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during the membrane formation procdg$. Liu et al.[8] have studied the 2.Experimental

morphology controlled characterization of the polyethersulfone hollow fiber

membrane by the introduction of polyethylene glycol. In their study, they2.1. Materials

have shown that PEG can be used as an additive to improve the polymer

(PES) dope viscity and to develop the pore inteonnectivity. Panda and Cellulose acetate polymeras purchased from Loba Chemie, India. The

De carried out a detailed investigation on the effect of polyethylene glycol itwo solvents, namely, N, ®imethyl acetamide (DMAc) and acetone (AC)
polysulfone membranes. The influences of PEG molecular weight, solutiofboth with an analytical purity of 99 %); polyethylene glycol 4000 were all
concentration, the type of solvents, and thiss of casting solution were obtained from Merck Specialties Private Limited, Mumbai, India;,Ti@h a
explored. As the solubility of the solvent and remivent can play significant  purity of 99.5 % were obtained from Sigmddrich Co., USA. Deionized

roles in the morphology of the resulting membrane, higher solubility of thevater (DI) was used as the nsalvent in the coagulation bath throughout this
solvent: norsolvent leads to a rapid -geixing. On the other hand,delayed experiment, which was purified using the Millipore system. Bovine serum
de-mixing may occur due to poor solubility and result in a membrane with albumin (BSA) protein havip a molecular weight of 66 kDa was purchased
denser top layer. Due to the higher solubility between NMP and water thaftom SRL, India.

that of the DMF and watethe exchange ratio between NMP/PES is higher

than the DMF/PES ratio, wth implicates more diffusion between the solvent 2.2. Membrane preparation

and polymer and the formation of a porous membra&hes, a highly porous

membrane was achieved usingméthyt2-pyrrolidone (NMP) as a solvent The phase inversion technique by immersion precipitation was used for
when compared to N, -Himethylformamide (DMF)9]. Chakrabarty et al. fabrication of the asymmetric UF membrane from cellulose acetate polymer.
[10], on the other hand, have prepared flat sheet asymmetric polymeriaitially, uniform solutions of CA in Acetone/DMAc (70/30; v/v) were
membranes from a homogeneosslution of polysulfone by the phase prepared under continuous magnetic stirring at room temperature (25 +2 °C).
inversion method. Their results have shown that the membranes with high&he casting solution was stirred overnight using a magnetic stirrer at room
molecular weights of PEG resulted in high pure water flux because of theemperature. After that, the solutions containing CAyesuis and additives
higher porosity of the membranes. Saljoughi et [&]. have prepad (PEG and TiQ NPs) became homogeneous, and they were kept at room
asymmetric CA membrane from blends of CA, PEG, and NMP using théemperature for one day to avoid air bubbles. Subsequently, the casting
immersion precipitation phaseversion process. From their observations, an solution was poured consistently on a glass sheet and carefully cast using a
increase in PEG concentration in the casting solution alongside a higheasting knife keeping gap of roughly about 0.25 mm between the knife and
coagulation bath temperature resultedmprovement of the pure water flux, glass plate. The resultant films were exposed to air for approximately 30 s
membrane thickness, and human serum albumin transmission. Using -organearlier to immersing to the coagulation bath comprised of DI water at room
inorganic membranes, the separation properties of polymeric membranes c@mperature. In the coagulation bath, the castisalturned from transparent

be enhanced and may possess properties such as selectivity, gamdwhite color for membranes CA and G%kG. On the other hand, the milky
permedility, thermal and chemical stability and mechanical strerfjgi. color for CATiO, and CAPEGTIO, membranes was changed to white, and
Another challenge in the field of membrane process is fouling. Sincall the thin films were detached from the glass plate. The membrane sheets
membrane fouling causes a severe decline of the solvent flux, it becomesere keptin the coagulation bath for 30 min. After that, the prepared
essential to fabricate membranes less susceptiliteiiog by making some  membranes were put in DI water filled beakers until use. Finally, the
modification during preparation. In ultrafiltration processes, several attemptsiembrane films were cut into circular discs to be placed in the membrane cell
have been accomplished to decrease fouling, which in general include feéor UF experiments. The membranes with différecomposition are
solution pretreatment, membrane surface enhancements and procesesignated as, MM, M3 and M, (i.e. CA, CATIO,, CA-PEGTIO,, and
modificatiors [12]. In recent researches, it is confirmed ttheg introduction CA-PEG, respectively)Table 1shows the solution casting compositions of

of nanoparticles in a membrane matrix develops the membran€A, PEG and Ti@ nanoparticles. The flow diagram for the membrane
hydrophilicity, antifouling property, and permeability. Accordingly, several preparation process is presed inFigure 1. The amounts of CA, PEG and
inorganic oxide nanoparticles such as@I[13] , ZrO, [14], TiO,[12], and TiO, NPs were selected based on the previous Warkss].

Si0, [15] have been added within the polymer casting solution. Prince et al.

have prepared the functionally modified PES hollow fiber membrane using

PEG 400 and silver (Ag) NPs through thermal grafting. The attachafent Table 1

PEG additive and silver NPs on the surface of the PES hollow ﬁbeﬁolution compositions and viscosity of the casting solution: CA, PEG andch@i®particles.
membranes were done by using poly (acrylonicidemaleic acid)
(PANCMA) as a chemical linker. The WCA results of the modified Membrane
membranes were found to be decreased by about 75.5 %6#2@H3.7 °© to
15.3+1.2 ° and the PWF have improved by around 36% from 51%hLtm M: 105 - - 89.5 1680
702 L/nth [16]. On the other hand, Gareizars et al. have prepared UV M2 10.5 - 87.5 3180
irradiation modified polyethersulfone (PES) UF meartes using two naro Ms 10.5 4 83.5 1850
sized hydrophilic compounds viz. PEG and@J NPs. The WCA and pore Ma 105 B 4 85.5 1781
size results of the modified membranes have decreased indicating afr
enhancement of the hydrophilicity nature of the resulting membranes.
Furthermore, the PEG solutleiX and rejection of the PES membranes were
enhanced due to UV photo grafting. Moreover, the modified PES membranes Aceton/DMAc
(i.e. 2.0 wt. % PEG and 0.5 wt. %,8%) have exhibited superior asftuling Solvents
performance than the other tested membr@hé@s Current researchers have dditi
paid attention to Ti@due to its stable nature, being easily available and the {} 1 additives
potential for different applications. Moreover, TiCcan enhance the

hydrophilicity of different polymers to improve flux and decrease the fouling . .
problem which are important parameters in water and wastewater treatment CA solution <:3T102 nanoparticles
[12]. In the membrane filtration process, factors like thermal/chemical,
fouling and fluxare very important properties and the current study is focused {}

CA TiO2 PEG AC:DMAc Viscosity
(wt.%) (wt.%) (wt.%) (70:30; viv) (mPa.s)

2
2

Polymer

on improving these properties simultaneously.

