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CHAPTER 1V

RESULTS AND DISCUSSION

4.1 Introduction
.\di Y-

In this study, the different PVDF polymer solutions@we

sz* N

as binary solutions from polymer and solvent. Frofythe n of P&Y'and NMP
solvent, the optimization of polymer co@ w
addition of different types of additivec and surf: S.T

| - Ny
infra-red (FTIR) spectroscopy, the ar dhent of bctlonal group for the

N

s
2.
i

£

membranes were known whil tlhmbl rphol@:al structures can be seen
;co

by using scanning electro%

: 1hs®)gravimetric analysis (TGA)
used to study the ther tabili@«k
support performanc

s
2§<an of the membranes in order to
AP
42 Pﬁlgﬂ““"(’ P
SO)
S
N

A 5%7' VDE/NMP membranes with various polymer concentrations (13-19 wt%)

r UB™rocess in membrane application were fabricated via dry/wet phase inversion

method. The PVDF membranes with polymer concentrations of 13, 15, 17 and 19

wt% in the membrane casting solutions were marked as PN-1, PN-2, PN-3 and PN-4
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respectively. Polymer concentration has been identified as the most important

parameter for tailoring of membrane properties during membrane making.

In addition, the solvent ratio also plays a significant role along ‘%ymer

concentration during membrane formation. The simultaneous adjustmegts of these two

key parameters allow increase in the viscosity of the dope solutio
loss in selectivity and productivity. All of the membranes w reWterized in terms

of PWP, protein separation, and pore properties (pore ler d ore@Besides,

PWP and protein separation tests were used to study erformgnce d,se?a@ﬂ)n

. A\
ability of the membranes. ¥ g Y-
4.2.1 Pure Water Permeation (PWP)\% O<§

NS A
&
The membrane permeation test f%wat& flu S (féé’measured in order to
determine the stability and po%f tl] mbraé@ Before performing each
I the flbricjted

fresh membrane for PWP%

s f &
membranes were subj&% co@ y préaﬁzed distilled water for 30 min at

m o@ating pressure designed for the present

malbranes were compacted. The

pressure of 350 kP jch'is the
&Q *Y¢
experiments. 'Qn' brangs wer wa{@;i thoroughly before placing them in the
wt);

membrane Swell anﬁ é\
1tS.

ot
experit

<’
oDuring the compaction test, all the membranes were observed having high

PWP at the early stage of time and then the PWP were gradually decreased until the

a rubber O-ring for used in subsequent UF

permeation rates reached the steady-state condition. When a polymeric membrane is
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under pressure-driven process, its porous structure become denser and compress thus
mechanical deformation occurs. The membrane mechanical deformation is an
irreversible process and as a result the PWP will decline. At the initial t1m 0 e
compaction process, the PWP is sharply decreased and the volume of

turns down until it keeps constant where steady-state permeation rat chieved.

This initial reduction in PWP may be due to the fact that the 1 rafie pores are

being compacted leading to uniform pore size qeady state PWP

(Arthanareeswaran et al., 2004).
o
g
| 5
In addition, deformation of a polymeric st is corﬂ‘p tegfat @ﬁlcular

mbrq@:ch as UF
er cda‘e membranes.

¢ resistance of the

pressure during the steady-state PWP. For pordyg agymm

membranes, the compaction process was % the sub?

This irreversible mechanical deform t1 ocess 1 ;

compacted porous UF membrane fi ‘PW ould not the same as

S cc@actlon experiment is the
I

initial PWP. Normally, the pr ’
ofan UF 1 e est which is aimed to make

maximum operating pressur

membranes with rigld&\uctu'e and)size. ce, the membranes could further
\ N .
yield reproducible % 1 sdbawatio i;\h m&d’mance evaluation.

O

\
Aﬂers mpaction test, all@membranes were tested at various operating

G
pressura bout 50, 100, 150, 200, 250 and 300 kPa to study performance of the
me The performance test was measured under steady state flow to ensure
tha membranes used were stable. The PWP of the UF membranes at different

operating pressure are depicted in Figure 46.
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FIGURE 46: PWP of PVDF/NMP Membranes at Different Operating Pressure
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!le@sed at 19% wt polymer

£

concentration. For exam N S the PWP increased from 337.42
to 455.82 Lmh"' whefagolymer ¢ on@npreases up to 17 wt%.

st th’e W‘l&nce

N

Figur $’VDF polymer concentration on PWP of
compact 1cm!)rancs at operating\c?ressure of 300 kPa. From the figure, the best

v

PW ®> Lm~h"is demonstrated by PN-3 membrane which produced from 17

w f JVDF polymer. Therefore it has to be selected for further experiments as well

as to produce higher sclectivity. Hence, PN-3 membrane (17 wt% of PVDF) appears

to be the best membrane for UF experiment.
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FIGURE 47: Effect of Polymer Concentration on PWP of the Compacted PVDF

Membranes at Operating Pressure of 300 kPa
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PES polymer concentration was mainta
solution viscosity for the UF pruimc

proteins by Cellulose au.tatc,/ por}'/ethe

membranes were prepared by ng ,
is

and the final total polymc% ntratlo

Besides, Nagendran al& 1an (i]O \ho pr. ed UF membranes based on CA

and Sulfonated poly(CWgr 1 de)

‘ll75°t°/ (Kalaivizhi et al., 2011).

