> pH 6.5) could
produce small size of TiO, particles as well, liowever, low in
zeta polential value does not cndorse ils stability in waler
suspension. Nevertheless. the PC-20 nanopowder suspension
flocculates very rapidly which is shown in Figure 6 o have

© 2012 Simplex Acadenic Publishers. All rights reserved
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larger mean particle size distributions, and indicates a strong
agglomeration of the NPs,

3.3. Effect of ultrasonic irradiation on TiOy dispersion

The effect of ultrasonic irradiation time on the TiO,
colloids stability were cvaluated using Telsonic ultrasonic
probe (fiequency 18.4 kiz). The results were shown in terms
of zeta potential and mean particle size in Figure 7 and 8,
respectively.

Initially, the attractive forces among the TiO, NPs
were stronger than repulsive forces; therefore the TiO; NPs in
water suspensions lends to agglomerate and the size of
agglomerates was extensively large. The ultrasonication
caused the breakage of the agglomerates, but shortly after the
cnd of the ultrasonication, the particles reagglomerated back.
Breakage of the powder was cvident only when the
suspensions were adjusted 1o pHt 4.0 immediately alter
cessation of ultrasonication to permit any newly formed
particles 1o be stably dispersed. The suspension stability for
both samples in water suspension along ultrasonic irradiation
time was evaluated based on the zeta potential as shown in
Figure 7. A noliccable observation is that the zela potential
magnitude for both commercial TiO2 NPs are higher than +30

mV even under 15 minutes of ultrasonic irradiation indicating
the stability of TiOx in water suspension. With larger zely
potential presented by P25 TiOa NPs, it has higher tendency in
repelling each other and there will be fess or no tendency (o

Glebal B Fovivin, Sei fedhna], 2012, 2. 16
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Figure 7. Change in TiO, suspension zeta potential with
ultrasonic irradiation time.

the TiO, NPs 10 approach and come togather. For both
commercial TiO, NPs, the zeta potential was increased slowly
over a comparatively long ultrasonic irradiation time.

Characterization of the mean particle size distribution
was performed by Dynamic Light Scattering (DLS). DLS
measures the Brownian motion of the particles and relates it to
the particle size. The ultrasonication caused the breakage of
the agglomerates into smaller particle size with the increase of
ultrasonication period. Refering to Figure 8, for PC-20, no
significant change in particle size was observed for ultrasonic
irradiation time up to 60 min, suggesting that the attractive
forces between primary PC-20 TiO, NPs are stronger. From
60 min ultrasonic irracliation time onwards, the mean
dispersed particle size of PC-20 TiO, aggregates in suspension
decreased as irradiation time increased and then reached the
smallest value (290.5 nm) at 105 minutes of ultrasonic
irradiation time. Following that, the particle size remains
constant as it is the minimum particle size for PC-20 TiO. NPs
that can be reduced by using ultrasonication. On the other
hand, the mean dispersed particle size was less than 200 nm
and remaincd almost constant when P25 TiO, nanopowder
was sonicated lor 30 min. The particle size of PC-20 TiO,
dispersed by ultrasonic irradiation  was  more  widely
distributed as compared to that of P25 TiO,, indicating that the
P25 TiO, NPs is more responsive towards ultrasonic
irradiation in producing smaller TiO, NPs.

While both TiO; nanopowder was reported by the
manufacturer to have very small particle size which is 20 nin
and ~21 nm for PC-20 and P23, respectively, it was very
difficult to break into its preliminary particle size using
ultrasonication. None of them was successfully broken into
their primary particle size within 2 hours of irradiation time.

The degree of cluster breaking highly depends on the
inter-particle interaction force. A small adjustment in (he
manufacturing process will result in extensive changes in
particle properties and its size distribution. However, once
agglomeration occurs in the synthesis process, il is very
difficult to break the particle apart into their primary particle
size.

Additionally, dark sediment was eminent at the
bottom of the ultrasonicated dispersions, which is attributed to
the erosion of the ultrasonic probe, which agrees well with the
observation obtained by Mandzy et al, [11]. Long priod of
ultrasonic irradiation time does not give a promising resull in

Giobial ). Eavieon, Soi, Techinal, 2002, 216
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Figure 8. Change in size ol agglomeratesfaggregates  with
ultrasonic irradiation time.

further reducing the particle size of TiO; to higher extent, but
resulted in contamination of the samples.

4. Conclusions

Fraclure  mechanism  was  observed in  the
ultrasonication of commercial TiO. nanopowders. However,
there was no cvidence that prolonged ultrasonic irradiation
could further break the commercial TiO. nanopowders into
their primary particle size. During the ultrasonic breakage,
electrostatic stabilization of TiO, dispersions prevented newly
formed particles from reagglomeration by adjusting the pH.
Conditions have been optimized to produce stable commercial
TiO; NPs in water suspensions. P25 TiO; nanopowder was
suspended with smaller TiO2 NP size and high zeta polential
value in broader pH range (< pH 5.0) compared to PC-20 TiO,
nanopowder (< pH 4.0). This observation indicates that P25
TiO. nanopowder resulted in better dispersion in water
suspension. Almost immediate agglomeration of mechanically
broken particles was observed when phl value is higher than
5.0 and 4.0 for P25 TiO, NPs and PC-20 TiO, NPs,
respectively. In this study, the effect of ultrasonic irradiation
time on the TiO; NPs dispersibility has also been clarified.
The results showed that 15 minutes is the best ultrasonic
irradiation time to obtain well-dispersed TiO: suspensions for
both commercial TiO, nanopowders. Further increase in
ultrasonic irradiation time does not give much ellect in
reclucing the mean particle size of TiO2 NPs.
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Abstract

In this study. the polyvinylidene Auoride (PVDF)-Titanium dioxide (TiO;) mixed-matrix membranes were prepared via phase
inversion technique. The properties of PYDF-TiO, mixed-matrix membranes were characterized based on contact angle and field emission
scanning cleetran microscope (FESEM). The hydrophilicity of the mixed-matrix membrane was greatly cnhanced which is a desired property of
membrane for water purilication. However. at higher content of 170,, membrane wettabilily might be impaired due o the roughness created by
the agglomeration of TiO; on the surface. The methylene blue removal by mixed-matrix membrane in the absence of sodium dodeeyl sullate
(SDS) surlactant is poor due o separation by adsorption mechanism only, However., with the presenee of 20 mM surfactant in feed solution dye
removal eliciency was increased dramatically. Membrane with | wi% TiO5 exhibited maximum dye removal, Optimum Ti05 concentration was
found around 3 wi%. concentration higher than 3 wi% will result in TiO, agglomeration which is not a desired phenomenon because ol pore

blocking. membrane deleet and reduced catalytic surliace area.

Keywords: Polyvinylidene Nuoride: Titanium dioxide: Mixed-matrix membranes: Methylene blue: Sodium dodecylsultate

1. Introduction

Dye containing waste strecam had caused a series of

environmenlal problems. Among various types of dye,
methylene blue (MB) was used in paint production, textile
finishing, and as a sensitizer in photo-oxidation of organic
pollutants {1]. Various methods are available for the removal
of coloured dyes from wastewater, eg. adsorption [2],
flocculation/coagulation method [3], biological methods such
as biodegradation [4], and membrane separation 5], but cach
method has their own disadvantages. Activated carbon is
always being considered for dye adsorption but is expensive
adsorbent due 1o its high cost of manufacturing and
regeneration. The operating cost for flocculation is high and
the rejection of dye is poor. Membrane based separation
processes have emerged as an attractive alternative to the
conventional processes in the various industrial applications
due to their unique separation capability, cusy to scale-up
possibilities and low energy consumption [6]. The
nanofiltration (NF) and reverse osmosis (RO) are now

recognized as the most suitable techniques for the removal of

several toxic dyes. FHowever, its major disadvantages are due
to its dense membrane structure, high energy consuming
process and higher operating pressure is required to obtain
desired performance. Furthermore, decline in permeate flux
due to adsorption of organic compound caused serious issues
related (o membrane fouling [5].

To overcome these drawbacks, ultrafiltration (UF)
appears 10 be more attractive method for wastewaler treatment
because it offers high fluxes at relatively low pressures [7].
One of the possible methods to remove organic dyes from
wastewater is micellar enhanced ultrafiftration (MEUF) [8].

Glabal L Banivon: Soi Peehnal 2002, 2013
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Many studies have shown that MEUF is suitable method for
the removal of organic pollutant [8. 9]. MEUF involves the
addition of surlactant 1o wastewater in order to remove
organic pollutants effectively and economically. The surface
aclivity of surfactants are derived from their amphiphilic
structure that posscses both hydrophilic and hydrophobic parts
in one molecule [10]. Surfactant monomer will asscmble to
form micelles when the surfactants are added into the
methylene blue feed solution at levels cquals to or higher than
their critical micelle concentrations (CMCs). The CMCs ol
SDS is 8 mM in distilled water.

Micellar enhanced ultrafifiration is a promising
method used in wastewater treatment process. However, one
ol the main barriers to grealer use of membrane technology is
membrane fouling. Membrane fouling can be reduced by
addition of hydrophilic materials to the membrane casting
solution [11]. On the other hand, the preparation of novel
organic-inorganic  composite  membranes  with  control
properties has been widely used in recent years. A more recent
one to improve the membrane antifouling propertics is Ly
using TiO, nanoparticles (NPs) on membrane structure and
surface. TiO; particles can degrade organic foulant effectively
with radiation of UV light [12]. TiOa had reccived the most
attention among different NPs due to its stability, availability,
and promise for applications such as painling, catalysis and
photocatalysis. battery, cosmelic, etc [13].

In this paper, neat PVDF membrane and PVDF/TiO,
mixed-matrix membrane with a defined morphology, high
permeability, and enhanced hydrophilicity were prepared by
phase inversion methods. The elfect of TiO, concentration on
the rheology. morphologies and the performances of PVDF
membranes properties were characlerized based on membranc

€ 2012 Simplex Academic Publishers. All vights reserved
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Figure 1. Viscosity of ncat PVDF and PVDF/TiO> mixed-matrix
ultrafiltration wembrane dopes.

dope viscosity, membrane contact angle and field emission
scanning clectron microscope (FESEM) respectively. The neat
and mixed-matrix membranes were also compared in terms of
the effectiveness of MEUF scparation behavior for methylene
blue with and without SDS surfactants.