From the above literature, it is observed that there is no report on the . .
preparation and characterization of phase invertedPE&TiO, composite Casting solution
membranes. Although some studies on the preparation of polymer/NPs
membranes have been previously done, the preparation of membranes from
CA, PEG as additive and TiONPs need to be investigated (i.e. to enhance
the morphological structure and afduling performance). As far as the .
authors’ knowl edge is <concerned, this Coagulation Flat sheet eport on
preparation of the composite ultrafiltration membrane from CA, PEG, and bath membrane
TiO, with a detailed explanation. Therefore, effort was made to investigate
the influence of PEG and Ti©on the morphological structure, permeability Fig. 1. Flow diagram of the preparation method of flat sheet membranes.
performance, and thermal stability property of the membrane in addition to
the antifouling properties of CAPEGTiO, membranes.
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2.3. Characterization of membranes resistace(Rm)r esul t s were calculated accor

2.3.1. Hydrophilicity and po_r_osity measurements R, =[ B/(m 3,)] (5)

To study the hydrophilic nature and porosity of the prepared membranes,
three parameters were applied namely, water contact angle (°), equilibrium1ere is the water viscosity (8.9x16 in Pa s
water content (EWC), and membrane porosity. (Both the ¢ and H y(8.9:19 '
hydrophilicity play significant roles in the permeability and rejection nature . .

2.3.4. Morphological studies

of the membrane. The water contact angle (WCA) measurements of the Morphological studies of the prepared membranes were done using a
prepared membranes were conducted on a contact angle measuring |nstrur’rhe| F}_

n . . g . A
. L ! ghrresolution field emission scanning electron microscopy (FESEM,
i(rrfggfps(’)ri(tj(\e/gn\(/:v?tr?i%oriﬁ:ar%eat?ir)‘(algfsIiheGer;n(:gi fiﬁe('jsr?nb(l_lrlz)?;rfzg -I\-/:/(aagps?u die EISS, USA), which provides visual information of the topographic structure

qualitatively. All the prepared membranes were soaked in DI water for 8 daygESIdes the crosmctional structure of the prepared membranes. The

emental composition analysis was done by usigh-énergy electrons of
at room temperature (25 + 2 °C). The WCA values of all the membranes we h .
done ad the TiQ leaching tendency during each soaking period Was([E e energy dispersive-Ky spectroscopy (EDS, ZEISS, USA). For both the

evaluated[17]. On the other handh¢ EWC and: were evaluated using a analyse_)s, a gold coating for the samples was done by means of-a h|'gh
resolution sputter coater, Quorum, to protect the membranes from charging

simple gravimetric method, where each membrane sample (2.5x2.5 squa tring the imaganalysis. Finally, the pieces of membranes were attached to
cm) was immersed in DI water beakers for a specified period. Then, the 9 g YSIS. Y. p

samples were dabbed with dry filter paper and weighed immediatgly ( a p'Igte holder using doubtéded adhesive carbon tape in a horizontal
Finally, the memtanes were kept inside vacuum atmosphere for 24 h at SQOS'UO”'

°C. The final dry weights of the samplé¥) have been taken again. The
membrane porosities were calculated by dividing the volume of the pores
the total volume of the membrane. Therefore, thaltgsre found using the
following equatior{19]:

b2y'3'5' Thermogravimetric analysis

The thermal degradation analysis was conducted by thericrobalance
(Thermo gavimetric Analyzer) (TG 209 F1 Libra®, Germany). The TGA
results were found from 30 to 800 °C using nitrogen gas where the flow rate

%) = [(Ww - W)/ fW] 3100 @ was kept as 40 mL/min at a heating rate of 10 °C/min. All the membranes
(W - W)/ ry ] fWo ! g] were loaded into a platinum sample holding pan.
where,Wy, is the wet membrane weight (&) is the dry membrane weight ~2.3.6. Fouling and rejection performances
(9), pw is the pure water density at working condition (g §mandp, is the Membrane fouling experiments were done in the stirred ultrafiltiration
polymer density (g cmj. As discussed earlier, EWC was calculated using thebatch cell Figure 3 to investigate the effect of PEG and 7iGn protein
subsequent equati¢m0]: rejection and permeate flux of the prepared membranes. The cotioantra
and the pH of BSA solutions were 1 gland 7.0, respectively, throughout
EWC(%)=gW w ) W, gEo0 @) the experiments and DI water was used as solvent for BSA. The flux values
W D w

were calculated usindeq. (4) and the rejection of BSA solutions was

) evaluated b¥q. (6)
The average values of EWC and membrane porosity were taken after

measurindive different samples of each membrane to reduce the error of thq;{(%):[(l {C, IC,)] 100 ®)
balancing measurement. L

2.3.2. Average pore radius determination

The water filtration velocity method was employed to determine the
average pore size of the membranes and the results cadgelated at
constant transmembrane pressure (300 kPa). Generally, the membrane
average pore radius,) is considered as an approximation of true pore size
anditdenote t he average pore size thr ou Pressuregauge
The average pore radius can be calculated by using the GtElford—Ferry
equation20:

Pressure supply (1)

— Feed (2)

().

Filtration cell (3)

Membrane (4)

H Permeate (5)

Fig. 2. Schematiaiagram of the batch experimental-sgt

= \/[(2.9- 1.75%)(8 3m 32Q,2)] @)

(eA, * M

wherep is the water viscosity (8.9x1Q in Pa. sQu is the pure water flow
(m® s?) and4P is the transmembrane pressure (300 kPa).