.

casting solutior fcreasfng OF the p er concentration beyond 17 wt% resulted

4 _ .
into the ur &water p ne‘mn\zﬂd PWP reduction. Therefore, the polymer
N
:

w 1as a high inﬂuenchn the membranes performance and based on the

the 17 wt% of polymer concentration are suitable for UF
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4.2.2 Protein Separation Performance

In protein separation studies, the modified and synthesized UF membranes \g€r

characterized with permeation experiment with proteins solution as figvine

serum albumin (BSA; MW=69 kDa) and egg albumin (EA; MW=45 kDa) wWere used

‘4

to investigate proteins solution flux and rejection of the protei%T fluxes and

vmbranes. Both

trohgl Jepel on the

structure of the membrane as well as the properties of fi 1 . (—}Y.
| <
b 4
o <&
br. V

rejections of the solute are considered to be the key factors for

permeate flux and rejection characteristics of the membr,

FIGURE 48: Proteins Permeation Flux of UF M

V
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Permeate Flux (Lmh)

100 -

From%u
@o. the BSA flux decreased from 519.63 to 59.96 Lm™>h". The similar trends

also exhibited by EA protein sample. However, PN-4 (19 wt%) shows an increment of

BSA and EA permeate flux to 99.93 Lm~h™" and 46.40 Lm™h" respectively. It can be
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clearly seen that PN-3 membrane which contains 17 wt% of PVDF has the lowest

FIGURE 49: Proteins Rejection of UF Membranes with Differst Qlymer

Concentration T

permeate tlux for each proteins sample.
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A it diﬁ@nt polymer concentration in

The protein rejection ¢ an(,E
WS
the blend casting solutioxhstrg ' u&é& rom the result obtained, as the

polymer concentratigff inClgase u‘ to 1 Ppwt%, ercentage of rejection increase and
slightly dccreasech 1€ golyme ?lcc on is 19 wt%. Hence, with increases to

19 wt% ot p 1 the gastigle $olu was resulted in less productive asymmetric
UF mem &n‘ separa (& pQRms. PN-3 membrane which contains 17 wt% of

PVD casting solution showsm highest percentage of proteins rejection which are

@nd 73% tor BSA and EA respectively. Besides, PN-1 membrane shows the
wght rejection of proteins compared to PN-2, PN-3 and PN-4 membranes. Addition
of 17 wt% hydrophilic polymer in the casting solutions produced low permeation of

protein solutions and high rejection of proteins. This suggested that increasing
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olymer concentration to 17 wt% resulting in more selective asymmetric UF
poiy1 g n

membranes for protein separation. Membrane PN-3 (17 wt% of PVDF) appears to be

the best membranes for further UF experiment. \T
0

While considering to molecular weight of proteins, it is d that the

permeate flux and solute rejection of protein solutions wasWased with the

increasing of proteins molecular weight. EA shows the lo sWxin the separation

performance test compared to BSA protein. The order® % found to

be BSA > EA. These trends were due to the order of'1 ular wdlght o *A‘&A

A

which are 69 kDa and 45 kDa, respectively. Generdy, BSR& J§ fglind t&ﬁave the

\ N

highest percentage rejection compared to as W 1sgduc™Q its higest molecular

wémnd that PN-3
membrane shows the most promisin@lts WIEE\{ELIT @%ﬁ solute rejection as

N
well as good membrane characte% tenn‘g of ﬂxp2§llts in order to perform
high productivity and selectivy \\ UH Membne }ﬁpss.
'S
’ ¢

NQale

N
S

(oW

weight. In the other hand, based on #ggure }6, an

et

N
: '_l c_)(/

e

>

=
A<$ S
%\ N
S
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4.2.3 Membrane Morphology

The morphological structure of membrane is one of the most important IHKbEHe
characteristic. The top skin layer acts as a layer which controls the separa 'hcess
and selectivity of the membranes. Besides, the sub-layer formation i trolled by

variables of polymer dope solution such as composition, coagulahgtegiperature and

additives (Rahimpour et al., 2010). The support layer playg a Re as a supporting

structure and this supporting structure has porosity m ater tlwop skin
®

layer (Baker, 2004). Figure 50 shows the SEM microgr of crosg-sec x'al \@_) of
| -\
PVDF/NMP membrane with 17 wt% of PVDF. 2 \’Y'

,

Finger-like pores

sub-layer structure =

(i T AR Bottom sub-layer

The qroSyfection st ctl{res g'asymmetric PVDF/NMP UF membranes at
differe centration of PVDchoich are 13, 15, 17 and 19 wt% are shown in
Figure®\31(a), (b), (c) and (d), respectively. It was found that all the membranes

typical morphological structure of asymmetric membrane which consists of a
top layer and a porous sub-layer at the bottom of the membranes containing

macrovoids, finger-like pores and microvoids.