2. Experimental

2.1, Materials

Polyvinylidene fluoride (Solef® PVDF) was supplied
by Solvay Solexis, France. N-methyl-2-pyrrolidone (NMP),
sodium dodecyl sultate (SDS) and methylene blue (MB) were
purchased from Merck, Germany. Anatase TiO, PC-20 (20
nm) was purchased from TitanPE Technologies, Inc.,
Shanghai. PVDF and TiO, nanoparticles were dried in an
oven at 70°C for overnight prior to use, while other organic
chemicals were obtained in reagent grade purities and used as
received. Distilled water was used for all the experiments.

2.2, Experimental procedures

The predetermined amount of TiO, was dispersed in
n-methylpyrrolidone under sonication for 15 minutes. 15 wt%
of PVDF powder was dissolved into the TiO, solution and
stirred at 60-70°C for 4 hours to ensure a complete dissolution
of the polymers. The solution was left for overnight stirring at
40°C.  The final solution was then undergoing further
sonication for 30 minutes and let o cool down to room
temperature.  The solution was cast on the tightly woven
polyester using Automatic film applicator (Elcometer 4340,
E.U.) at nominal thickness of 200 um. It was immediately
immersed into the water bath of distilled water and let the
phase inversion occur for 24 hours to remove the residual
solvent. PVDI membrane was kept in distilled water prior to
use.

The viscosity of membrane dope was measured by a
Model DV-III Programmable Rheomeler (Brooklield, USA) at
27 + 2°C to evaluate the rheology effect of polymer solution
brought by different concentrations of TiO, nanoparticles
added. The speed was fixed at 10 rpm and the samples were
measured alter shearing for 30 seconds.

The UF experiments were performed in a dead-end
stirred cell (Amicon 8200,Millipore Co.,USA) with a capacily
of 200 ml, where the disc membrmle has a diameter of 60 mm
with a geometric area of 28.27 em” (excluding the area cover
by the O-ring). The applied pressure of the filtration system
was controlled by N2 gas cylinder. The stirring speed was

2

maintained at 200 rpm using the controllable magnetic stirrer
(Heidoph MR3000D, Germany). PVDF membrane was first
compacted with distilled water at 2.5 bar until constant pure
water flux is achieved to minimize compaction effects. The
cell was then empticd and refilled with methylene blue feed
solution immediately; and 1he pressure was lowered to
operating pressure, 1.5 bar. The flux and filtration efficicncy
were measured afier a total of 10 ml of permeate were
collected.
The pure water Tux (J) was calculated as follows:

j:—- (l)

where V is the volume of permeated water, A (m?) is the
membrane area, and At (h) is ultrafiltration operation time.
The concentration of mecthylene blue with and without
surfactant was measured wilth o Visible Spectrophotometer
(Thermo  Spectronic  Model Genesys 20, USA) at the
maximum absorbance at 662 and 665 nm accordingly. The
filtration efTiciency in removing the dye from the feed solution
was calculated as follows:

R(%) = [1 - %’ﬁ] x 100 ()

where C,, is the dye concentration in the permeate and Cq is the
initial concentration of the dye in the feed.

The hydrophilicity change caused by the addition of
nanoparticles on membrane top surface was characterized
using waler contact angle instrument (Rame-FHart Modei 300
Advanced Goniometer) bascd on sessile drop methods. All
membranes film were cut into square coupons and mounted
onto glass slides. Water drops were controlled at constant
volume using the motor-driven syringe. The acquired images
were analyzed using DROPimage software to obtain the
measurement of contact angles. To minimize experimental
error, the contact angle measurement were repeated S times
for each sample and then averaged.

The top surface morphologies of the fabricated PVDF
membranes were observed under Field Emission Scanning
Electron Microscope (FESEM CARL ZEISS SUPRA 35VP,
Germany). lmage magnifications were 20,000x for surface
views at 5 kV. All membrane samples were dried at room
temperature and coated with a thin layer of gold before
observation.

3. Results and Discussion

3.1. Effect of TiO; concentration on viscosity of membrane
dopes

The neat PVDF membrane dope was a yellow
transparent viscous solution while the others were white
viscous solutions due to the presence of TiO, nanoparticles in
the preparation process.  Membrane dopes  with  TiQ,
nanoparticies were obviously more viscous than the ncat
membrane dope. The addition of the TiO, nanoparticles could
significantly increase the viscosity of the membranes dopes as
shown in Figure |. The membrane dopes viscosily inlluences
the rheological property between the solvent and non-solvent
during the membrane formation process, and imposed kinelic
efTect for the membrane formation. Membrane morphology is

Chobal L Fnvivan, Seis Technol, 2002,2 13
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Figure 2. SEM images of mixed-matrix ultrafiltration membrane
concentration. (d) 3 wi% TiO; concentration.

influenced by dopes viscosity, higher dopes viscosity would
prevent the creation ol macroporous structure caused by
instantancous demixing. However, higher dopes  viscosity
would be a barrier for membrane formation which produced
less interconnected sponge structure as will be discussed in the
following paragraph.

3.2 Effect of TiO; concentration on menibrane morphology

Figure 2 shows the surface images of membrane
prepared  from  PVDF/NMP  systems  with  dilTerent
concentrations ol TiO; nanoparticles. The addition of TiO,
nanoparticles into  the polymer matrix  demonstraled  an
obvious change of membrane morphology. As discussed in
section 3.1, the loaded amounts are able to change rheological
behavior of membrane dopes.  Higher dope viscosity will
alfect the mass transfer of solvent and non-solvent which
resulted  in higher resistance of  diffusion between the
membrane dope and the coagulation bath. On the other hand,
due to the hydrophilic nature of TiO,, the thermodynamic
behavior of membrane dope is also affected. The penetration
velocity of waler into nascent membrane increased with
increasing TiO- loading during the phase inversion method.
The nonsolvent influx is expected to be increased due to the

Clabal 1 b e beehinal, 20012, 2: 13
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pulling force of the nanoparticles which enhanced the
instantancous liquid-liquid demixing. Solvent molecules can
diffuse more readily from the polymer matrix o the
coagulation bath due o the decreased interaction between
polymer and solvent molecules by barrier created by
nanoparticles [14]. As a result, spinodal demixing is likely to
occur which result in a highly connected porous structure.
However, beyond 3 wi% ol TiO, concentration, it was clearly
seen on the surface whereby TiOs agglomeration starts to
occur, Agglomeration of TiO; is an unwanted phenomenon as
it might block the pores of membrane and cause membrane
defect. At the same time, it reduced the surlace arca ol the
nanoparticles and consequently reduced its photocatalytic
propertics.

3.3, Effect of TiOs dosage on menitbrane surfuce wettability
The membranes were characterized in term ol surface
wettability. Membrane surface wettability is one of the
important membrane properties which could affect the {lux
and fouling behavior of the mixed-matrix membrane. Since
TiO; nanoparticles were responsible for the hydrophilicity
increment and fouling mitigation due o TiO- itself contained
hydroxyl group [15], addition of TiO, is expected to reduce its

L 2012 Simplex Acadenie Pubhshers. Al nights reseived
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Figure 3. Contact angles of membranes with different TiO,
concentration.
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Figure 3. Extent of dye removal with dilTerent TiQ, concentration
mixed-matrix membranes.

contact angle. On the other hand, PVDF membrane is
commonly known by its hydrophobic nature. The results of
contact angle shown in Figure 3 could wverify this
phenomenon. Whea the TiO; concentration is increased from
I 1o 5 wt%. it was found that contact angle of the membrane
decreased significantly from 90° to 75°. Water contact angie
values decreased with the increasing concentration of TiO,
nanoparticles indicated that TiO» does contribute in increasing
the membrane hydrophilicity. However further increasing of
TiO- concentration above 3 wi1% will cause increase in contact
angle mainly due to the increasing surface roughness of
agglomerated TiO» nanoparticle as shown in section 3.2 SEM
picture (Figure 2) as well as increasing pore size. Bae and Tak
[ 16] also obscrved the same phenomenon in their research that
entrappement of TiO> nanoparticles in membranes can
increase the hydrophilicity of their surface in their research.
TiO-> nanoparticles which comtain hydroxyl groups on the
membrane  surface are responsible for the increase of
hydrophilicity {17].

3.4. Membrane pecformance
3.4.1. Pure water flux

Pure water flux experiment is an important parameter
10 evaluate the performance of membrane. 1t was carried out to
investigate the influence of TiO» concentration on membrane
permeability.  Figure 4 shows that the pure water flux was
enhanced with the increase of TiO» concentration with a peak
value at 3 wt%. TiO- incorporated membranes show higher
flux due to the increasing hydrophilicity of mixed-matrix

~

membrane as discussed in section 3.3, TiO, mixed-matrix
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Figure 4. Eftect ol TiO; coneentration on membrianes pure water
fNux.
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Figure 6. Extent of SDS enhanced dye removal with dillerent
TiO; concentration mixed-matrix membranes.

membrane can be more hydrophilic than neat polymeric
membrane due to higher affinity of TiO. to water [16]. The
hydroxyl group could attract water molecules to pass through
the membrane. Besides, bigger and interconnecied pore
structure of mixed-matrix membrane provides less resistance
to waler permeation. However, at 5 wit% TiO» concentration,
a significant decrease of pure water flux was observed. This
observation is due to the agglomeration of TiO, as shown in
the SEM images in Figure 2 which block the pores of the
membrane, and subsequently provide higher resistance for
waler permeation. Soroko and Livingston [18] in their
research also find that with the presence of 10 wi% TiO- in the
polyimide matrix, results in lower flux.

3.4.2. Membrane rejection
The influence of TiO» concentrations on membrane
rejection was studied. Figure 5 and Figure 6 showed the
results of the ultrafiliration of methylene blue (MB) solution
without and with the presence of SDS using the neat and
mixed-matrix membranes. The retention of MB molecules is
negligible (less than 12%) in absence of surfactant. The minor
retention could be attributed to the adsorption phenomenon of
dye which takes place at the surface and in the pores of
membrane. Since the MB molecules are much smaller than
membranes pore size, no sleric hindrance is expected.
Moreover, the net negatively charged surfice of PYDF could
provide a superior adsorption site for the positively charged
mcthylenc blue. Membrane with | wt% TiO, exhibits
maximum dyc removal most probably due to the extra site of' |
wi% TiO, membrane l[or adsorption (better rejection). Due to
Global L Vs ivan. Seic Techna!, 2012, 2013
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Figure 7. Membrane permeate flux without SDS at different TiQ),
concentration mixed-matrix membranes.

the hydrophilicity of TiO, particles on the membrane surface,
the interaction between the MB and the membrane surface will
be slightly decreased. TiO, will increase the surface porosity
however beyond 5 wt% the surface pore will reduce due to the
particle agglomeration that cause membrane defect.