2.3.3. Pure water flux study

In this study, a batch cell experimental -gpt was used, which is where,C, andC; are the concentrations (mg Lin the permeate side and the
presented schematically Figure2. This experimental sefpis comprised of ed sidcpe resp;ctively Subsequently, the?eed and ‘;)Jermeate concentrations of
a pressure source to supply the pressure required for the filtration experlme%A solution were evaluated by usirthe UV-vis spetrophotometer

the feed tank where the feed is collected:; filtration cell, membrane piece al - D .
permeate after membrane filtration. A pure water permeability experimen hermo Fisher Scientific, V2300, India) at a wavelength of 278 nm. These

was dom in a 400 mL stirred batch cell. Membranes with a circular shape O?Xperi_ments were repgated for ‘hfee times and the error bars are presented. To
7x10 2m diameter and with effective filtration area of 3.85%1@? were investigate the anfou_llng properties of th? prepared _membrgnes, the flux
employed for this experiment. Compaction studies of each prepare&sses dueat total fouling(F;, reversible foullngF,)_, and |rrever5|_ble foullng
membrane were done using deionized water for 2 h using a fixed pressure f’) of _aII the three cyles were calculated using the following equations,
300 kPa and pure water flux results were réed with a 10 min interval. The respectively21].
membrane compaction factors (CF) were found by calculating the ratio of
initial pure water flux(Jyi) to steady state pure water flk,). Pure water F=0 (Je/Iw)] (7)
flux results were calculated using the following equation:

Fr :[(‘]Wf "]B)/ ‘]Wi] (®)
Jy =[Q/(A 3 1D 4)
where,J, is pure water flux (L/rhh), Q is the volume of water permeated (L), Fie =[O )7 ©
A is the effective membrane area?)[rand ¢ is permeation time (h). Thus,
pure water fluxes were evaluated by means of passing deionized (DI) water
through the membranes. Pure water flux values at different transmembra&
pressures (AP) (ranging from 100 to 300kPa) were recorded. Me mbr an ¢

The fouling resistant capacity of the prepared membranes was evaluated
ing normalized flux ratio (NFR) as showniqg. (10).
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NFR(%6) =[(J, / Jy;) 200] (10) presence of the polymeric additives and Ji@Ps can increase the

concentration/viscosity of the casting solution, which may diminish the

diffusional exchange rate of the solvent and-salwent during the membrane
ormation process. Accordingly, this may hamper the instantaneous-liquid

iquid demixing process which suppresses the development of mraile

[23]. However, for membraes prepared using PEG and Ti@anoparticles

(M3) and without TiQ nanoparticles (M), the formation of micrevoids

2.4. Characterization of TiO, NPs (microporous stru_cture, which is important.for the porosity of a membrane)
was observed. It is clear that the pore forming propertiesedPEG polymer

g have played a key role in the development of the porous sublayer. A

The particle size of Ti@nanoparticles (commercial) was characterize | Jsol Irepivent/additi £ th h
by using transmission electron microscopy (TEM, JEOL, JEM 2100, USA) aguatern_ary . system (PO. ymer/solvent vent/additive) o .t € phase
|Separation involves emixing of the entangled polymers. In this quaternary

210 kV. First, the Ti@nanoparticle sample was prepared by dispersing in D S h -

water (500 mg/L) ad then being poured on a carbon tape covered pIate?yStem’ two ph"?‘ses occur fhicthe phase separation; one involves CA (i.e.

Finally, the sample was dried at room temperature and ready for TEmnembrane for_mlng polym_e_r), A.C' DMAC (i.e. _solvent) and Jsolvent, the

analysis. As clearly shown figure3, the TiQ, NPs appeared in the form of rsne:;g?agcemtfecl)lrnnfir:gep?)(lj;rggs a(1lr.1?j. apcljzcgist?\’/eA%ésD'\;Agyﬁg:jr;f:mgfrgtﬁg-tweto be
ts. T the si f h ticle, | )

spots. To measure the size of each nanoparticle, Imagadarn was mpletely separated to G#ch and PEGich phases. Consequently, the type

of demixing process can also be decided by the diffusion of these polymers
with respect to each other. On the other hand, the addition of tdihe
membrane formation system hi#s influence on the dmixing process.
However, almost macreoid free crossectional structures were observed for
the M, system. From these results, it can be concluded that although the
instantaneous dmixing is still continued, the effect of the PEas a
substantial role in the suppression of the fiAder structure and macreoids
which occurred for the Mmembrane. The presence of the polymeric additive
increases the concentration/viscosity of the casting solution, which may
diminish the diffusbnal exchange rate of the solvent and-solvent during

the membrane formation process. Consequently, this may hinder the
instantaneous liquitlquid demixing process which suppresses the
development of macrwoids [7]. On the other hand, the conmatively low
affinity of PEG to the solvents may take additional time to reach the top
surface allowing the polymeric molecule to get sufficient time to accumulate
and rearrange and subsequently develop a relatively thicker and denser top
layer. The opemore structures developed in the membranes are formed by
nucleation and development of the polyrean phase in the metastable area
between the binodal and the spinodal cur{®4, 25]. A possible explanation

for the formation of a nodular structure on the top surface of the membranes
could be due to the spinodal -dexing because thealiffusion process
throughout the development of the flager is faster for the homogenous
system to become highly unstable and crosses the spinodal[2dyvin the
present study, the top surface with some open pore structures is observed
more prominentlyin the case of PEG (i.e. and M) which is attained
because of the spinodal decomposition. Therefore, thedaterected pores
may be accounted as a constant-l€d&n/ PEGrich phase entwined by a

FESEM analysis is an important thed to study the membrane continuous CArich/ PEGlean phase which is responsilite developing the
morphological structure and qualitative information about surface and CrOSS, iform matrix of the membrarf&]. On the other hand, in the case of And

s_ectlotnhal morphoI(t)_gy oIf the men;br?nes tct) tl)e aclhlgved. TITe tcf);:hlayer[ésurfaﬁfzz membranes, no open pore structure was detected, where a less porous top
View, INE crossectional view, and elemental analysis results of the pIEpare, .o strycture was observed instead. On the other handyiitlésitefrom

Ghese figures that the fingkke structures and macnwids are suppressed
fter adding TiQ (M, and M) regardless of the effect of PEG for the M
embrane. However, the JMmembrane seems to have less microporous

crosssectional structuresThese results are also confirmed by the porosity

study (Table 2 where the Mmembrane showslatively lowest porosity than

the other membranes. The introduction of both PEG and pi&yed an

important role in the improvement of the membrane hydroptyilieind

porosity. The porosity, EWC and pore radius results of the prepared
membranes are calculated usigg. (1), (2 and(3). The membrane average

whereJg is the BSAflux; Jws is the flux of the membrane after fouling (2 h);
andJy; is the flux of the membrane found at the start of each fouling stag
Normally, a greater NFR value (next to 1) indicatebetter antifouling
nature of the membranes.

Fig. 3. TEM image of commercial TiEnanoparticles.

3. Results and discussion

3.1. Morphological study

presented in the FESEM and EDS images (Fegure 4(a), (b) and (c)
respectively). As evidently revealed from the figures, the synthesize
membranes are asymmetric in structure involvingense top layer and a
porous sulayer for all types of membranes.