It was revealed that membrane top skin layer is very thin while sub-layer has

finger-like structures from the skin layer and macropores in the bottom to the support

region. A thin finger-like structure from the top and gradually become tir@

channel of finger-like structure at the bottom layer. A dense spongy Stﬁhlso

formed beneath the skin layer and porous sub-layer of PVDF membra he casting
solutions provided from hydrophobic polymers produced sponge-likygt res due to

delayed phase separation occurred during phase inversion omhasem et al.,

2012). \d
S

As increasing the polymer concentration, the er (ogen figger-likg~pores

e 4
¢ byggxchange
ma@seen from the

er-like structures

were formed in the membrane structure. This gnighfybe 1

time between solvent and non-solvent in tl@ation b
Figure 51(a) to (d) that membranes fon%re hav \hqw

9 S
from the top layer to middle of sub the embfang Qs

The non-solvent ﬁ% gulatiy‘

solution and inverse@ solvfnt\n the ymer casting comes out into

Nha 2e,0 ept ir')@bn-solvent proceeds at certain period
of time until t 120 solufions omeé.hennodynamlcally unstable and demixing

’
process sta &e place t 01&1
5

struct cwus, the demixing pr(kbss produced porous membranes and resulted in
d§émbranes (Rahimpour et al., 2008).

coagulation bath.

=

mégbrane that having asymmetric morphological
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FIGURE 51(a): Cross-Sectional Structure of PN-1 (13 wt% PVDF/NMP)

1aky

Finger-like
structure

, Spongy
ZATTRINNE S AL s structure
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In addition, the presence of hydrophobic polymer in the casting solution such

as PVDF did not facilitate water as non-solvent to diffuse into the casting solution and

consequently produced membrane with dense top layer and spongy sub-la 2
vent

(2004) reported in their study that the diffusional exchange rate betw

(NMP) and non-solvent (water) slowed the precipitation rate of th = yer and
hence formed a dense and thick skin layer supported by a cl l-sub layer
membrane. '

\d.

It can be hypothesized that the increasing p er concgntratign p1 Ye-d
membrane which had thick skin layer, closed fmg,er- smallfn Cro id dense
spongy structure that attributes to high resls nce pem rate ne solute

u\
rejection. On the other hand, Figure @owed C ss-s@onal of PN-3
membrane which contain 17 wt% ot P F olym Y &\

However, the size of s N- 4@come5 larger as shown in

Figure 51(d). Membrane r i-‘(!f@ tends to drop drastically

compared to prev1o brane reje performance was affected and
detrensed oS well ane 3 which containing 17 wt% PVDF
polymer in th solu onhke{ose} or further investigation. This is because

es b&tv);tan or PWP as well as protein rejection due to

the structu
denser Axne sub-layer. The te rejection for this membrane was much better

tlns polymer composition started to achieve protein rejection rate up to

@d 739 for BSA and EA, respectively.
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FIGURE 51(c): Cross-Sectional Structure of PN-3 (17 wt% PVDF/NMP)

Sub-layer X580 Semm INGS, U T

Finger-like
structure

Spongy
structure
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As depicted in Table 12, increasing of polymer concentration in the casting

solution would decrease the length-width of finger-like structures while increased the

macrovoid length-width and size of pores in the membrane. It is obsé\SZhe

existence of macrovoid at the sub-layer to the bottom of the membr¥ne. )urther

increment of PVDF composition from 13 to 19 wt% demonstrates si t changes

in size of macrovoid in the membrane. The largest size of 1wmd and pore

appeared in PN-4 membrane containing 19 wt% of PVDF p mg conientration. The

existence of finger-like, macrovoid structures and in theN\yneylrane are
®

significant characteristics of porous membrane. Furth re, the JUF 1 n'br@ ar

categorized as porous membrane based on their pv ucturdagd b#oh P\\VWrelated

TABLE 12: Dimensional membrane teristicsg ;&) u‘&%branes at different

to the membrane productivity.

—=

Finger- Fi

like i void Pore Pore

Membranes idth Length Width

h
G N i .

PN-1 Qt&zwl 348 ~ 273 084 079
PN-2 5 . 1 1(5\0 35.6 085  0.78
PN-3 ‘\ 3 37.1 0.70  0.73
g G 52.9 0.79 083
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4.2.4 FTIR Studies

Molecular analyses of PVDF/NMP with different polymer concentration w &
15, 17 and 19 wt% marked as PN-1, PN-2, PN-3 and PN-4, respecti@e run
through FTIR which allows for infrared (IR) analysis of surfaces. spectrum
can provide determination of vibrational frequencies and transitiwensities of the
molecules, including characteristic functional group fr gs. owledge of
vibrational frequencies of functional groups allows for ical 'dwon of at

Ng

®
indicfte gk fxipg of

least a class of compounds. FTIR will show the b

/ \ A A

FIGURE 53(a): IR spectra of UF@me
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The FTIR spectrum of the PN-1 with 13 wt% PVDF polymer can be seen in

Figure 53(a). The absorption peak at 3411 cm’ was due to —OH stretch, which is
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broad and low peak. The aliphatic C-H and C=C stretches from PVDF also appeared

at 2918 cm™ and 1660 cm™', respectively and both peaks were showed at very weak

point. Sharp and strong absorption has been detected at the wavelength 1&;

which can be assigned to the alkyl halide stretching vibrations of C-F onddn the
PVDF chains. In addition, there are two sharp bands at 1402 cm™ an m which
demonstrated C-C stretch aromatics and C-H stretch aromatics, rex;ly‘ Besides,
peaks at 1278 cm™ and 1073 cm’' can be described to C-Négret aromatxcs amines

and C-N stretch aliphatic amines, respectively. \d
g

C-H stretch

OHsm:tch (2921 em™) | f

(3417 cm’)
95—
95 E Q N T . C-N stretch

E ~C stretch- ‘ aliphatic
G4~ aromaucs amines
\ (1402 cm™) strach (1074 cm)|

a3- % aromatic f l

amines ||

“Transmatance
¥

a2 (1278 cm') , ﬂ t
3 C-H stretch-
T aromatics
a0~ (879 cm™')
C-F stretch-
&9 alkyl halide
(1182 cm™)
88~