On the other hand, with the presence of 20 mM
surfactant in feed solution, dye removal was enhanced
dramatically. These surfactant molecules form micelles, that
can solubilise the MB and are rejected during ultrafiltration
process by the prepared membranes. The added surfactant
molecules with higher concentration than the critical micelle
concentration (CMC) will form micelles which will be
retained on the surface of the membranes. The results showed
that the electrostatic interaction between MB and surfactants
plays an important role in the MB removal.

3.4.3. Membrane antifouling performance with dye solution
as model

The influence of TiO, concentrations on membrane
fouling was studicd. Figure 7 and Figure § showed the relative
permeate flux results of the ultrafiltration of dye solution
without and with the present of SDS using the neat and mixed-
matrix membrane. The relative permeate flux of MB
molecules without surfactant showed in Figure 7 remains
constant with time since MB molecules are much smaller than
membranes pore size and no steric hindrance is expected.

On the other hand, a relative permeate flux decline is
observed with the presence of 20 mM surfactant in feed
solution as shown in Figure 8. Lower flux is observed during
MB rejection with surfactant than MB itself since bigger
micelles block the membrane pores and form a cake layer that
delay the filtration process or cause the expected membrane
fouling. Membrane with | wt % TiOa showed highest relative
permeates flux decline as shown in Figure 8. Besides,
membrane with 1 wi% TiO, showed highest MB-SDS
removal as discussed in section 3.4.2 due to higher surfactant
concentration near the membrane surface that form a cake
layer. During ultrafihration.  the  higher  surfactant
concentration near the membrane compared to bulk surfactant
concentration {8] causes the f(lux decline. Nevertheless,
beyond 3 wt% TiO- concentration, the membrane surface pore
will reduce or defect due to the particle agglomeration as
discussed in section 3.2. These phenomena are observed lrom

1
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Figure 8. Membrane permeate Nux with SDS enhanced  at
different TiO, concentration mixed-matrix membrances.

Figure 6 and Figure 8 that beyond 3 w1%TiO, showed lower
relative permeate Nux decline and decrease in MB-SDS
removal clliciency.

4, Conclusions

Mixed-matrix  membranes had been prepared by
dosing different amounts of TiO. nanoparticles in the
polyvinylidene fluoride membrane dope. It was found that
membranes prepared under different TiO, concentrations have
different physical and morphological properties. Addition of
TiOs could enhance membrane hydrophilicity, however, it
produced membrane with bigger pore size due to the sceding
effect of nanoparticles. At higher TiO, concentration, pore
size of membrane could be reduced due to the agglomeration
of TiO, that blocks the membrane pores and causes membrane
defect. Pure water flux could be enhanced with 3 wi% TiO,
concentrations and beyond which the water permeability was
impaired due to the blocking effect.  Membrane prepared
showed very poor sieving mechanism for methylene blue due
to small solute/pore ratio. Methylene blue removal can be
enhanced dramatically by adding SDS surfactant to the
methylene blue feed solution. Methylene blue affinity towards
PVDF membrane is higher than TiO, which resulted mixed-
matrix membrane to have advantage to reduce the membrane
fouling phenomenon. These findings provide some useful
information for membrane development as it could mitigate
the membrane fouling phenomenon through its hydrophilicity
improvement and at the same time it reduced the interaction
between the dye and the polymer matrix.
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pembrane technology plays an impoitant tole as advanced walel reatment process aue 10 1ls low operational cost,
and the capability of generating permeate of acceptable qualty However, membrans ouling is one of the main
pammers for s anplicabiity. Fouling can be reduced by preveatment of feed solution, Changing operating cenditions
of reenginzered the surface properties of conventional membrane <0 fhat it is more focling resistance of could
parform seif-ciganing

in this study, palyvinyiidene flucnde (PVDF) ulralliralion (UF) membrancs srepared by phase inveision
method with ditect embedding of 1% to 5% TiO: nancparticles nto PYDE-DIMAC soluton. The addition of Ti0;
nanopadicles in the polymer matrix is expected to ngrease he membrane hydrophiticity and compaction strengih,
nonetheless, the poor inorganic-organic interface a5 well 3s the TiO; clustering problem posed a senous morphoiogy
contrel difficulties. The changes of the membrane morphoiogy a5 a result of Ti0s addition could be refiected through
e flux and rejection profile of the membrane. Contact angle and field emission scanmng eleclron microscope
(FESEM) are used o characterize the clieet of TiQ, nanoparticles on the membiane maiphaloyics. The
ceriormance of composite UF membrang was characterized in terms of separatien behavious far SDS enhanced
melhy'ene blue

i was foand that by adding 10z nanoparticies mie the membiane malrix could alter 1he membiane flux and rejecion
Ciptimum Ti0; dosade was sound around 3%, due to both resulls showing optmati flux and regection. TiO; dosage
mgher than 3% will result in Ti0, agglomeralion and membrane morphalogy delect

The mechanismis) of fux decline dunng the UF precesses were evaluated based on blocking Rluation law in which
e specific cake resistances in all fillialion system wete examined and compared
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{ membr

e as aovanced water reatment process exhdnt hugh susceptibdily toward foutng effect on
membiane surlace or inlo the membrane pores. Therelere, membrane fouling has become a maor abstacle in order
to achigve a high permeate flux over a prolonged period of membrane separalion progess. In this study, lanium
dioxide nanoparticles (Ti0;) were incorporated into polyvinyhdene fuodde (PVDF) membiane o produce a
nanocompesite membrane via surface exchange method. The corresponding membrane polymer solution was
prepared by dissolving 18% weight ratic of PVDF into 82% weight ratio of N.N-dimethyl formarmide {DWF), which act
as polymer solvent In order to aveid agglemeration and maintain the stability of TiO, nanopartizies in the
coaguiation bath for membrana inunarsion, medification on Ti0: nanoparticles is done via mechanical and chemical
modification Ti, nanoparticles in distilled water was sonicate for 15 minutes and then followed by adjusting the pH
value of the Ti0; solution 1o pH 4.0 Under this circumsiance, a zeta polential ~30 mV is achicved n producing a
regsonably stabie dispersion of Ti0; nancparticles in water suspension. The distnbubon panemn of Ti0;
nanaparucles on the membrane surlace was observed by encrgy-dispersive X-ray spectioscopy (EDX) mapping
mannet. The efecct of the presence of TiO; nancparticlos on membrane pore size was studied using the capilary
fow porometar The membrane surface morphology and the wettabilily of nanccomposite membrane were
charactenzed based on field emission scanning electron microscopy (FESEM) and contact angle goniometer
respectively. The resuils showed that the presence of Ti0; on membrane surface does not has signdicant eltect on
membrane pore see distribution, suggesting that surace exchange method is a suilable method used 6 prepare
nanocomposite membrane wilhout sacrification of membrane rejection to ephance membrane funtionahty On the
cther hand, the membrane wetlability is sliohlly impaired by incorporating TiC. nanoparticles ncorporation due 10 the
surtace roughness creatad by he TiO; nanoparticles
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Abstract

Increasing regulations and the need for a reliable potable drinking water supply have propelled the
development of modern water treatment process. However, the usc of membrane as advanced water
treatment process has raised greatest attention for environmental remidiation in producing high
quality water with small foorprint. Although membrane technology has become a dignified separation
technology as a valuable means of solute filtering, solute that deposited on the membrane surface or
into the membrane pores will consequence in membrane deterioration. To increase the membrane
performance, membranes is then being cleaned physically, biologically or chemically. Among thesc
fouling control strategies, chemical cleaning is the most effectual. However, high chemical usage in
chemical cleaning will impose another additional environmental pollution. Therefore, in order 10
enhance the funtionality of membrane against the fouling, titanium dioxide nanoparticles (TiO,) are
incorporated in the membrane filtration process. For application feasibility, the TiO, nanoparticles
should exists in preferable small aggregate size and uniformly dispersed in the polymer film as mixed
matrix membrane. The aim of this study is to investigate the effect of pH and ultrasonic irradiation
time on the surface chemistry and the dispersibility of TiO, nanoparticles. Ultrasonication of TiO,
nanoparticles in colloidal system is used for the breakage of TiO, nanoparticles agglomerates. On the
other hand, reagglomeration of the suspension could be prevented by electrostatic stabilization
through increasing the particles zeta potential. The results showed that for pH lower than 4.0, a stable
PC-20 TiO, nanoparticles suspension could be produced with recorded zeta potential value more than
30 mV. While for P25 TiO, nanoparticles, it shows better dispersibility with broader pH range (< pH
5.0). Besides, ultrasonic irradation time is found 1o contribute its elfect on size distribution of TiO,
nanoparticles in water suspension. The mean size of TiO, nanoparticles in water suspension decreased
for longer ultrasonic irradiation time. However, after a rapid initial size reduction, continue
ultrasonication lead to insignificant TiO; nanoparticles size reduction. It was found that pH and time
of ultrasonification could play a very important role to produce suspension with good TiO,
nanoparticles dispersion.
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1. Introduction

With the rapid population and improper industrialization practices over the last two decades, it
leads to the detrimental surface and underground water pollution. This phenomenon has raised
concerns in the public for stringent environmental legislation and alternative technology in water
treatment lo increase both drinking water quantity and quality.

Membrane technology has become a dignified separation technology as a valuable means of solute
filtering. The use of membrane as advanced water treatment process has raised grealest attention for
environmental remediation in producing high quality water with small footprint. However, membrane
fouling appears to be the main obsiacles in water treatment process by membrane separation
[Akthakul er al., 2004; Chen et al., 2006; Li e al., 2009] . It is mainly caused by irreversible
deposition of solute in the feed water on the hydrophobic membrane surface or into the membrane
pores, which will consequence in water flux loss and solute selectivity change with time.

A number of approaches are available to alleviate the membrane fouling and increase the
membrane performance have therefore been investigated. These methods include pretreatment of feed
solution (flocculation and coagulation), periodic cleaning (physically, biologically or chemically) and
hydrophilic modification of membrane surface. Although pretreatment of feed solution by chemical
additives and chemical cleaning are effectual in lessening the membrane fouling, high chemical usage
will impose another environmental pollution. Therefore, incracseing in membrane hydrophilicity
appears to be a good way for membrane fouling mitigation [Rahimpour e ., 2008].