3.1.1. Effect of PEG and TiO, NPs

The sublayer portion of the Mmembrane appears to have findike
voids as well as macieoid structures. Generally, the development of macro
voids happens under rapid precipitation conditions, and the precipitations argOre radiug(ry) is considered as an approximation of true pore size and the
quicker at high coagulation temperatufé. In the present study, the results are 2% 6 nm, 15.6 NG &m and 31.4 nm for MM,, Ms and M
coagulation bath temperature and evaporation time (i.e. before immersiop spectively. M.oreovler, t.he lowest pore rédius for the, h’;hembrane ’is

were fixed to 2512 OC. and 3.0 rg,s_pectively, duri_ng the preparation of aII_the attributed to aggregation of some of the I the surface of the membrane
membranes. An additional significant factor which can affect the formation obores This can also be seen from the top surface view.qirésentd in

suppression o.f macieoids is the type_ of dm|xmg_o_ccurred during the Figure 4a. Adding TiO, NPs to the polymeric solution can increase its
pha;e 'separatlon process, where, t.h? instantaneouixidg and the d‘?'ayed viscosity. Therefore, the particles leaching problem is less, and subsequently,
de-mixing depend on the mutual affinity of ”‘F:‘ SO'VeUt and-sokent in the. the pore forming effect of NPs can be declined in the case where the high
£ int " ) I ol | ~ solvent and solvent S\/iscos_ity of a solution hapers the developmen_t _of_pores e_md causes the
o Inteéractions viz. polymer: polymer, polymer: solvent and solvent: non porosity of the membrane to decredd4€]. To minimize the influence of

SOIVem. are applied. If 9°°d.p°|ymer solvents are used, the degretyiep thickness shrinkage of thmolymerphasedue to the accumulation of NHg,
stretching reaches to its highest level and nfex@rable polymer/solvent the present study, TiONPs having low concentration (i.e. 2 wt. %jre

m_teractlons can occur. The solvents used in this study (i.e. AC: DMAC) havgelectec{ZG]. It may be worthy to mention here that the addition of NPs in the
h'gh m_utual "’.‘ﬁm'ty with wate_[22].'Thus, apparently, the deVEIO.p.mem of the polymeric membrane may decrease or increase its viscosity depending on
fmgeEIlke vc_ndsdandt m?ﬁWQ'df mt the sublayer OflthihM (addltlv?hfre((a:)A various parameters, such ascentration of additive and ligand stabilizer
mzr;_t'raniz 1S l:e t?] et 'n.? arrl]_ar;‘zou | Eg. nth IS case, he [27]. Due to the introduction of a edlvely lower concentration of TiQthe
(additive free) stretches to its highdevel where there is a maximum  gqorjive structures, and mackmids present in Mwere greatly suppressed

interaction between the CA a#d: DMAc, which tends to instantaneous-de . . oy
g i ' - and a relatively dense layer with small findjge structures was observed for
mixing conditions to happen. On the other hand, after adding the PEG a , and M, The presence of small maevoids with a litte fingerlike

TiO, to the ternary (polymer/solvent/n@olvent) system, the developments :
of macrovoids are suppressed significantly’ (e, MMs and M). The structure in the case of Mand M, are assumed to be related to the
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interference effect of NPs and PEG additive during the phase inversioprepared membranes are presenteBigare 5 (a) and (b), respectively. The
process. Therefore, due to the interfacial stress between polymers and NBsphs were plotted as weight loss (%) vs. temperatures (°C). It can be clearly
interfacial pores are formdeas a result of shrinkage of polyntase during  seen from the TGA figure that the decomposition afidMshown in three

the demixing proces$28]. However, the presence of Ti@h M, diminishes  steps. The first degradation step of the lieembrane was detectéatween

the presence of fingdike structures and a sublayer structure with almost free30 and 60 °C and the weight loss was about 4.5 %. This degradation is due to
macravoids is obtained. These results can be described in terms of the Nftise presence of some volatile material or because of the evaporation of
agglomeration on the membrane forming the polymerirdtring the phase  absorbed moisture by the sample. During the second degradation step, a high
inversion process. The occurrence of the NPs agglomeration can be mainkeight loss of around6.5% was observed between 60 to 260 °C, which is
caused due to the high surface energy of the NPs, which tend to aggregate ossibly due to the start of the main thermal breakdown of CA chains. A final
weakening their surface energy to reach a more stable state. Furthermore, tfegradation step that started at 260 °C and ended at 380 °C with a weight loss
NPs agllomeration leads to a namiform dispersion of the NPs within the of 79% was due to the main degradation and plsdiecause of the
polymer surface and structure. This phenomenon can negatively change tbarbonization of the decomposition of the residual materials to ash. The TGA
resulting membrane properties such as hydrophilicity and surface roughnesssults of the Mmembrane clearly show that it could be highly unstable at a
[26]. However, in the case of Mhe NPs agglomeration was significantly high temperature and similar results were reported by Zafar et al. and
minimized due to the improved distribution of the NPs because of th&hatterjeeet al. [30]. The TGA results of the CA membrane with PEG

introduction of PEG additivi29]. additive and TiQ@ displayed twestep degradation procedures. Therefore, the
start of the decomposition step forMA; and M, were 278 °C, 271 °C and
3.2. Thermal stability studies 234 °C, respectively. The observed weight losses are due to the degradation

of CA chains because of the pyrolysis of the backe of the CA polymer
The thermal degradation analyses (i.e. TGA and DTG results) of all thand also followed by dacetylation of CA31].

(a) (b)

S = S u 2 ¥ith @ -7
i EMT= 200kv  Mag= 500X WOD= 52mm &,.|A=m Ty EWT= 200k Mag= 200KX WD=32mm SgelA=in I
gt
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Fig. 4. (a) TOpsurface and (b) crosgectional FESEM images (c) EDS results af(®@A), M. (CA-TiOz), Ms (CA-PEG
TiOz) and My (CA-PEG) membranes.