5 RN R, W S 8 G L R e S e S PREERL FY
T g e %\m b ; & 22 ot head et A e

TQU e 53(b) represen@&' FTIR spectra of the PN-2 membrane which
\

contai%\ wt% of PVDF polymer in the casting solution. The characteristic peaks

0 ere observed. Peak at around 2921 cm™ and 1661 cm™ were arising due to
C-F™nd C=C stretching. Besides, there is C-C stretch (aromatics) vibrations at 1402

cm’'. Also peaks (sharp and weak) at around 1278 cm” and 1074 cm™ correspond to

C-N aromatics amines and C-N aliphatic amines stretching vibrations, respectively.



As the PN-1 membrane used PVDF polymer, the characteristic of PVDF which is C-F
stretching alkyl halides appears at 1182 cm™ (sharp and strong peak). The C-C&
H stretches aromatics in the PN-2 membranes have been identified at 14 cm’)and

879 cm’'. The broad and weak peak of hydroxyl group stretching vi?gs (-OH)

showed at 3417 cm™ in the IR spectrum.

FIGURE 53(c¢): IR Spectra of UF Membrane (PN-3) with | % V[{d
‘ @
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The FTIR s h of PN- embra% (containing 17 wt% of PVDF
NG

polymer) is show, Ngur 53(cR elrei\ig.slobtained were quite different to other
'3

membranes. d ragige o hydrox¥/groups vibration (-OH) was observed at

’ <

3421 cm'lw termin of&ydl‘wl group was increased 10 em” from PN-2
N

memt&e. the PN-3 has theﬁ@nest wavenumber of —OH peak, it indicates that

th%ination of 17 wt% PVDF polymer with the NMP solvent gives high
O

lar orientation of O-H. The characteristic peaks around 2924 cm™ and 1663 cm’

' represent bending of C-H vibration and C=C stretching respectively. In addition,

three sharp and strong peaks at 1402 em™, 1182 cm™ and 879 cm™ were assigned to
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the stretching vibration of C-C aromatics, C-F (alkyl halides) and C-H aromatics

respectively. Another two weak bands at 1278 cm™ and 1073 em™ were attributed to

the stretching mode of the C-N aromatic amines and C-N aliphatic@

respectively shown in Figure 53(c). ! %

The Figure 53(d) below shows the molecular orientatioanP membrane

(19 wt% of PVDF polymer). In the FTIR spectrum of the PN-4 Wane, the band at

3381 cm’' represented the broad stretching vibration g ox%1 (Lp (HH). As

expected, all the PVDF membranes showed typical spegtra of PV Mgﬁ.}v}l

stretching at 2921 cm’ and C=C bond stretch at %‘l‘l. :T shiarp a .&strong
N

bands at 1402 cm™, 1181 cm’ and 879 cm” indic%d t

stretching, C-F alkyl halide stretching a\l%mma |
the spectrum of the blend membrane gvith N e?,

1278 cm™ and 1073 cm’ were assig the @-N agpMatic, nes stretching and C-

ce of: aromatic

N aliphatic amines stretching, r s%ely, é

ith 19 wt% PVDF

5 e A
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| N f
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As can be scen in Figure 54, it showed the combination of four spectrums from
different PVDE polymer concentrations to the casting solutions which are 13, 15, 17
and 19 wi%. As displayed in the specetrum, all of the membranes exhibit ET
similar peaks. thus lead to a similar activity. For instance, there are three %\ or
peaks were observed which maintain in the same frequency among Wje four
membranes (C-C aromatic stretch, 1402 em™'; C-N aromatic amines stre¥gh, 1278 cm’

N

. C-H aromatic stretch, 879 em™). All the spectrums exhibit T{ similar peaks

FIGURE 54: Combination Spectrum N\%Mlen

Concentrations (wt%) c
)

%Transmdtance
h -
' 1
4/

Wavenumber

Y R P T S R I IR :.l..‘.l.....l.‘..l...-l-.-.I.‘-.l....|.-..|..
\m U0 3200 3000  2000% 2600 2400 2200 2000 1800 1600 1400 1200 1000
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However, PN-3 membrane spectra shows distinct difference compared to other
spectrum as it has highest peak. On the other hand, lowest peak goes to PN-1
nembrane (13 wt% PVDF). The position of the spectra in the combined \?.
ndicated that the molecular interaction, orientation and activity can %d as
fichroism. Hence, it can be said that PN-1 membrane has low dichx meanwhile
>N-3 membrane has high dichroism. The high dichroism or high tmentatlon

>f PN-3 membrane has denser skin and porous membrane truWIt 1s compatible

vith the SEM result (Section 4.2.3) that PN-3 membr, d ! ous and
lense structure compared to the other membranes. ff shows t th ole g;g' of
naterials (17 wt% PVDF/ NMP) is well oriente een ggc other du% dope

sz"' N
‘ormulation and solvent exchange (coagulation bat \ EY'

3 skgmbrane containing
&

|7 wt% of PVDF. Infrared spec mg&nan on g@nds in the 'fingerprint'