Due to its stability, commercial availability, high affinity to water and outstanding photocatalytie
activity that can decompose organic foulants on membrane, titanium dioxide nanoparticles (TiO,)
appears to be an appealing additive in surface modification of membranes and has been received most
attention by numerous researchers in recent years [Fujishima ef /., 2000 : Li er af., 2010: Mills and
Hunte. 1997]. For application feasibility, it is crucial to obtain ultrafine and stable nanodispersions
that will produce thin nanocomposite membrane films with low surface roughness and high surface
arex of TiO, nanoparticles [Cao ef al., 2006; Ebert er al., 2004).

To reduce the surface roughness of the fabricated membrane films, the primary size of TiO,
nanoparticles should be less than 20 nm. Although the primary size of most commercial nanoparticles
is quite small (5-50 nm), the high surface energy of TiO, nanoparticles causes them 1o agglomerate in
the synthesis and post-synthesis processes [Park es al., 1993]. This leads to materials with primary
particles in the nanomelter range, but with variable and complex networks, shapes, and morphologies,
all which impact the particle size distribution [Mandzy er af., 2005].

Ultrasonication is a common method which is used to break up agglomerated TiO, nanoparticles.
An energy transfer device, an ultrasonic probe, is employed to oscillate the TiO, liquid suspension,
causing nucleation and solvent bubbles. Bubbles initiating and collapsing on the solid surface can be
very clfective in fracturing the TiO, aggrgates. During ultrasonication, effectual fracturing on TiO,
aggregates occurs due to the mechanical attrition [Kusters es al., 1994: Park ¢r al.. 1993]. It is initiates
at surface flaws and imperfections. With prolong ultrasonication, large TiO, aggregates are broken
down into smaller aggregates until there are no more defects (o initiate the breakage. Further energy
input results no significant atirition. The breakage of TiO, agglomerates by ultrasonic irradiation is
controlled predominantly by specific energy input (power, time and dispersion volume) [PPohl and
Schubert, 2004].

In order 1o form stable dispersions, it is not enough to break nanoparticles apart. Stabilization of
colloidal dispersions of TiO, nanopowders by electrostatic interactions gencrates charges on the
surface of TiO; nanoparticles, which acts as a barrier resulling from repulsive force, prevents (wo
particles from adhere to each another, forming assemblies. Therefore, if the TiO, particles have
sufficiently high repulsion charge, the dispersion will resist floculation and the colloidal system will
be stable. A common way to evaluate the stability of colloidal dispersions is by determining the
magnitude of zeta potential. Zeta potential is function of the surface charge of the particles. In
dispersions, where value of the zeta potential is close to zero (isoelectric point). particles tend to
agglomerate. At higher negative or positive zeta potential (more than 30 mV or less than -30 mV),
particles in dispersions tend to repel each other (o prevent agglomeration occurs [Malvern Instruments
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Lid., 2011]. Titanium dioxide powders obtained from different manufacturers have dissimilar surface
chemistries and as a result exhibit isoelectric points at different pH values [Mandzy ef al., 2005].

As long-term stability of TiO, nanodispersions is important for producing high quality
nanocomposite membrane, brcakage of the TiO, nanoparticles is become a critical issue. The
objective of the present investigation is 1o study the breakage of commercial TiO, nanoparticles in
waler dispersions by mean of ultrasonic irradiation timemaintaining the stability of the nanoparticles
based on solution pH.

2. Experimental

Two different types of nano titanium dioxide (TiO,) photocatalytic powder were purchased from
TitanPE Technologies, Inc., Shanghai, China (trade name: PC-20) and Sigma-Aldrich, St. Louis, MO,
USA (trade name: P25). As reported by the manufacturer, the primary particle size of PC-20 TiO,
nanoparticles was 20 nm. while P25 TiO, nanoparticles was ~21 nm respectively. Powdered TiO,
with different weight was dispersed in 100 mL of distilled water in preparing different concentration
of TiOs suspensions, 0.1 g/l and 0.05 g/l. The pH of TiO, suspensions was then adjusted to values
between 2.0-9.0 with hydrochloric acid (HCI) or sodium hydroxide (NaOH) to obtain suitable zeta
potential values in achieving electrostatic stability. Hydrochloric acid or sodium hydroxide was added
drop-wise to the TiO, suspensions and it was mechanically stirred until it reached equilibrium with a
specify pH value. The pH value of the TiO; suspensions was measured by using the pH meter (Eutech
Instruments Pte. Lid., Ayer Rajah Crescent, Singapore).

The ultrasonication was conducted using a Telsonic ultrasonic horn SG-24-500P (Telsonic
Ultrasonics. Inc.. Michigan. USA). The frequency of the ultrasound was kept constant at 18.4 kHz.
The efficiency of ultrasonic in TiO, dispersion was evaluated by changing the sonication irradiation
time of TiO, nanoparticles in water suspension. The dispersibility (changes in zeta potential) and
TiO, particles size distribution under various pH and ultrasonic irradiation time were determined by
using Malvern Zetasizer Nano ZS90 (Malvern Instruments Ltd., U.K.) on the basis ol dynamic light
scattering theory and cumulant method.

The crystal structure of TiO, nanoparticle was characterized by X-ray diffraction (XRD). XRD
analysis was performed on TiO, nanopowder samples with a PHI-5400 X-ray diffractometer,
operating in the theta-theta geometry using 18 kW Cu Ko (A = 0.15418 nm) radiation. The
microstructure of TiO, nanoparticles was analyzed by a JEOL transmission electron microscope
(TEM, JEOL JIEM-200CX) at 120 kV. For the TEM obeservation, TiO, colloidal suspensions (0.1 g/l)
was dropped on a carbon-coated grid and then dried at room temperature. For comparison purposes,
both PC-20 TiO, and P25 TiO, nanoparticles were analyzed for XRD and TEM.

3. Results and Discussion
Crystal Structure and Particle Size of Commercial TiO, Nanoparticles

The crystal structure of both commercial TiO, nanoparticles (20) were examined by using the
X-ray diffraction (XRD) analysis and the spectrums were illustrated in Fig. 1. O is the
diffraction angle, measured with respect to the incident beam. while 2 is constant-wavelength
diffractiometer. 1t is commonly known that TiO, particle has three different crystal forms,
anatase, rutile and brookite [Mills and Hunte, 1997]. In the anatase structure, the oxygen form
a cubic closest packing, and the titanium atom lie in octahedral voids, while in the rutile form,
the oxygen are arranged approximately in a hexagonal closest packing, and the titanium atoms
occupy a row pattern. The anatase has been reported by many researchers to be the most
photoactive and stable nanoparticles for widespread applications, having good characteristic in
bacteria killing, and hydrophilicity; whereas the rutile is comparatively photocatallytically
inactive or much less active, although it shows strong photoactivity selectivity toward some
cases. Therefore, anatase is suitable for membrane modification [Kim ¢f al., 2003]. Fig. |
shows that the characteristic peaks of PC-20 TiO, nanopowder was located at 20Q of 25.319°
which is close to the literature reported data 25.24° of anatase and a small rutile peak at 20 of
27.460° consists of 85% anatase and 15% rutile. It can be identilied that the PC-20 TiO,
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nanopowder is majority composed of anatase, which promises e¢xcellent photocatalytic
properties, hydrophilicity and anti-fouling characters. As for the diffraction patern of P25
TiO; nanopowder, which is a mixture of 75% anatasc and 25% rutile, the 20 of eminent peaks
are 25.230° for anatase and 27.376° for rutile.
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Figure 1: XRD Spectrum of the Commercial TiO; Nanopowder (a) P25 TiO, Nanopowder rom
Sigma-Aldrich (b) PC-20 TiO, Nanopowder from TiPE

Transmission clectron microscopy (TEM) was employed to determine the primary particle size
of PC-20 and P25 under high magnification (22k x). The micrographs were shown in Fig. 2
(a) and (b) respectively. All these nanopowders were received in the dry form, and all
contained large agglomerated particles. As shown in Fig. 2, TEM images ol both anatase
nanoparticles demonstrated almost spherical shape, can be seen in the form of black spots and
they arc extensively agglomerated with particle size varies from 75-200 nm and 50-150 nm
correspondingly. The discrepancy between the particle sizes determined by TEM ascribe to the
aglomeration tendency of each TiO, nanoparticles. With the smaller particle size distribution,
P25 could dispersed more elfectively by the ultrasonic irradiation than the PC-20.The
agglomeration of TiO, particles mainly contribute by the drying procedure during prepariation
of TEM samples [Kim er al., 2003]. '

Effect of pH on Colloid Stability of the TiO, Nanopowders
The optimal dispersing conditions for TiO, nanopowder and its long term stability was
evaluated based on zeta potential. The zeta potential measurements (by means of the
electrophoretic mobility) were performed on Malvern Zetasizer Nano ZS90 equipment. High
absolutes values of zeta potentials are necessary to achiceve electro-statically stabilized TiO,
nanoparticles in water suspension. In general, the criterion for suspension stability is thought
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(a) (L)

Figure 2: Morphology of Commercial Titanium Dioxide Nanopowder (a) PC-20 (b) 25

10 be

El= 30 mV. A suspension is stable when the zeta potential value is less than -30 mV or
greater than 30 mV.,

Figure. 3 to Figure. 6 present the pH elfect of different commercial TiO, nanopowder on
the stability of the suspensions within the range of pH 2.0-9.0. Figure. 3 and Figure. 4 show
the zeta potential while Figure. 5 and Figure. 6 show the mean particle size distribution of the
colloids under different pH value and different concentration (0.1 /1 TiO, and 0.05 g/l TiO;).
The pH was adjusted with hydrochloric acid (HCI) immediately alter 15 minutes of ultrasonic
irradiation to the suspension. The isoelectric point (1EP) is a point (pH value) where the plot
passes through zero zeta potential. At this [EP, the colloidal system is least stable. Refering to
Figure. 3 and Figure. 4, the 1EP for P25 TiO, takes place at neutral pH region while for PC-20
Ti0, is at acidic pH region. The higher zeta potential ol P25 compared to PC-20 shows that
P25 could readily form stable colloids system within the pH range. For P25 TiO, with concent-
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Figure 3: Zeta Potential Titration of P25 TiO; Suspension with Different Concentration
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ration of 0.05 g/l and 0.1 g/l, high cnough zeta potential values were obtained in the broader
pH region (as shown in Figure. 3) and they are considered stable at pH value lower than 5.0
with comparable mean particle size (as shown in Figure. 5). On the contrary, PC-20
nanoparticles demonstrate its stability in suspension at pH value lower than 4.0. For PC-20
TiO,, higher pH (> pH 6.5) could produce small size of TiO, particles as well, however, low in
zeta potential value does not endorse its stability in water suspension. Nevertheless. the PC-20
nanopowder suspension flocculates very rapidly which is shown in Figure. 6 to have larger
mean particle size distributions. should indicate a strong agglomeration of the nanoparticles.
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Figure 4: Zeta Potential Titration of PC-20 TiO, Suspension with Diflerent Concentration
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Figure 7: Change in TiO; Suspension Zeta Potential with Ultrasonic Irradiation Time

Effect of Ultrasonic Irradiation on TiO, Dispersion
The effect of ultrasonic irradiation time on the TiO, colloids stability were evaluated using
Telsonic ultrasonic probe (frequency 18.4 kHz). The results were shown in terms of zela
potential and mean particle size in Figure. 7 and 8, respectively.