Table 2

Compaction and hydraulic clamteristics of those prepared membranes at 250 kPa.
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Membrane CF (x 1c$1T;mf ) L /inWZh) EWC (%) (oz) Fm (M) Thzﬁl;:)ess
M, 1.50+0.4 0.90 204.5 77.8+1.5 81.9+2.0 23.645 83.5+8.0
M, 4.5040.2 4.30 211 76.742.6 81.0+2.5 15.6+7 102.4+4.2
M 1.66+0.3 0.70 530.7 79.5+1.2 83.4+1.8 35.0+3 84.246.5
M, 1.52+0.4 0.67 265.3 79.0+1.4 82.9+1.9 31.4+4 126.943.0

95
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During the last decomposition step, the degradation temperatures dMsM  increased almost uniformly with an increase in the operating pressure from
and M, are 388 °C, 386 °C and 382 °C signifying the main thermall100 to 300 kPa. It is also shown that the PWF for membranes without PEG
degraation of the CA chains, whereas the Tilere totally stable until the additive (M, and My) membranes are less than that of membranes with PEG
end of the analysis (i.e. up to 800 °C). From these results, it is clearly noticeatlditive (Ms and M,). Nevertheless, as the effect of the PEG additive, the CA
that the thermal degradation of the Membrane was significantly enhanced PEGTiO, membrane shows higher pure water flux than that of theTi©A

due to the addition of PE@nd TiQ. An interesting observation from this membrane. These results are in a good agreement witlotickisions of the

study is thatnincrease in thermal stability after the addition of PEG to thecompaction study inFigure 6 (a). The hydraulic resistancéRn,), EWC,

CA membrane (M is due to the presence of a trace amount of the PEG in thaverage pore radius, porosity and thickness of all the prepared membranes are
membrane matrix. The improved thermal stability &f 1, membranes was reported inTable 2 As seen from these results, the hydraulic resistance, of M
due to the strong interaction between the CA and PEG in the membraneas greter than all the other membranes. This higher resistance,da M
matrix by creating hydrogen bonf32]. Moreover, the residuals, i.e. 0.08 %, because of its less porous nature than the other membranes that can resist the
21.9 %, 19.6 % and 7.3 % for,MM,, M3 and M, are consistent with the water flux as compared to the other membranes. Additionally, this result is
thermal stability performares of the prepared membranes. Furthermore, thesupported by the average pore radialculation Eq. 3, where the result was
thermal stability of the M membrane exhibited higher degradation 15.6 nm that is again less as compared with the other membranes. In addition,
temperature than the Mnembrane. This result is attained due to the highlythe Ry, (m?) for the membranes without PEG additive;{\vas higher than
stable nature of TiQat high temperatures and therefore the demjiaw that of the membranes with PEG additive. Thus, the increa$gdraulic
temperature of the Mmembrane was significantly improved after the resistance and decrease in flux results of the membranes without PEG
addition of TiQ. On the other hand, the slight improvement in degradationadditive are obviously due to the decrease in average pore size and porosity as
temperature for the Mmembrane when compared with thg Membrane is  already explained in the previous sections. Generally, the PEG additive is
that the less porous sublayer struetof the membrane is responsible for more hydrophilic tha the CA polymer. Therefore, the membranes with PEG
having strong resistance to heat flow than that of the porous membrgne (Madditive displayed improved flux results. As showrTable 2 by comparing

In this study,the TGA and DTG plots clearly revealed that the thermalthe two membranes with PEG additive s(Mnd M), the CAPEGTIO,
properties of the CA membrane were significantly improved aftermembrane gained slightly higher resistance and higher fluxttiea@APEG

incorporation of PEG and Tignto the CA solution. membrane. These results can be explained because thREGAIO,
membrane has a higher and more uniform porous and hydrophilic surface due
3.3. Pure water flux performance to the introduction of TI@NPs. On the other hand, as PEG additives were

added and the whole additive wd not be washed away during the
The membranes prepared by CA, T, CA-PEGTIO, and CAPEG membrane development due to its low solubility and diffusivity, it could exist
My, M, M3 and M, respectively), using AC: DMAc as solvent were inside the pores and within the membrane matrices. Therefore, the
investigated to evaluate the influence of PEiditve and TiQ NPs on PWF introduction of both PEG additive and BLi®Ps at the same time could play
properties of the membranes. The membranes were characterized in termsaafimportant role in the improvement of the membrane hydrophilicity and

compaction factor, PWF and hydraulic resistance. porosity simultaneously. The porosity and EWC results of the prepared
membranes results are calculated udiitg. (1) and (2) and presented in
3.3.1. Effect of PEG and TiO, NPs Table 2 From the porosity measurement résuit is shown that all the

Studying the compaction factor (CF) of the prepared membranes is vempembranes have shown satisfactory results in the range of 81 to 83.4 %,
essential to recognize the morphological structures (i.e. pore arrangements)vdiich is accredited to the lower concentration of the membrane forming
the membranes specially the membrane-layér configuration. Generally, polymer (10.5 wt. %) as well as due to the addition of PEG additives and
membranes having high CF indicate that these are highly compacted afi@O, NPs bgether with the type of solvent used and type oimiéng
show the existence of some defeetpores in the membrane slayer occurred. Therefore, the high porosity result for CA (additive free)
structure. The compaction factor and hydraulic characteristics of all thenembranes is due the instantaneousdeéng that occurred during the phase
prepared membranes are presenteBainle 2 It was observed that the CF of inversion process as previougyplained. On thetber hand, the effect of
M. was greater (i.e. 4.5+0.2) which can also be explained due to thBEG additive as pofrmer and TiQ NPs as hydrophilicity enhancer was
aggregation of NPs on the pore walls of the membrane could further block thedso accredited to the highest pore sizes and porosity results of the membranes
pores after compaction. On the other hand, the CFs for the remainingith PEG additive and TiONPs, though a relatively delayed-nexing was
membranes are almost similar except for the(M5+0.4) which is slightly  obseved. One point which should be clarified here is that the delayed de
lower than M (1.66+0.3) and M (1.52+0.4). This result is achieved due to mixing, in this case, is not extended delayedmieéing. Normally, if the
the existence of a more porous structure in case pamMd M, due to the  delayed demixing is extended, the polymer film thickness will decrease
introduction of PEG additive, where some of the pores were compacted afteonsiderably which may cause a decreaséhe porosity of the sublayer
the compaction process. The introduction of additives into the mambra membraneg3]. Howeer, the CATIO, gained the lowest porosity due the
casting solutions may either suppress or increase the formation of-macrblPs agglomeration phenomenon as explained previously. It can also be seen
voids in the membrane stiétyer based on the type of additi{@3]. The from the results that an increase in the EWC of the membrane after the
effects of PEG additive and Ti®IPs on PWF at different operatipgessures  addition of PEG additive is because the PEG is known fdryiisophilicity
are presented iRigure 6 (b). The results of PWF for all the membranes were properties.
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Fig. 6. (a) PWF profile during compaction study (at 300 kPa), (b) Effect of transmenjimessare on PWF