-egion of the spectrum below lm he ;@ formed, we can observed

he strongest values o ttance dep' ted @molecular interactions from

’ g
nembrane having 1 7w

nten:E(Because of better alignment and

nteractions betwe\ ﬁtionéﬁs PN-3 membrane exhibits a better
erformance ¢ %i to en@nes and expected the optimum membrane
serforma m ?bllt@ld selectivity. Based on the result showed
ibove ted that the perc@&a’ge of composition in the membrane fabricated is

/e%dant as well it gives changes in molecular orientations.
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4.2.5 TGA Studies

The thermogravimetric (TG) curves of all the fabricated membranes at @

concentration of polymer are shown in Figure 4.10. To compare the r % the

decomposition characteristics in a more qualitative way, the decomposition turve of

the membranes at various heating rates in air were combining in a gurve z Figure 55.
FIGURE 55: TGA Curves of Various Concentration of PA¥ym rl
N\

PN
PN

,

80

70 4

60

g
Generally, it 1ggeen Wat thl degr atim-@ﬁll the polymeric based membranes

N

decurs 5i e SteN fifst gstep. friln d;g-?oom temperature (30 °C) to ~360 °C,
represents thE %zatifox of De olaf¥& matter and/or the evaporation of residual

absorbed \ﬁcr he second step’sta@;t ~360 °C and ends at ~700 °C, represents the

>

main | degradation of the\polymer chains. The third step starts at ~700 °C,

wes the carbonation of the degraded products to ash (Arthanareeswaran et al.,
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From the curve, the polymer is thermally stable up to 350 °C. The TG curve

shows that the first decomposition temperature occurs at 360 °C with a gradual weight

loss of 8, 9, 18 and 23 % for PN-1, PN-2, PN-3 and PN-4, respectivelyw

percentage of weight loss during the first stage of decomposition, s%\ the

membranes increases with an increase of polymer concentration. This is to the

polymer itself which is very reactive and absorbs moisture easily ghen §xposed to at

room temperature. T
These were followed by a rapid weight loss of 5& 52,35 a 52\? foaoo
C»)
°C for PN-1, PN-2, PN-3 and PN-4, respecti After, that, Jthe @plete
\990 Y
°C. AtY00 °C, the

tal teht loss for all

decomposition of the membranes takes place betwedg 700

samples start to melt and the system is n@ible.

the membranes were decelerating betw 700 an °(Tvv c&e 65, 60, 63, 59 %
- S
respectively for PN-1, PN-2, PN-3 -4 flembrgres. % n be deduced that an

increase in polymer concentratiqn\ir ote, rease eight loss (Suriani et al.,
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4.3 Addition of Different Polymeric Additives

The PN-3 membrane contained 17 wt% of PVDF polymer concentration in the CW
solution give the best result in the previous study was chosen for further i \%\on.
In order to study the effect of addition of additives, Polyvinylpyrro% (PVP),

Lithium Chloride (LiCl) and Polyethylene glycol 200 (PEG % re used as

additives in the casting solution. T

3 in this investigation which is same coded in the Ous stu}y.

PN-3G membranes are the PVDF/NMP membraneszhich \Lq d 3% dQ-P\/P, LiCl

and PEG 200 respectively act as additivgs @ast'

parameters of the membrane fabricatiogscondiffon W

Additives (Wt%)
LiCl PEG 200
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4.3.1 Pure Water Permeation (PWP)

Figure 56 illustrated the PWP of PVDF/NMP membranes with different @

additives at different operating pressures, i.e. 50, 100, 150, 200, 250 and 3 h tis

evident from the figure that an increase in the operating pressure increased the P WP of

all membranes. V:

FIGURE 56: PWP of UF Membranes Contained Diffgg yPes wives o

Different Operating Pressures '

500
450
400
350
300
250
200
150
100
50
0

PWP (Lm2h)

, S

47239 oty by increasing the Operating pressure. It can be said that PN-3P
meiramashowed the highest PWP compared to other membranes because it was
inn the presence of PVP, as a hydrophilic additive with non-solvent properties
in the casting solution. It should be noted that PWP depends on membrane

hydrophilicity. As well known, PVP is more hydrophilic compared to LiCl and PEG
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200. Consequently, its presence in the casting solution increases the membrane
hydrophilicity leading to encourage and facilitate water to permeate through the

membrane surface area easily (Saljoughi and Mohammadi, 2009).

»
4

Besides, PN-3L membrane prepared in the presence of Li act as low-

molecular-weight inorganic salts additives. From the Figure 56, #gwag¥oticed that

¢

PN-3L shows the lowest PWP compared to other mem raxww increase of

operating pressure from 50 to 300 kPa significantly incre e WL from

the range 8.96 to 29.16 Lm~h". The lowest PWP datafigdicates tHat th jesgc)mf
LiCl tended to enhance the affinity of the system to wigg and t}}ls he yater éﬁrance

N
of the polymer solutions, which would decreas% lvent
due to stronger salt/polymer interactiox\%1 °‘

molecular inorganic additives can easiE diffuse \HQ? é@mbrane formation
? R A

—

\elventéﬁi'ange rate

ner agdditives, small

(Wang et al., 2000).

orgnid ad@ive for membrane fabrication

In addition, LiCl i%;sting i

P 4 P 2 &y
because it interacts s@withf \'ms lver&hd can form complexes with the

carbonyl groups in&h lven hyl-b rrolidone (NMP) via the ion—dipole

¢ n(| (.)
interaction. T trgfg LiCl i\@sraction may result in more favorable
membrane ogy (f aje, 20@.\ Similar observation have also been reported
that PW, membrane made f&ﬂi\’ the dope with LiCl addition decreased, whereas
the ne made from the PVP contained dope solution presented an opposite