Initially, the attractive forces among the TiO, nanoparticles were stronger than repulsive
forces; therefore the TiO, nanoparticles in water suspensions tends to agglomerate and the size
of agglomerates was extensively large. The ultrasonication caused the breakage of the
agglomerates, but shortly after the end of the ultrasonication, the particles reagglomerated
back. Breakage of the powder was evident only when the suspensions were adjusted to pH 4.0
immediately after cessation of ultrasonication to permit any newly formed particles 1o be
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stably dispersed. The suspension stability for both samples in water suspension along
ultrasonic irradiation time was evaluated based on the zeta potential as showed in Figure. 7.

A noticeable observation is that, the zeta potential magnitude for both commercial TiO,
nanoparticles are higher than +30 mV even under 15 minutes of ultrasonic irradiation,
indicated that the stability of TiO, in water suspension. With larger zeta potential presented by
P25 TiO, nanoparticles, it has higher tendency in repelling cach another and there will be less
or no tendency for the TiO, nanoparticles to approach and come togather. For both commercial
TiO; nanoparticles, the zeta potential was increased slowly over a comparatively long range of
ultrasonic irradiation time.

Characterization of the mean particle size distribution was performed by Dynamic Light
Scattering (DLS). DLS measures the Brownian motion of the particles and relates it 10 the
particle size. The ultrasonication caused the breakage of the agglomerates into smaller particle
size with the increasing of ultrasonication period. Refering 1o Fig. 8, for PC-20, there is no
significant change in particle size was observed for ultrasonic irradiation time up to 60 min,
suggesting that the attractive forces between primary PC-20 TiO, nanoparticles are stronger.
From 60 min ultrasonic irradiation time onwards, the mean dispersed particle size of PC-20
TiO, aggregates in suspension reduced as irradiation time increased and then reached the
smallest value (290.5 nm) at 105 minutes of ultrasonic irradiation time. Following that, the
particle size remain constant as it is the minimum particle size for PC-20 TiO, nanoparticles
can be reduced by using ultrasonication. On the other hand, the mean dispersed particle size
was less than 200 nm and remained almost constant when P25 TiO, nanopowder was
sonicated for 30 min. The particle size of PC-20 TiO, dispersed by ultrasonic irradiation was
more widely distributed as compared to that of P25 TiOQ,. indicates that the P25 TiO2
nanoparticles is more responsive towards ultrasonic irradiation in producing smaller TiO,
nanoparticles.

While both TiO, nanopowder was reported by the manufacturer 1o have very small particle
size which is 20 nm and ~21 nm for PC-20 and P25 respectively, it was very difficult to break
into its preliminary particle size using ultrasonication, none of them was successfully broken
into their primary particle size within 2 hours of irradiation (ime.
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Figure 8: Change in Size of Agglomerates/Aggregates with Ultrasonic Ireadiation Time
The degree of cluster breaking is highly depend on the the interaction force of inter-particle.

A small adjustment on manufacturing process will results in extensive changes in particle
propertics and its size distribution. However, once agglomeration occur in the synthesis
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process, it is very difficult to break the particle apart into their primary particle size.
Additionally, dark sediment was eminented at the bottom ol the ultrasonicated dispersions,
which is attributed to the erosion of the ultrasonic probe. Long priod of ultrasonic irradiation
time does not give a promising result in further reducing the particle size of TiO, to higher
extent, but resulted in contamination of the samples.

4. Conclusion

Fracture mechanism was observed in the ultrasonication of commercial titanium dioxide
nanopowders. However, there was no evidence that for prolong ultrasonic irradiation could further
break the commercial TiO, nanopowders into their primary particle size. During the ultrasonic
breakage, clectrostatic stabilization of TiO, dispersions prevented newly formed particles from
reagglomeration by adjusting the pH. Conditions have been optimized to produce stable commercial
TiO, nanoparticle in water suspensions. P25 TiO, nanopowder was able to be suspended and
comprises smaller TiO, nanoparticle size with high zeta potential value in broader pH range (< pH
5.0) compared with PC-20 TiO, nanopowder (< pH 4.0). This observation indicates that P25 TiO,
nanopowder resulted better dispersion in water suspension. Almost immediate agglomeration of
mechanically broken particles was observed when pH value is higher than 5.0 and 4.0 for P25 TiO,
nanoparticles and PC-20 TiO, nanoparticles respectively. In this study, the effect of ultrasonic
irradiation time on the TiO, nanoparticles dispersibility has also been clarificd. The results showed
that 15 minutes is the best determined ultrasonic irradiation time to obtain well dispersed TiO,
suspensions and stable in time for both commercial TiO, nanopowders. Further increased in ultrasonic
irradiation time does not give much effect in reducing the mean particle size of TiO, nanoparticles.
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Abstract

Micellar enhanced ultrafiltration (MEUF) is a separation method which can be use for dye
removal. The rejection of a cationic dye, methylene blue by nanocomposite membrane was examined
with and without an anionic surfactant, sodium dodecylsulfate (SDS). The dye removal by
nanocomposite membrane in the absence of SDS surfactant is poor due to separation by adsorption
mechanism only. However, with the presence of 20 mM surfactant in feed solution, dye removal
efficiency was increased dramatically. Membrane with 1 w1% TiO, exhibited maximum dye removal.
The effect of TiO, nanoparticles on the physical propertics of PVDF membranes were characlerized
based on contact angle and field emission scanning clectron microscope (FESEM). Membrane
performances were evaluated for membrane with different TiO, concentration in the casting solution.
It was found that by adding TiO, nanoparticles into the membrane matrix, membrane hydrophilicity
could be enhanced which is a desired property of membrane for water purification. However, at
higher content of TiO,, membrane wettability might be impaired due to the roughness created by the
agglomeration of TiO; on the surface. Besides, addition of TiO, could significantly alter the
membrane morphology or pores size. By adding TiO,, interconnected pores were found on the
membrane surface. Effect of fouling mitigation increased with nanoparticle dosage, but it reached a
limiting content above which fouling mitigation efficiency becomes insignificant. Optimum TiO,
dosage was found around 3 wi%. higher dosage will result in TiO, agglomeration. This is not a
desired phenomenon because it caused membrane pore blocking, membrane defect and reduction of
calalytic surface area,
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1. Introduction

Dye containing waste stream had caused a series of environmental problems. Among various type
of dye, methylene blue (MB) for example has been used in paint production, textile finishing, and as a
sensitizer in photo-oxidation of organic pollutants [Bielska and Szymanowski, 2006]. Various
methods are available for the removal of colored dyes from wastewater such as adsorption [Wang er
al., 2005], flocculation/coagulation method [Golob ef al., 2005], biodegradation [Seshadri et al.,
2004]. and membrane separation [Koyuncu er al., 2004], but cach method has their own
disadvantages. Activated carbon is always being considered for dye adsorption but it is an expensive
adsorbent due to its high cost of manufacturing and regeneration. The operating cost for flocculation
is high and the rejection of dye is poor. Membrane based separation processes have emerged as an
attractive alternative to the conventional processes in the various industrial applications due to their
unique separation capability, easy to scale-up and low energy consumption [Sarkar e/ al., 2009}. The
nanofiltration and reverse osmosis now have been recognized as the most suitable techniques for the
removal of several toxic dyes. However, its major disadvantages are due 1o its dense membrane
structure, high energy consuming process and higher operating pressure is required to obtain desired
performance. Furthermore, decline in permeate flux due to adsorption of organic compound caused
serious issues related to membrane fouling [Koyuncu er al., 2004].

To overcome this drawback, ultrafiltration appears to be more attractive for wastewater treatment
because its offer high fluxes at relatively low pressures [Bielska and Prochaska, 2007]. One of the
possible methods to remove organic dyes from wastewater is micellar enhanced ultrafiltration
(MEUF) [Zaghbani er al., 2007]. Many studies have shown that MEUF is suitable method for the
removal of organic pollutant [Huang er al., 2010. Zaghbani er al., 2007). MEUF involves the addition
of surfactant to waslewater in order to remove organic pollutants effectively and economically. The
surface activity of surfactants are derived from their amphiphilic structure that posses  both
hydrophilic and hydrophobic parts in one molecule [Aksu er al.. 2010]. Surfactant monomer will
assemble to form micelles when the surfactants are added into the methylene blue feed solution at
levels equals to or higher than their critical micelle concentrations (CMCs). The CMCs of SDS is
SmM in distilled waier.

Micellar enhanced ultrafiltration is a promising method used in waste water treatment process.
However, one of the main barriers to greater use of membrane technology is membrane fouling,
Membrane fouling is proven can be reduced by addition of hydrophilicity materials to the membrane
casting solution [Rahimpour and Madaeni, 2007]. On the other hand, the preparation of novel organic-
inorganic composite membranes with control properties has been widely used recently years. A more
recent approach to improve the membrane antifouling properties is by using TiO, nanoparticles on
membrane structure and surface. TiO, particles can degrade organic foulant effectively with radiation
of UV light [Rahimpour er al., 2008]. TiO, had received the most attention among differem
nanoparticles due to its stability, availability, and promise for applications such as painting, catalysis
and photocatalysis. baltery, cosmetic, etc [Cao ef al., 2006).