The influences of compaction time on the pure water flux of the prepareftom CA-PEGTIO, resulted in the highest flux values. As already explained
membranes are shownkigure6 (a). It is seen from the figure that the PWFs from the FESEM images, the presence REG additive promotes the
of all the membranes were observed to decrease slowly with increasing tinfiermation of the porous structure. Thus, the JNPs can play a significant
because fothe pore compaction and lastly the steady state fluxes wereole on the enhancement of the hydrophilicity of the membrane with less
reached approximately after 80 min filtration operation. The gradual decreasdfect on the porosity of the prepared membrane. It is clear from the porosity
in PWF results can be described because the compaction of pore walls attéirable J data and the flux resulfigure 6) that the membranes with TiO
more uniform and denser structures aadse the pore size and the flux to NPs (CAPEGTIO,;) gained higher porosity and water flux than the
decreasé4]. Consequently, iis crucial to explore the effect of PEG additive membranes without TiONPs (CAPEG). Besides the enhancement of the
on the membranes compaction process, where the effect of the PEG additivgdrophilicity and porosity, the morphological wtture of the CA
was significantly observed from this study. Another important point, which ismembranes with TIiONPs may be affected by the permeability properties. As
observed during the compaction study, was that thebrasres without PEG  TiO, NPs have a high affinity to water than the memb+fanming polymer,
additive (i.e. M and M) revealed lower PWFs when compared with the diffusion velocity of norsolvent (i.e. water) into the nascent membrane could
membranes having PEG additive {&hd M,). The PWF values at 250 kPa, be increasg with TiO, NPs addition during the phaseversion process.
for Mgand M, are 530.7 and 265 LA, respectively; whereas these values Furthermore, the AC: DMAc (solvent) diffusion velocity from the membrane
are 204.5 and 21.1 LA, respectively, for Mand M, as presented ifiable to nonsolvent (water) could also be increased by the addition of Nigs.

2. It is clear from the results that the introduction of hydrophilic PEG additiveBased on this fact, the interaction betweea mthembrane forming polymer

to the membrane casting solution helps these membranes to be porous amdl the solvent molecules could be weakened by the hindrance of NPs, so that
more hydrophilic[34]. The lowest PWF for Mcan be explained @uto the  the solvent molecules can be diffused simply from the polymedrix to the
blockage of pores due to aggregation of the,TNPs inside the membrane coagulation battj36]. Consequently, the porosity and pore size of the, TiO
matrix as already explained in sectidl.1 On the other hand, the entangled (i.e. CAAEGTIO,;) membrane were higher thahose of the
membranes with PEG additive gvhave shown the highest PWF result. This membranes without TiENPs (CAPEG). The effect of PEG as a pore former
result obviously indicates th#ie introduction of PEG additive influences the as well as hydrophilicity enhancer was also accredited.

membrane in two ways: (1) development of pores in the membrane structure

and (2) enhancement of the hydrophilic nature of the memijgiheln the 3.3.2. Membrane hydrophilicity and TiO, NPs stability

present study, by adding of the hydrophilic additive, the trace amount of PEG  The hydrophilicity of the prepared membranes was studiedéasuring

may permanently exist tangled in the membrane matrix. The presence of PEe WCA and the drop age, defined as the duration of the water droplet on the
additive can enhance the hydrophilic nature of the CA membranes. Hence, tharface of the membrane and spreading and/or permeating through the
PEG additve can play a significant role in the formation of the porous membrane crossection [37]. The dfference between WCA of all the
membrane with improving its hydrophilic nature, which is again directly prepared membranes is presentedrigure 75 (a). The images of the water
related to its water permeability performance. Comparing both thelr opl et s with a volume of about 2
membranes with PEG additive (i.eshd M), the CAPEGTiIO, membrane  surface after 60 s are shown Rigure 75 (b). M3 and M, membranes have
gained higher flux than the GREG membrane. These results are alsotaken abat 15 s and 25 s, respectively, and show the best water wettability,
confirmed by the porosity measurements reportedrable 2 where the  where most part of the membrane surfaces were almost fully wetted and a
presence of the TEONPs in the CAPEGTiO, membrane could interfere with  smaller spread radius of the water drops on the top side of the membrane were
the demixing process and helthe formation of additional pores. On the detected after 60 s. On the other haM; and M, membranes have taken
other hand, the hydrophilic nature of Ti®Ps can also play an important role about 36 s and 32 s to initiate the surface wetting and big water drops spread
on increasing the flux result of the GEGTIO, membrane. radius on the togide of the membrane was observed after Gdgie 75b).

It is well known that the flux properties of the membrane can beThe smaller the water drop spread radius wetting area betweeaptizad
influencal by several factors like membrane peiee, crossectional bottom surface and on the top membrane side, the better the water
morphology, skiFayer thickness and the hydrophilic nature of the permeability is. As clearly observed from the graph, the WCA results of the
membrane. Thus, the PWF of the prepared membranes in this study could jpéstine CA (M) membrane displays WCA at about 60+1.8°. Conversely,
influenced by TiQ NPs. The introduction of the TiONPs can affect the after the introduction of hydrophilieEG additive and TiONPs, the M, M,
membrane in two ways: (1) due to its hydrophilic nature which could improveand M, membranes displayed significantly reduced WCA results (i.e.
the PWF and (2) its effect on the membrane morphological structure woulf4.3+2.3°, 42.1+3.4° and 45+2.0° respectively). From these results it is
also influence the permeation properties negatively or positiFayre6 (a) clearly depicted that the contact angle results of thenddmbrane were
shows théPWF of all the prepared membranes with and without adding TiO significantly reduced after the introduction of PEG and;{\,, Ms and M).

NPs. As TiQ is more hydrophilic than CA, the water has higher affinity for Membranes having smaller contact angle results are considered as more
TiO, and therefore, PWF should increase in theTi®; membrane (V). hydrophilic membranes.

However, it can be seen from the figure theg pure water flux value for M The WCA results of the prepared membranes found after each soaking
shows the lowest result. This is because the addition of Wi to the  period are presented Figure7 (c). The WCA values for Mand My and My
membrane forming polymer has caused pore blockage and pore failure in thave remained almost constant (i.e. 58 +1.328 +33 © and % +2.6 °,
membrane matrix due to the accumulation of the [2Bs Another important  respectively) by increasing the soaking period in DI water. On the other hand,
point that should be noted is that the hydrophilic nature of the CA membrarnthe WCA value of Mwas observed to increase sfgrantly from 51.5 +2.2 ©

has its own effect on the PWF of the membrane without additivegMthat to 54.7 £2.0 °, where this increase in WCA value can be accredited such that
it hasshown better flux results than the A0, (M,) due to the aggregation the TiO, NPs could leach out from matrix of the &AO, membrane with

of the TiG; NPs on to CA matrix. On the other hand, membranes preparethcreasing the soaking period. Conversely, no significant change in the WCA
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valueswas observed in the case of; NCA-PEGTIO;) with the soaking is dominated by the pore blockage (i.e. less porous membrane). On the other
period. This interesting result is mainly accredited to the permanent existent@nd, apart from the formation of the porous membrane, a trace amount of
of TiO, NPs within the membrane matrix and the stability of the NPs wasPEG may entangle within the membrane matrix permanently, and due to this
confirmed. The stability of the NPs withithe membrane matrix occurred reason, the hydrophilic nature of the prepared membrane may be enhanced
mainly due to the introduction of PEG additive which has prevented th¢6]. As clearly shown irFigure 8(a), three BSA fouling/rinsing cycles are
leaching of TiQ NPs, tending to an insignificant increase in WCA values carried out for a total filtration time of 840 min. Each of the fouling

during the soaking peridd 7). experiments was performed with BSA solution with a concentration of g L
for 2 h duration, and ea of the rinsing experiments were done with
3.4. Fouling and rejection performance study deionized water for 30 min. The decrease in BSA fluxes with increasing time
could be due to susceptible pore blocking of the membranes because of BSA
3.4.1. Effect of PEG and TiO, NPs on fouling protein deposition on the membrane surface, where the effeohcentration