@PWP increased (Shi et al., 2008).
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The effect of polymeric additives, PEG 200 on PWP at various operating
pressure which marked as PN-3G is shown in Figure 56. It is seen that within the
range of 50-300 kPa, with increase in operating pressure, PWP increased fro 6W
5774 Lm>h". This is due to the increase in effective driving force n%\dng
pressure) required for water permeation. However, the PWP of PN-3(F at the
maximum operating pressure is not high as PN-3P because smal} mol&ular weight
PEG such as PEG 200 is not a pore forming agent but wo kimY! pore reducing
agent (Kim and Lee, 2004). From the above explanation, %w t‘at PXP is the
better additive for the preparation of membranes with &igher PW t'lm\;gﬂamr
further ultrafiltration application especially protein séon pr?c S. ?
NN R\
4.3.2 Protein Separation Performance\%V g‘ 6

NS

The selectivity of membrane is stron Jeteﬂnmed the@n layer, which also

eability and selectivity of

d
governs the membrane permeabilitNl fi ski{iger is affected by solvent
i j\d sy the
'3

evaporation and polymer (pre z
:

tion,
porous UF membranes \be uni

l
08 an.
AY;

trollir@‘e evaporation and precipitation

d s&%ﬂvity of porous UF membranes were

me on permeate flux and rejections of proteins were studied. In this
erfOMmance studies, several of proteins such as bovine serum albumin (BSA) and egg
albumin (EA) which have MW of 69 and 45 kDa respectively were used to examine

the effect of additives towards the UF membranes. Figures 57 and 58 represent
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permeate tlux and rejection of different MW of protein solutions for PN-3, PN-3P,

PN-3L and PN-3G membranes. Figure 57 clearly displays that the PN-3P membrane

with containing PVP as polymeric additive behaved the highest permeate ]uw

protein solutions which is 151.72 Lm~>h"'. While the percentage of protein: %ons

were 85% and 78% for BSA and EA respectively as shown in Figure 58.

FIGURE 57: Proteins Permeation Flux of UF Membranes with Ymnt Additives
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4 e
The additior N&V ddewo) /NMP membrane casting solution
¢
L') '
significantly af@ & p‘;?m re&lﬁ which enhanced the BSA permeation
2 brane“u 61,7@1'21{' and this permeation flux was higher

ot
L and PN-3G meMranes. This results revealed that hydrophilicity

flux ot PN-

that PN\ .

prop d porous membrane morphological structure significantly contribute in
royg the permeate flux of PN-3P membrane. Therefore, the highest value of

permcate flux of proteins solution for PN-3P membrane was due to its highest

hydrophilicity membrane properties.
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In terms of solute permeation, since in an UF separation process, proteins
rejection is based on the sieve mechanism thus the pore size on the membrane surface
plays an important role in discriminating solutes passed through the membraeKYle.
percentage of proteins rejection also increased for both of BSA and EA %d to

PN-3 membrane (without additive). The results revealed that introduc

tion Of small

amount of PVP increased the permeability coefficient and of PN-3P
membrane compared to PN-3 membrane. The highest prot insvion for PN-3P
(85% for BSA; 78% for EA) compared to other mem wWis gjtiibuteg to the
existence of smaller size of macrovoids and pores on fggse membfane @ur acgso} e

strong interpenetrating network relatively increased nglem?n be een%ymer

T N
chains which in turns prevented PVP leached out dgd thu ,\smresultgal'ected the
formation of small membrane pore size p e@ th 1" an%ﬁp layer (Xu et
al., 2012). NS A
Cy >y $
% o .

t &

FIGURE 58: Proteins Rejection of Me,v ith Drderent Additives

=

® BSA
BEA

QE PN-3 PN-3P PN-3L PN-3G

Membranes
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In the other hand, from the Figure 57 we can see that the addition of LiCl as
additives to the casting solution lower the permeation flux to 4.15 Lm~h™ and 2.38
Lm~h" for BSA and EA, respectively. The proteins rejection of PN-3L membigfle

(58% for BSA: 49% for EA) were lower than the other membranes. :T%\sult

obtained can be reasonable explained on the basis of a lower precipitation raf® of the

polymer with addition of LiCl from dopes during immersion preci%g step. This
phenomenon is due to the less thermodynamic stability of the ca?!blution arising

from the interactions taking place upon addition of Li 11 s' to the high

tendency of the additives mix with water in the coagul jon bdth. This gpg esTeQ‘)'y
)
p

Sun (2009) that the interactions between LiCl and ner m.,t cafting %Jtion
were very weak and therefore, the additive d% contrdge™sign

iﬁé@fy to the
performance test which are permeation ﬂu@tems T O‘(

Y
&

Meanwhile, the effect of ad@EGQOO he g solution towards
\ prasent

permeation flux and solute rﬁfi. @ Figures 57 and 58,
respectively. As shown in t% , the ferm }An@( of PN-3G as in the range
2.74 Lm~h" and 1.03 \for BF \EA, ctively. The range of permeate

flux of PN-3G was ltNom arg [3, E)@SP and PN-3L membranes. Based on

'