In this paper, neat PVDF membrane and PVDF/TiO, composite membrane with a defined
morphology. high permeability, and enhanced hydrophilicity were prepared by phase inversion
methods. The effect of TiO, nanoparticles concentration on the rheology. morphologies and the
performances of PVDF membranes properties were characterized based on polymer solution
viscosily, membrane contact angle and field emission scanning clectron microscope (FESEM)
respectively. The neat and composite membranes were also compared in terms of the effectiveness ol
MEUF separation behaviour for methylene blue with and without SDS surfactants.

2. Methodology
Chemicals
Polyvinylidene fluoride (Solef® PVDF) was supplied from Solvay Solexis, France. N-methyl-
2-pyrrolidone (NMP). sodium dodecy! sulfate (SDS) and methylenc blue were purchased from
Merek. Germany. TiO, PC-20 (20nm) was purchased from Titanl’E Technologies, Inc.,
Shanghai. Distilled water was used for all experiment.
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Membrane Preparation

The predetermined amount of TiO, was dispersed in n-methylpyrrolidone under sonication for
15 minutes. 15 wi% of PVDF was then dissolved into the TiO, solution and stirred at 60-70°C
for 4 hours to ensure a complete dissolution of the polymers. The solution was left to stir
overnight at 40°C. The final solution was then subjected to further sonication for 30 minutes
and let to cool down to room temperature. The solution was cast on the tightly woven
polyester using Automatic tilm applicator (Elcometer 4340, E.U.) at 200 um thickness. [t was
then immediately immersed into the water bath of distilled water and let the phase inversion
occur for 24 hours to remove the residual solvent. PYDF membrane was kept in distilled water
prior to use.

Polymer Solution Characterization

The viscosity of polymer solution was measured by a Model DV-I1I Programmable Rheometer
(Brookfield, USA) at C 10 evaluate the rheology effect of polymer solution brought
by different dosage of TiO, nanoparticles added. The rotation speed was fixed at 10 rpm and
the samples were measured after shearing for 30 seconds. The viscosity measurement were
repeated for 3 times for each sample and then averaged to minimize the experimental error.

Membrane Characterization
Contact Anglc

The hydrophilicity change caused by the addition of nanoparticles on membrane top
surface was characterized using water contact angle instrument (Rame-Hart Model 300
Advanced Goniometer) based on sessile drop methods. All membranes film were cut into
square coupons and mounted onto glass slides. Water drops were controlled at constant
volume using the motor-driven syringe. The acquired images were analyzed using
DROPimage software to obtain the measurement of contact angles. To minimize
experimental error, the contact angle measurement were repeated 5 times for each sample
and then averaged.

Scanning Electron Microscope

The top surface morphologies of the fabricated PVDF membrancs were observed under
Field Emission Scanning Electron Microscope (FESEM CARL ZEISS SUPRA 35VP,
Germany). Image magnifications were 20,000x for surface views at 5kV. Al membrane
samples were dried at room temperature and coated with a thin layer of gold before
observation.

Dead-End Ultrafiltration Experiments

The UF experiments were performed in a dead-end stirred cell (Amicon 8200,Millipore
Co.,USA) with a capacity of 200ml ,where the disc membrane has a diameter of 60mm with a
geometric area of 28.27cm? (excluding the area cover by the O-ring). The applied pressure of
the filtration system was controlled by N, gas cylinder. The stirring speed was maintained at
200rpm using the controllable magnetic stirrer (Heidoph MR3000D, Germany). PVDF
membrane was first compacted with distilled water at 2.5 bar until constant pure water Mux is
achieved 1o minimize compaction effects. The cell was then emptied and refilled with
methylene blue feed solution immediately; and the pressure was lowered to operaling pressure
of 1.5 bar. The flux and filtration efficiency were measured afler a total of 10ml of permeate
were collected.

The pure water flux (J) is calculated by Eq.(1):

v

] == (h

Alt
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where V is the volume of permeated water, A (m?) is the membrane area, and At (h) is
ultrafiltration operation time. The concentration of methylene blue with and without surfactant
was measured with a Visible Spectrophotometer (Thermo Spectronic Model Genesys 20.
USA) at the maximum absorbance at 662 and 665nm accordingly. The filtration efficiency in
removing the dye from the feed solution was calculated using Eq.(2):

R(%) = [1— %] X 100 @)

where Cp is the dye concentration in the permeate and C, is the initial concentration of the dye
in the feed.

3. Results and Discussion
Effect of TiO, Dosage on Viscosity of Membrane Dopes

The ncat PVDF-NMP membrane dope was a yellow transparent viscous solution while the
TiO, added dopes were white viscous solutions due the presence of TiO, nanoparticles.
Membranc dopes with TiO, nanoparticles were obviously more viscous than the neat
membrane dope. As shown in Figure 1, the addition of the TiO, nanoparticles could
significantly increase the viscosity of the membranes dopes. The membrane dopes viscosity is
an important paramelter that influence the rheological property of the polymer solution which
imposed kinetic effect during the membrane formation process. As a result, membrane
morphology is influenced by dopes viscosity. Higher dopes viscosity would prevent the
creation of macroporous structure caused by instantaneous demixing, however, higher dopes
viscosity would be a barrier for membrane formation which produced less interconnected
sponge structure that impaired the water flux which will be discussed next.
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Figure 1: Viscosity of PVDF Nanocomposite Ultrafiltration Membrane Dopes

Effect of TiO, Dosage on Membrane Morphology

Figure 2 shows the surface SEM images of membrane prepared from PVDF/NMP systems
with different content of TiO, nanoparticles. The addition of TiO, into the polymer matrix
demonstrated an obvious change of membrane morphology. As discussed in section 3.1, the
loaded amounts are able to change rheological behaviour of polymer solution. Higher dope
viscosity will affect the mass transfer of solvent and non-solvent during the phase inversion
process which resulted in higher resistance of solvent diffusion between the polymer solution
and the coagulation bath. On the other hand, due to the hydrophilic nature of TiQ,, the
thermodynamic behavior of solution is also affected. The penetration velocity ol waler into
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nascent membrane increased with increasing TiO, loading during the phase inversion method.
The nonsolvent influx is expected to be increased due 1o the pulling force of the nanoparticles
which enhanced the instantaneous liquid-liquid demixing. Solvent molecules can diffuse more
readily from the polymer matrix to the coagulation bath duc to the decrease interaction
between polymer and solvent molecules by barrier created by nanoparticles [Kim er al., 2001].
As a result. spinodal demixing is likely to occur which resulted in a highly connected porous
structure. However, beyond 3 wi% of TiO, dosage, it was clearly seen on the surface whereby
TiO, agglomeration starts to occur. Agglomeration of TiO; is an unwanted phenomenon as it
might block the pores of membrane and cause membrane defect. At the same time, it reduced
the surface area of the nanoparticles and consequently reduced its photocatalytic properties.

PR R RLE L

..

Figure 2: SEM images of PVDF nanocomposite ultraliltration membrane surface

Effect of TiO, Dosage on Membrane Surface Wettability

The membranes were characterized in term of surface wettability. Membrane surface
wettability is one of the important membrane properties which could affect the flux and
fouling behaviour of the composite membrane. TiO, particles which contain hydroxyl group
on its surface were responsible for the hydrophilicity increment and fouling mitigation
[Yuliwati and Ismail, 2010; Wu ¢f al., 2008]. Therefore, addition of TiQ, is expected to
produce a membrane with reduced contact angle. The results of contact angle shown in Figure
3 could verify this phenomenon. When the TiO, dosage is increased from 1 10 5 wt%, it was
found that contact angle of the membra . Water
contact angle values decreased with the increasing dosage of TiO, nanoparticles indicated that
TiO, do contribute in increasing the membrane hydrophilicity. The same phenomenon also
observed by Bae and Tak (2005). However in our study, we found that further increasing of
TiO, dosage above 3 wi% will cause the increasing of contact angle. It is an unwanted
phenomenon as it might impaired the water ux of membrane. This phenomenon is mainly
due to the increasing surface roughness of agglomerated TiO, nanoparticle as shown in the
SEM picture of Figure 2. Young’s Equation related the surface tension in such a way:
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Where.

Psia¥us¥s are the surface tensions of solid-Liquid, Liquid-vapor and solid-vapor respectively

However, Equation (3) is suitable for non-porous surface. For porous surface. Equation (3)
has beecn modificd based on its effective porosity (¢) whereby:

cos@ = L(] "'5)[}%1' "'7’.\‘/,] ()
Ly
Positive value of ysv-ys. means that the solid surface is hydrophilic whereas negative value
means hydrophobic surface. For membrane surface with contact angle less than 90°, it is
considered a hydrophilic surface. Therefore, at higher surface roughness, surface cffective
porosity is likely to be increased and caused the increased of surface contact angle.

0
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Figure 3: Contact angles of membrane with different TiO, dosage

Membrane Performance
Pure Water Flux

Pure water flux experiment is an important parameter to evaluate the performance of
membrane. It was carried out to investigate the influence of TiO, dosage on permeability.
Figure 4 shows that the pure water flux was enhanced with the increased of TiO, dosage
and achieved its maximum value at 3 wi%. TiO; incorporated membrancs show higher
fTux due to the increasing hydrophilicity of composite membrane as discussed in section
3.3. TiO; composite membrane could be more hydrophilic than neat polymeric membrane
due to the higher affinity of TiO, towards water [Bac and Tak, 2005]. The hydroxyl group
could attract water molecules to pass through the membrane. Besides. bigger and
interconnected pore structure of composile membrane as a result of spinodal decomposition
provides less resistance to water permeation. Nonetheless, at 5 wi% of TiO, dosage, a
significant decreased of pure water flux was observed. This observation is due to the
agglomeration of TiO, as shown in the SEM images which block the pores of the
membrane, and subsequently provide higher resistance for water permeation. This
phenomenon is in accordance 1o what was observed by Soroko and Livingston (2009) in
their research who found that with the presence of 10 wi% TiQ, in the polyimde matrix
resulted in lower permeation flux.
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Figure 4: Effeet of TiO, contents on pure water flux

Membrane Rejection

The study on the effect of TiO, concentrations on membrane rejection was also carried out.
Figure 5 and Figure 6 show the results of dye removal using the TiO, composite membranc
without and with the presence of SDS, respectively. The retention of MB molecules was
found to be negligible (less than 12%) in the absence of surfactant. The minor retention
could be attributed to the adsorption phenomenon of dye which takes place at the surface
and in the pores of membrane. Since the MB molecules are much smaller than membranes
pore size, no steric hindrance is expected. Moreover, the net negatively charged surface of
PVDF could provide a superior adsorption site for the positively charged methylene blue
which enhanced the dye removal inspite of the small solute to pore ratio. Membrane with |
wi% TiO, dosage exhibit better dye removal compared to the neat membrane. |t is most
probably due to the higher surface area of TiO, nanoparticles which provide the extra
adsorption sites in membrane for adsorption (better rejection). By further adding TiO, ,the
overall porosity of the membrane will be reduced due to the particle agglomeration and
pore blocking. As aresult, a decrease of dye retention was observed.