The fouling performances of all the prepared memésare presented in  polarization was reduced by using high molecular weight of BSA (66 kDa)
the Figure 8(a). In this study, the effect of PEG and Ti@ere evidently = molecules and rigorous stirring (200 rpm) on the surface of the membrane.
detected from the fouling experiments. It is clearly observed from the figurdloreover, the drop in initial fluxes are realized to be highly noticeable, and
that the PWF and BSA flux results for,ldnd M are less than that of and the ending flues are slowly dropped which are credited to the decrease in the
M,. As already explained in sectidh3, these results were attained due to the porosity of the membrane due to an interior depostion of BSA protein which
introduction of PEG and TiOQon the membrane matrix in Mand M, further leads to pore blocking. In the first cycle fouling/rinsing experiment,
modifies the hydrophilicity and porosity of the membranes. However, théM; displayed the highest flux recoyefi.e. 94.1% of the initial value) with a
lowest flux results for Mwere observed becse of the less porosity due to flux value of 136.3 L m2h™ at 150 kPa of trans permeable pressure, whereas
the aggregation of TiQon the membrane surfaces and pore channels of thevater flux values of the Mand Mymembranes declined to 31.2 L A *and
membrane (sectioB.1.1, morphology study). It is clear from the results that 15.3 L nT 2h™ *respectively, (i.e. 28.6% and 65.7 % of the initial value,
the My and M membranes displayed less PWF as well as the BSA fluxes dueespectively). On the other hand, the flux resoitMl, was 134 L m?h™ 'with
to their less hydrophilic nature and less pore formation. The improvement & flux recovery of 88.9 % of the initial flux value. These results are achieved
pure water and BSA fluxes for Mind M, membranes were attributed to the due to the hydrophilic nature of PEG and Ti@hich can both minimize
poreforming effect and hydrophilic nature of PEG and Fi@spectively  severe solute fouling of the membranes.

[29]. However, the hydrophilic effect of Tidn the case of the Mmembrane
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Fig. 7. (a) Water contacangle values with different drop ages; (b) images of water droplets of the prepared membranes; antliRs Jtbility study (Water droplet
volume is about 2 pL at 0.16 mL/ min).
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The parameter normalized flux ratio (NFR) with filtration time (2 fi) o described usg the protein deposition/repulsion phenomenon as already
the membranes operated for three cyles are presenfégline 8(b). From the explained above. The prepared membranes could become more negatively
figure, it is clearly seen that Mexhibited the highest NFR values 94.1%, charged after an introduction of TiQIPs due to more negatively charged
88.6% and 84.1 % for cycle 1, cycle 2 and cycle 3, respectively. Moreovecarboxylic groups along withOH and T+OH groups pres# on the surfaces
these results indicate thmwvest irreversible flux loss and less BSA deposition and within the matrices of the membraf@y. Furthermore, as a pH of 7.0 is
on the pore walls as well as on the surface of the membrane consistenfyr from isoelectric point (IEP=4.9), the BSA protein becomes more
during the three cycle operations. However, &d M show a significant  negatively charged and a stronger electrostatic sepulbetween BSA and
decline in the permeate fluxes to about 28.6 % and %6.fespectively, of  the modified membranes was suggedi4d. However, some of the BSA
the initial flux during the first cycle operation. Moreover, as seen ffaisie removal characteristics can also be described using the protein deposition
3, the irreversible foulingFi;) results in the first cycle are high enough where phenomenon onto the membrane surface in this pH range, which could be
their tendency to be fouled would be maximum. To further examine the antaccredited to structural interaction. &ddition to the electrostatic repulsion
fouling properties of the prepared membranes and to study the effect ghenomena, the highest BSA removal for theakld M membrane was also
additives, the flux losses viz. total foulir(§:), reversible fouling(F;) and considered as an indicator of considerable protein removal due to its structural
irreversible fouling(Fi;) were calculated, and the results are presented irinteraction. The BSA removal phenomenon foravld My membranesan be
Table 3 On the other hah the increase in NFR results for ’&hd M during suggested due to a substantial protein deposition inside and on the membrane
the second and third cycle operations may be due to the development ofsarfaces. Therefore, the surface depositions of BSA proteins can provide an
cake layer because of the high irreversible fouling where their flux was toextra hindrance to solute transportation. The high rejection and comparatively
low, and the flux value difference was insignificaffthese results are lowest flux of Mo and M membranes than Mand M; can also be seen from
achieved because the porosity and hydrophilicity effect could play amhe morphological study of their cressction as discussed in secti8r.
important role on their anfouling and flux properties as already explained in Moreover, all the experimental results were consistent with the membrane
the pure water flux study. Moreover, the NFR results ofaké 88.9 %, 88.3  properties and agreed with each other.

% and 79.1% for the first, second, and third cycle operations, respectively. = The results presented in this work clearly show that a detailed
However, these results are still less than that of thenbimbrane, where itis  performance evaluation was done for the prepared ultrafiltration M
clear that the introduction of TiOhas played a crucial role in the membrane (i.e. CARAEGTIO,) in this study as compared to the previous
enhancement of hydrophilicity and memiea antifouling property. studies[6, 7, 43]. Therefore, the improved thermal stability and high-anti
Normally, the orders of flux recoveries for the examined membranes werfouling properties of thisnembrane will help us to further investigate specific
consistent with their hydrophilicity and porosity nature. Therefore, the PEGultrafiltration applications. Thus, the authors strongly believe that this work
free membranes are more likely prone to gaoekage and fouling because will have a substantial contribution to the current stdtthe-art on the

of protein deposition than those of membranes with PEG. It is mentioned imodification and enhancement of the properte conventional cellulose

the literature that the PE8] has the potential to minimize membrane acetate membranes. Future studies are necessary to fully investigate the
fouling because of protein depositifdd)]. In this study, M exhibited better ~ performance characteristics of @XGTiO, membranes for different
anti-fouling properties in the dynamic fouling process than M, and M, ultrafiltration applications.