@ rofilg, - lxgmbrane keeps the percentage of BSA
W

the proteins rej
'

rejection to %same as WN-#P mgmbrane. It was found that PN-3G membrane
-\ 5

had the wer protein rejection and the lowest permeate flux among the proteins

stu 'eﬂ: ius observation in contrast to PN-3P membrane which described as higher

cjection and highest permeate flux.
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This is due to the properties of PEG 200 itself as lower MW of PEG can
reduce the pore formed. However, addition of PEG 200 to the casting polymer

solution could not acts as a pore forming agent but capable of working \ge

reducing agent in other words, it can increased the percentage of proire;'}tion

whereas the permeate flux is the lowest (Kim and Lee, 2004). Y'

Based on the individual MW of protein performanceaas 1¥strated in Figures

57 and 58, respectively, BSA shows the highest protein Agie®#on cow EA in

®
the protein separation performance test. The order ?ntage ktject 'is qu.>
g
EA, which relatively corresponds to their MW of 69 kDeyand 4§ kDa espec"ve]y. It
N

ric itive, PVP

4]

was hypothesized that with addition of pore fo%Cen
results to higher permeation flux and perc@ solute

S

A
Besides, by addition of pov%ing gﬁent 00%@0 additive, PEG 200
with low MW to the dope pol }Jtiol ult§to lo ermeation flux and high
proteins rejection. Therefo%:roven hat E}Iezzbnce of PVP and PEG 200 in

:

roducsymembrane with high productivity

PVDF/NMP membra&effec'w
c

and separation per N . Hen ]3P a&NSG membranes were selected the

best perform rangs t en@'ed for the next UF separation process

studies. % o
N
S

%
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4.3.3 Membrane Morphology

In this study, different types of additives, PVP, LiCl and PEG 200 were introducet§iffo

polymer casting solution in order to produce the membranes with better m@al
f

structures compared to the original membrane which without addition o ditive,

consequently improved their productivity and separation performange. z

Figures 59(a). (b) and (c) depict the cross-secti@\/\ ‘crogr phs of
PVDE/NMP membranes with addition of different additgges, PVP, RiCl EC\XJO
| &

respectively. The PVDF/NMP membrane without a% con}elbﬂed

was used as standard membrane in this study and shozn in '\er (c).4aXdiscussed

in previous part (refer to section 4.2.3),@1br
-st

structures from the top layer to middle oﬁub cf}QQT

R
The SEM image of PN-3Mmb resen@ in Figure 59(a) exhibit
loose and thick skin layer, %;cular I

This membrane shows @cal a:l \emcal sﬁmre of UF membrane including a
la¥er,

dense top layer (Sl\ f ' 'porﬁi\%nd porous sub-layer (finger-like,
dhe top laygr c{u@(}?dense skin layer, spongy structures and
macrovoids wwards’tmzom @e membrane might be ascribed to the large

A permeation durin'ga\,

tration process (Section 4.3.2). The addition of

amount \
hy r%dditives in the membrane casting solutions enhanced instantaneous phase

arali®n in an immersion precipitation process and led to produce macrovoids sub-

macrovoids). Tt

structure which in turns improved water permeation of PN-3P membrane (Yeow et al.

2003).



The character of the cross-section structure PN-3P membrane as shown in
ald

Figure 59(a) could be attributed to water solubility of PVP and the properties of the

10 solution. Furthermore, the addition of PVP led to thermodynamic instabil

casti \
on the casting solution, which accelerated the instantaneous demixin %he
hicl&:ould

coagulation bath. On the other hand, PVP is a water-soluble additive w

casily encourage and form PVP-rich phase, which acted as the weal%otguring the

{ i f loose
precipitation process. These caused the formation 0

developed macrovoids (Zhou et al., 2011). Ismail and Hassa

: : rials, PVP sh i asg the an
when PVP is entrapped by membrane mate , (;g'
hydrophilicity and also resulted in the alteration of membraneg p ormarréa in
terms of water permeation and solute rejection. Vi
h3

D

o)

FIGURE 59(a): Cross-Sectional Structu

Finger-like
structure

Spongy
«3TR Senm INAS, UMT it
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The morphology of the PN-3L membrane containing LiCl as the additive is

presented in Figure 59(b). When pure water was used as the internal coagulant, the

presence of LiCl favored the formation of thinner top skin layer. The tmNz
structures and macrovoids can be observed in the membrane structure. Iﬁ alon

LiC] has good affinity with water. Its addition increased the pol

instability in reaction with water, which facilitated a rapid phase qu and thus

resulted in macrovoids formation. However, the addition 2 to the casting
solution possessed strong interaction with the polymer lvent. Wle the

strong interactions among the components of thc@lon tehd tc 13\
Mo F 48 ‘hich partially oftset the thennodyn nic Mpact ¢f L1C ddi{&}‘f As a

precipitation. which partially

result. the size of macrovoids was reduced (Shl al., OS},‘

Finger-like
structure

Spongy

[RIDS  LUNT Structure
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Figure 59(c) shows the morphology of the PN-3G membrane. It may be seen

that membranes containing PEG 200 are having asymmetric structure consisting of a

dense top surface layer (skin layer), a porous sub-layer (support layer), and @
portion of sponge-like bottom surface layer. The skin layer acts as a separ &%yer
and the support layer provides the mechanical strength. As shown in the Z8oming

figure, the sub-layer seems to have finger-like cavities beneath theton tace layer

and large voids (macrovoids) near the bottom surface layer. Thevion of finger-

like cavities in the sub-layer of the prepared membranes re 01 i'lstan neous
demixing which is due to high mutual affinity of solveng N for fwatopy( a‘ek&:
2011). A\

s b3

NN

305 "