On the other hand, with the presence of 20 mM surfactant in the feed solution, dye
removal was enhanced dramatically. These surfactant molecules could form micelles that
solubilised the MB.  As a result, a solution with higher solute to pore ratio was created.
This facilitates the micellar enhanced ultrafilration. The added surfactant molecules with
higher concentration than the critical micelle concentration (CMC) will form micelles
which will be retained on the surface of the TiO, composite membrane. The results showed
that the electrostatic interaction between MB and surfactants plays an important role in the
MB removal.

Membrune Antifouling Performance With Dye Solution as Model
I Y

The influence of TiO, concentrations on membrane fouling was studied. Figure 7 and
Figure 8 showed the relative permeate flux results of the ultraliltration of dye solution
without and in present of SDS using the TiO, composite membrane. The relative permeate
fux of MB molecules without surfactant showed in Figure 7 remain constant with time due
lo MB molecules are much smaller than membranes pore size, no steric hindrance is
expected.

On the other hand. a relative permeate flux decline is observed with the presence ol 20
mM surfactant in feed solution as shown in Figure 8. Membrane with Twt % TiO, showed
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Figure 5: Extent of Dye Removal by Membrane With Different TiO, Dosage Composite
Membrane
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Figure 6: Extent of SDS Enhanced Dye Removal by Membrane With Different TiO, Dosage
Composite Membrane

highest relative permeates flux declination as shown in Figure 8. The rapid flux declination
is most likely due to the build up of cake layer on the membrane surface as the smaller pore
size would detain the micelles more effectively During ultrafiltration, the higher surfactant
concentration near the membrane compared to bulk surfactant concentration [Zaghbani er
al., 2007] caused the flux decline. Nevertheless, beyond 3 wi% TiO, composite membrane
onwards, the defect on the membrane surface which resulted in the poorer MB rejection
and subsequently slower dye layer buildup. These phenomenons are observed from Figure
6 and Figure 8 that beyond 3 wt%TiO, showed lower relative permeate Hux declined and
decreasing in MB-SDS removal efficiency.
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Figure 8: Permeate Flux With SDS by Membrane With Different TiO; Dosage Composite
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4. Conclusion

Nanocomposite membranes had been prepared by dosing different amount of TiO, nanoparticles in
the polyvinylidene fluoride polymer solution. It was found that membranes prepared under different
TiO, dosage have different physical and morphological properties. Addition of TiO, could enhance
membrane hydrophilicity, however, it produced membrane with bigger pore size due to the seeding
effect of nanoparticles. At higher TiO, dosage, pore size of membrane could be reduced due to the
agglomeration of TiO, that block the membrane pores and cause membrane defect. Pure water flux
could be enhanced with 3 wi% TiO, dosage and beyond that the water permeability was impaired due
to the blocking effect. Membrane prepared showed very poor sieving mechanism for methylene blue
due to small solute to pore ratio. Methylene blue removal can be enhanced dramatically by adding
SDS surfactant to the methylene blue feed solution. Methylene blue aflinity towards PVDF membrane
is higher than TiO, which has advantage to reduce the membrane fouling phenomenon. The findings
provide some useful information for membrane development as it could mitigate the membrane
fouling phenomenon through its hydrophilicity improvement and at the same time it reduced the
interaction between the dye and the polymer matrix.
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4. Jens ProjelGeran I RU{Indmdual) 10. Tarkh Tamal ProjeGeran . 31 Disember 2013
5. Gaj . RM820.38 Sebulan 1. Oakigerasn :
6. Jenis Gaj . Bulanan 12. Tarikh Kualkuasa Lamtikan + 2 Januari 2013
7. No. AnliKWSP o 19834420 13, Tarikh Tanut Lantiksn : 28 Februari 2013
8. Kadar Caiuman KWSP 1% 14. Nama Bank : Bank Slam Malaysa Berhad
15, No. Akaun Bank . 8022020349215
IMBUHAN TETAP AAAUN BAYARAN BANTUAN NAUN
1. Khidmal Awam RM 115 Sebutan 1. Spratsdup M 300 Scbutan
CARTATAN
Sita abaikan surat pemeriksadn dokior, tetak perty lakukan pemenksaan kesdutan.
PERHATIAN
1 Emoh 1 adatan kepada slatus akawy kewangan terkin projek.
2. Kenyataan Gap (KG) i adatah betul gka hada maklwnbalas ddermna danpada st dalzm tempoh 5 hari dan lardh KG i,
3. Kemudahan perubatan untuk diri sendiri sabaja (fanpa pcmbalm PRI
a)  Pelantikian oxletuhi 3 bulan - i i {Kampus IndukuKe; JAPPTIHUSHA
b}  Pelantikin kuring 3 bulen - Hospititl Kcruj:xm\ sahja
Untuk makluman phiak luan/puan, kad rawatan taak 1 No: ber 2010. Satinan KG ini akan G kad i}
4.  Syaral-syaral lain adalah seperti yang termaktub dalam sural tawaran dan Lampiran A.
PERAKUMN
Seaala maklumnal di atas telah di benar, d k can oleh DR. GOl BOON SENG Ketua Projel/Geran ini pada 2 Januari 2013. Ketud Projek/Geran baleh furul dsabitkan di bawah AMa 605 sckiranya
Y yang )/ lepat
Tankh perakuan penenmaan oleh WONG HUT YIEN pada 20 Mac 2013,
(PROFESOR MADYADR. LEE KEAT TEONG)
Pengarah
b/p Pendattar
sk Dekany Pengarsh
PUSAT PENGAJAN KESURUTERAAN KRA
DR OOBOON SENG
Ketua Projek
PUSAT PENGAJAN KEJURUTERA/AN KA
WONG tUI YIEN
DIADR OOI1BOON SENG
PUSAT PENGAJAN KEJURUTERAAN KEVRA
© +iRoRa. Banagun Penpuidiran & moas: Uniersib Sains Malaysea - 2010
of 1 51212014 9:37 A\
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i1z eScienceFund :

of |

...February 05, 2014

Home] 'tay Profite | :. i | Disbursemont | Mq ._,irgg.l,,l_-ggqu*.__;_‘
sProject Application Searching

Project Application Searching
{Note Astensks (°) may be used as wildcard characlers in the search functions. E.g, the search steing a*d vill find badger, around and bandstand;both

). Without an A k (°). the sy will scarch for an exact match.)

Project No.

Progect Titte

Progect Leader :

Insitubon - ' scarch ~

Project Details

CProgcttio  Project Tite Project Leader ) Tinstiivon Status B
USMO002892 Synthesis of Polyethersulfone /Zinc oxde Mised Matrix  JAbdul Latil kin Alimad USM Accepted I

e Hollow Fiber Membrane for Humic Acid Removal R . o
03-02-11-SF0041 Simultaneous Sacchanfication-Fermentabon coupled  |Chin Sim Yee umMpP Accepled
vath Pervaporation-Dephlegmation (SSFPD) inlegrated

i process for the production of bioethano! :
03-01-05-SF0555 Dewelopment and optimizalicn of a novel nano emulsion JAbdul Latif bin Ahmad USM Accepled ‘

N ) liquid membrane for cadmium recovery t .
103-01-05-SF0472 Development of monodispersed magnetle nanoparticles [Lim Jit Kang usm Accepled i

? enthanced polymeric mambrane 10 remove arsenic !
S . fromdrinking water for the bottom bifkion
USMO001550 Development of monodispersed magnetta nanoparticles [Lim Jit Kang USM IAcceplea
enhanced polymeric membrana lo remove arsenic i
fromdrinking water for the bottom billon. !
03-02-11-SF0165 Evaluation of recycling feasibiity and sustinabihly of Rajkumar Durairg) UTAR }Acceplnd
physico-chemicat micgnly of sintered siher 1 i
N raNoparkiclcs removed Biroughbiosorption ang ' !
i [nanchitration processes !

03-01-05-5F0563  {Deveiopment of hoiow fibar mamibrana gas-haud Abdul Latil bin Altmad USM {Accepte
contactor for CO2 enussion reduction i t

03-02-11-SF0183 Evaluauonof perfermance and reusability of recovered Rajkunur Durairaj UTAR !Acceptod '
sintered s:tver i

nanoparticlesthroughbiosorptionprocessfor the :
| electronics packaging industry |

03-02-11-5F0095 vaepmauun and Charactenizatron of Biodegradable Ches Swie Yong UTAR ;'A'Ezé;ll‘&?"
s .. _ {Cetulosic Fitre Remniorced Polymenc Composites e D R
‘; {UTARODOD/17 ;Ew!ualxonolblosmphonprocesses on the performance of {Rajkunxtr Durairay EUIAR ’l\ccumod
i “sintered siver nanoparticlss for electrome packaging N i
. lappications | . i
Page 1 o 2 o @
Abbrevialion
Aot Descripton:
1SC Institution internal Screening Commitice
ic MOSTI Internal Commiliee
TFC MOSTI Technical & Financial Commilice
AC MOSTI Approval Conwmitice
RA Research Agreement
Al Rignts Reserved Muustry of Science, Technology and Innovation, Block C5, Parcel C., Federal Gowernment Adnunisirative Centre,

62662 Putrajpya, Malaysia Te!: 603-88858000 Fax 603-88689000

hup://ernd.mosti.gov.my/eScience/Appli/frmApp_App_

Find_COLLA .aspx

S1212014 947 o



PENFABRIC SDN. BERHAD waen

0 Head Oflice : Plot 117-118 & 200-202, Prai Freo Industrial Zone 1, 13600 Prai, Penang, Malaysia
Tt NG 604 3807000 (Genatal Lina)
Fau s w06 30RO {Grip MG apotate Atlas s}, 504 3981705 (Arcount o iranea), 64 2WRIDl {Hatealagniics; o0t A5 Syvlems;

a PENFABRIC #AILL 1
1C0-€, Bl C Mr 12, Phase 3, Bayan Lepas FiZ,
11990 Bayan Lepas. Penang, Malaysia
Tel No' 604 6432611 Fax Ho GO+ 6240114