membranes. Therefore, the combined effect of PEG and dadld have
played a significant role in a higher resistance towards membrane fouling due
to BSAdepositionby reducing the hydrophobic interaction between the BSA I
protein and membrane surface. Bggion of the deposited BSA proteins was 180 4 (@) —0— M1
performed by soaking the samples in water for 30 min. It was also confirme i —o— M2
that PEG could efficiently avoid the irreversible deposition of the protein or 150 . % % —&— M3
the surfaces. Therefore, due to the hydrophobic interabgbmeen PEG and h‘*“-‘fra; (Tx - M4
BSA, the proteins might be wrapped by PEG chains, forming a protectiv 1 T ‘ b

layer in addition to the anfouling properties of Ti@ 120 - | ‘ B

Additional focus was given to the influences of filtration resistance due tc.=~ ] D‘Jﬁg ‘
concentration polarization forlaihembranes. Therefore, the resistances due«S
to concentration polarization were calculated using the resistance in seri
model Eq (11)[40]
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where R, is the membrane resistance, which is the reciprocal of the
hydraulic permeabilityR,); R is the resistance of the fouled marane layer i : . : i :
which was determined after rinsing with DI water and by subtracting the 0 200 400 600 800
resistance of the clean membrane &y the steady state BSA protein flux.
The total fouling resistance of all the membranes was thus due to both interr
membrane fouhg (deposition) and the formation of a cake/gel layer on the
membrane surface. The detailed results for the resistance to the BSA flux d
to the membrane, fouled layer and concentration polarization for the thret
filtration cycles are presented Trable4. As clearly presented ihable 4 the
results of the fouling resistance due to concentration polarizaiQrfdr M
are low in the three cycles when compared to the other membranes;(i.e. N
M,, and M,). Therefore, the effect of concentration polaimaton the
membrane surface was reduced due to the introduction of PEG and Ti(
simultaneously. These results are consistent with the flux recovery results
the membrane were the highest values were attaif@dlg 3, and it was
accredited to the besnh@fouling property of the M membrane as already
discussed in the previous sections.

Time (min)

3.4.2.Rejection performance

The BSA rejection performances of the prepared membranes are shov
in Figure 9. The maximum BSA rejection values 98.4 % and 91.6% were
attaned for M, and M, membranes, respectively. On the other hand, the
rejection results for M and M, membranes are 88.9 % and 85.9 %,
respectively. It is clearly explained in the morphology analysis section the

M2 M3

the PEG free membranes have less porous stastin which a better _ '_“e"_‘bra_"es _
resistance to protein molecules was detected. However, the slight increase in Fig. 8. (3) Perg‘eate flux versus f'”kf)at'on t_'m?frf"/'l (fCA)~ Mz(dCA-TIOZ), M;(CA-_
BSA rejection for the M membrane could be due to the effect of TJiO PEGTiO2) and M (CA-PEG) membranes: effect of PEG and Fis on the ani

L . L g fouling performance of the membranes (25+2 °C, 150 kPa), (b) NFR percentage
addition to the membrane matrix. The characteristic BSA rejection can be resuni_" ( » © P 9
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Table 3
Results for flux losses caused by total foulfRg, reversible foulingFr) and irreversible foulingFi), of the three cycles.
First cycle Second cycle Third cycle
Membrane
Fi Fe Fir NFR F Fr Fir NFR Fu Fr Fe NFR
My 0.90 0.21 0.71 28.6 0.75 0.61 0.15 85.2 0.73 0.55 0.19 81.5
M2 0.78 0.44 0.34 65.7 0.54 0.20 0.35 65.4 0.21 0.01 0.20 80
Ms 0.92 0.87 0.06 94.1 0.93 0.82 0.11 88.6 0.94 0.78 0.16 84.1
Ma 0.89 0.78 0.11 88.9 0.77 0.64 0.12 88.3 0.81 0.60 0.21 79.1
Table 4
Results for resistances due to the membrBrk fouled layer Rr) and polaization Re) of the three cycles.
First cycle Second cycle Third cycle
Membrane
Ap/udos Re Rm Rp Ap/udvs Ry Rm Rp Ap/udes Ry Rm Rp
My 7.78 1.37 0.55 3.58 7.79 1.62 0.55 5.61 8.49 1.62 0.55 6.32
M2 8.73 1.37 2.60 8.05 8.73 3.50 2.06 2.62 7.72 4.99 2.60 2.92
M3 1.86 0.02 0.42 3.37 1.86 0.08 0.40 1.37 2.67 0.18 0.40 2.07
Ma 6.82 0.05 0.40 5.17 6.82 0.11 0.41 6.30 13.6 0.25 0.42 12.9
* All the units are in (x10° m™)
4. Conclusions
In the present work, the effects of PEG and;lo® the preparation of the 100 4 -
phase inverted CA ultrafiltration membrane blended with, Ti@. CAPEG ] m R (%)
TiO,) were investigated, and the following conclusions were made: .
1 In the case of the M(CA-TiO,) membrane, some of the TO 90 - &
observed to be aggregated on the surface of the membrane pores. The z ]
NPs agglomeration led to a naniform dispersion of the NPsitin =
the polymer surface and structure. S 801
1 TiO, NPs are highly stable at high temperatures and the degradation  §
temperature of the Mand M, were significantly improved after the )
additon of TiQ. The thermal stability of M exhibited higher < s
degradation tengrature than the Mand M. The slight improvement m
in degradation temperature for the, Mas due to the less porous
sublayer structure and strong resistance to heat flow than that of the 60
porous membrane (1
1 The introduction of both PEG additive and Fi@Ps simultaneously
plays an important role in the improvement of the thermal stability of e T T T T T " T
g : e M1 M2 M3 M4
the membrane, hydrophilicity, porosity and antifouling performance.
1 Membranes without PEG additive (i.e..Mnd M) revealed lower Membranes
PVZFS th‘ln Compaer with 2thg rkne f 8 ha:jvmg PEGSdeItIVC?Z@(\SA Fig. 9. BSA rejection performances ofiNCA), Mz (CA-TiO2), M3 (CA-PEGTIO2)
and My). The PWF values at 250 kPa, fog &hd M, are 530.7 an 5 and M, (CA-PEG) membranes: effect of PEG and 7MPs (25+2 °C, 150 kPa).

L/m? h, respectively; whereas these values are 204.5 and 2121n]/m
respectively for M and M. The highest PWF was attained for the M
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