0 FENFABRIC MILL 2
a1 & 2. Pra Whardf Free Indusinal Zone.
13630 Prai, Penang. Mataysia
fe! No €04 3007344 Fax No (04 3902586

[ PENFABRIC MiLL 3

150-A, BIk A, Mr 12, Phise 3, Bayan Lepas FIZ,
11600 Bayan Lepas, Penang, Malaysia
Tel No' 604 6432801, Fax No' ©04 £432607

O] PENFABRIC MILL 4

Plot 117118 & 200-102, Pran Free Industnal 2one
13600 Prai, Penang. Malaysia
Tel No. €04 2907000, Fac No 04 3530330

i
Aste. Rinasoqeinvds Addoss as indecated [

20 July 2012

Fundamenial Science Platiorm
Rescarch & Innovation Divisian
University Sains Malavsia
SO0 LISN, Penanyg
Maluvsia

Afin o Professor Abdul aul Ahmad

Dear Sir,

Ko Pentabric Mill-band Ml 3 Wasie Water Improvement Studies on Color

Faculd dine to thank vou, Dr. Qof and Dr. Suzylawati for coming onver to Penfubric
AL vesterday 1o understand and discuss sotutions for our eifluent coler 1t was very
difficait 1o geta date suiable for bath parties and we are praictul that we couid tinally

capieie v
HT U

veoeaplaned, we would Bike 1o use aomethod wihiich does not canse ceneration of

nount el shidves. Thus using coagulants or activated carbon e

3 Lnvenble

exowe el hinve timense problem with handling, drving and stonme the shudac,

witheut cven menioning the cost oi disposal.

Your membrane syxtem iy interesting but please consider also how 1o cea! with the
repect 1200 30% of the waste solution containing high concentiatiog of dyes)

Plovse aavine Bos we shoald go about the procedures. Wil appee

ver pron ot teedback.

X3 LIREY
Ly
/,",}L{‘/.
s R S

< [y

oo Soar Boaen
Crenern Manaeer Diector

Pentaboe NVEH L 20 vand o

vy eh



MINUTES OF MEETING WITH USM RESEARCHERS TO DISCUSS
EFFLUENT COLOR PROBLEM OF PENFABRIC MILL 3 AND MILL 4.

Attendants “Prof. Dr. Abdul Latif Ahmad (Research Dean, Research & innovatian Division),
Dr. Ooi Boon Seng (School of Chemical Engineerning;,
Dr. Suzylawati lsmail (School of Chemical Enginnering),

Penfabric : Mir. SB Ho {General Manager/Director)
Mill 3 :Mr. CS Ong
Miti 4 T M/s. Jaya Paul, Mohd. Zalman, Mohd Faisal, ienny Qo

Date & ume ;25" Juiy 2012 {(Wednesday), 3:00 o.m. - 4:30p.m.
Venue : Technical Meeting room

Recorded by 1 CSOng

1. Mr, laya Paul welcomed the guests from USM to Penfabric M4, He briefed the suests on
companv’s backeround and process flow, as well as the products from cach miil. Mr. SB Ho
further explained on the package yarn dyeing process of Penfabric Mill 3.

7 Both viili 3 & ivitif 4 can compiv with gl liwe 31 pardgmeiers eacept fur woior,
3. For an understanding of the performance, the tatie below was shown te participants
Miil 4
Parameters P e
. Influent ;. Effluent |
U S ALtk . e LI
BOD {mg/L) ¢ 10O - 800 <18 :
COD (mg/L) . 1500 - 1600 <189
- Suspended Solids (mp/i) <100 <13 4D 6D
w R e A ST T
- Color (ADMI) hGh BO0 Aa0 iann 500
Fiow rates Aot 260 Mo ABOUL B S |
Mote s MilE A concentrated Dye Solutien s about 500,000 ADMI
“. ir jaya Paul explamned that both M3 and M4 had catnoe out g senes ¢ decotounzation
tests through consultants and n-house facihities. Some of the tosts carried out are
ceagulation, membrane system, activated carbon and hvpochlorite test. Using coagulants
ui activated carbon is not feasible because of the high studge generatien. There will be
wmense difficulty to cope with the handling |, drying and storage of the wudioe (hot to
menten the high disposai cost.
5. Hygpoohorite may be fcanibie oy Mill 3 s tested on the offluent. Testung on wane dye

sciution in Mill 2 shows poor perfarmance. PAB requested USM 1o hetp tied g more
practical methaod.




.

(%o

Dr. O pointea cut that the mixture of wasie water contaniny over 100 types of dyestuffs
ot different characteristics and the fluctuation of dyestuits i proguction line would cause
the decolouration work 1o be mere complicated. Br. Qor s also concerned about the
amount of surfactent used, as this would impact the organic digestion of bacterias. Mr. Ho
informed that the consumption is about 12 tons/month.

Mr. Ho enquired about the effectiveness of filtration system in waste water plant of
Pentabric M3 & M4. Professor Latif informed that membrane definitely can remove dyes:
Penfabric can use ceramic memetrane for Ultra-filtration (UF} system as it can withstand
high temperatures. He further explained that treating a small and concentrated volume of
dye waste water would be more feasible than large volumes of diluted influent. Mr Ho
however cautioned that the influent may contain fibres, thereby fouling the membrane.

Dr. Ooi suggested drying a small amount of the waste water to get the weight of the dyes
and use this to make a correlation with the ADM| figures. Professor Latif suggested to
make a balance sheet of the color so as to be sure of the sources of color contaminants.
This is important if PAB intends to only treat the dye solutien irom Pad dry. {Volume
about 5000 litres/day)

Mr. Jaya Paul asked whether there is a mini decolouration plant in USM campus. Professor
Laui explained that there is a pilot plant for waste water of palm oil industry. The mlot
plant can work for other industries if they make some modifications. Mr. Jaya Paul
onquired about the cost of ceramic membrane. Dr. Qor said that the ceramic membrane 15
costly but easier for maintenance. It is suitable {or high temperature environment. Dr. Qoi
further explained that an Ultra-filtration (UF) and Reverse-osmosis (RO) can recover 70 -
80% of waste water.

Prof. Latif supgested that Penfabric write o formal ietter to bim and he will propose
through Usains to ssue the MOU & MOA {(Memorandum  of understanding &
rMemorandum of agreement) based on the Research Contract 1o explore and fing possibic
solutions. He will roply to us once we write 1o him,

The meeting adjourned at 5:15pm  with thanks 1o all participants.
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UIVERSIT] Paiobat Pengurusan Dan Kreativiti Penyeliditan » °
SAINS e T e
MALAYSIA
//‘ N A R
o s Tt
Rujukan - 7/ C2¢ F S

Tarikh A Afe; D0/ 2

Or Goi Boon Seng
Pusat Pangajian Kejuruteraan Kinua
Lo Universith Sains Malaysia
C S Hampus Keunutzraan
14304 thibong Tebal
PULAU PINANG
Tuan,
KEPUTUSAN PERMOHONAN SCIENCE FUND 2012
. Sukazita dimaklumkan bahawa pihak kami telah mendapat pengesahan bahowa piojek tuan
seperh henkul telah dilutuskan:
T Projé'ct Prdject . - Total Grant
C r
L Justc No. Leader P::o;ecr Title ol mm
i 06-01- D Ooi Boon “Remova!l Of Nalural Orgaine Matter E
S & T Services 05- " Sen (NOM) Using Seil-Cleaning Mixed | 184,780 00
SF0548 8 Malriv Memhrane” '
: :

o Tempoh Projek 24 hulan (Mac 2012 - Februari 2014)
« AN Rumputan i)  Profesor Abdul Latif Ahmad (USM)

ity Dr. Lim Jit Kang (USM)

« No Akaun . 305/PJKIMIA/6013604

*  Agman mengikut tahun sepert yang diluluskan oleh MOSTI adalah sepert bernkut

;_ s eoitm e 10 i it o Ao e e ik BTt -
1 PERKARA i (2012)
Vot 11000 (Wages and Allowances for Temposary & 16.800 OC
Contract Personnul)
Vot 21000 (Travel and Transpoitation) i 1.500 00
Vol 24000 (Rental) o 24000 )
Vot 27006 (Research Matirials and Supplies) J 2250000

9000600

880006
Vot 3E000 (R&D Equipment amf Accessonies) T ghgooco
JUMLAH BESAR : 136.640.00

Vot 22000 (Mmor Modications and Repans)

Vol 28000 (Special Senes)
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Malaysia Toray Science Foundation ..t x,

Penang Office of MTSF-
c/o Penfabric Sdn. Berhad,
Block B, PraiFree Industriai Zene 1, 13600 Prai, Penanag. Maiaysia
Tel (604) 3908157 / 3854151 Fax: (604) 3908260
Email. misf@ioray.com.my
Website: htip:iwww.misf.crg/

Our Ref : CRG-CA/09.324 (09/G116) 12 October 2009

1. Vice Chancellor
Universiti Sains Malaysia
11800 Minden
Penang

2. Dr. Ooi Boon Seng
School of Chemical Engineering
Universiti Sains Malaysia, Engineering Campus
Seri Ampangan, 14300 Nibong Tebal

Dear Sir/Dr. Oot Boon Seng

YEAR 2008 MTSF SCIENCE & TECHNOLOGY RESEARCH GRANT

Our heartiest congratulations to your University and Dr. Ooi Boon Seng who has
been selected as one of the fourteen recipients of the Year 2009 MTSF Scaence &
Technology Research Grant which carries a grant of 30727 230,00 funded S
As recommended by the Selection Committee, this grant of RM20,000.00 is to be
used for payment of the following goods/services relating to the research project titled
“Preparing and characterization of a simultaneous pore forming and titanium
binding nanocomposite membrane for fouling mitigation”

Equipment & Consumables : RM20.000.00

The grant will be presented to Dr. Ooi Boon Seng at a ceremony to be held on 15
December 2009 (Tuesday) at 10.00 am at Hotel Nikko, Kuala Lumpur. We wili send
to you and Dr. Ooi the invitation and other relevant details in due course

It is the Foundation’s policy that all research grants for the selected recipients shall be
paid to the Universities/institutions concerned. As the custodian, the
Universities/Institutions shall, upon receipt of the grant recipient's written requests. pay
from this grant to the grant recipient or directly to the suppliers for
equipment/consumables used for the research project. Upon completion of the
research, any unused baiance of the awarded amount shall have to be refunded to the
Foundation

Continued 2/-
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