Finger-like
structure

Top skin layer

Spongy
INUS, UMT structure
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As the polymer solution containing PEG 200 as an additive (PN-3G), it was
formed a thin film between the solution and the air interface as soon as they are
exposed to the air. The formed thin film can prevents the coagulants from ente 'n&e.
casting solution. In other words, solvents located between polymer chaj be
rapidly diffused out means that the skin layer of the asymmetric membrane¥can be
dense. In addition, by adding PEG 200 in the casting solution, th% onge-type
structures appeared as it is easier to flow out into coagula ionvw According to

general theory of pore formation, the rapid outflow rat S aC@porous

interconnecting channels of the sponge-type (Kim and Lgg. 200%). . \Y'
| &
4 Y

NV
Ma et al. (2011) reported that the existence oORPEG }hscs in the\flembrane

solvent and leads to higher viscosity ofgme n W 0 ‘t'{h.s. The membrane
?1 .

dope becomes thermodynamically %

demixing when the membrane dgpe 1Nmmgrasd=m{0 the @gulation bath. (2) PEG is
J & anembrane dope affects the

hydrophilic in nature. Th hilicit

’ &
exchange rate of soly M]d 313 t du:g‘ﬁai’ phase inversion process and
influences the pre @ ' 1d thTormation of resulting membrane

- kit
&[0 S
morphology cm@ Y-
% v

e, &hic sult@ rapid instantaneous

of

'
¥

’ >

Vv

IQ rved the existence\f‘ﬁmacrovoid at the sub-layer to the bottom of the

all 1 es. The addition of different additives had demonstrated significant

@in size of finger-like structures, macrovoid and pores in the membrane. As

depicted in Table 14, the addition of PVP in the casting solution would decrease the

length-width of pores and macrovoids structures while the length-width of finger-like
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structures in the membrane quite same as the PN-3 membrane. Although the largest

size of macrovoid appeared in PN-3G membrane containing PEG 200 as additive in

the polymer dope solution, but the length-width of finger-like structures KQe

lowest compare to the others membrane. Besides, PN-3G membrane gets@her

protein rejection as same as PN-3P membrane which is 85% because of the'lowest
width of finger-like structures in the membrane (4.1 um). The existggce q¥finger-like,

macrovoid structures and pores in the membrane are signi 1cawracteristics of

te ori{aaporous
®

membrane based on their porous structure and high P related go tl memb@e

porous membrane. Furthermore, the UF membranes

productivity.

V4 4}3

\"
TABLE 14: UF membranes struc r@ withnj f8fent @tives

o &
F';‘E“ F l;fer oig a ovoi(t,} Pore Pore
Membranes ike 1ke engt dt]{% Length Width

Length Widt
eng \ (

i G (um)  (um)
PN-3 0.70 0.73
PN-3P 1.95 1.49
PN-3L 2.31 1.27
PN-3G 1.11 1.18
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4.3.4 FTIR Studies

Three membranes will be discussed in this FTIR studies as well the additives

added to each of the membrane casting solution. The PN-3P, PN-3L an G
membranes with addition of PVP, LiCl and PEG 200, respectively. The &a from
pure PVDF membrane prepared with 17 wt% with 83 wt% NMP Nh.e casting
solution is shown in Figure 53(c). As discussed earlier regardi '3 membrane

ith l‘t addition of

additive revealed a very weak band at 3400-3600 cm™ thayj iated vt tﬁe@H
| .5
stretching of water molecules. P \’Y'

(refer to section 4.2.4), the spectrum of original PVDF me

101=

S N A~ e 4 ‘Q \\ . :M
\ i ;
S, o io R
3 petits 0) 2 :I Py Jrr \,‘ 'g ‘\;
Yo 3417 cem \ % ! & ! T

.
(J \I 1 C-N stretch-

aliphatic
amines

*

(1069 cm™)

“%lransmittance
0w 0
F4
4/

stretching

- ’ Y- C-F stretch-alkyl halide’i (880 cm)
(1184 cm™)

- Beh g, S L 14.‘(3\»~.«_z_.«‘;.4i(‘(N.,13.,Q..r.;.‘l«;.‘4.\x‘¢..x.«¢.(>;;,.x,,,,t«i:‘«;

3800 0 200 W00 200 2400 200 200 B0 1W®00 1400 1200 1009

A
e\

dte 61(a) above shows the spectrum of PN-3P membrane where the

S
' C-C stretch in &
¢ : (o rings-amma}ics L
(J (1402 cm™) I f
-, < | o
e ( ’ ¢ { asymmetrical
¥

membrane structural changes when PVP was used as an additive in the casting
solution. As the presence of PVP in the membrane dope solution thus its high

tendency to water may cause a broad band in the area of O-H stretching (Rahimpour
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and Madaeni, 2010). The absorption peak in the infrared spectrum of O-H stretches at
3417 cm’', was more prominent in PVP-containing PVDF membrane while the rest of
the spectrum remained similar. In addition, a new band is assigned to the car

group (C=O stretches) of PVP at 1657 cm™'. This indicates that PVP trap@ e
polymer network and form an integral part of the polymeric structure, pro%ng the

polymer surface with a more hydrophilic nature than the surfac%!zure PVDF

membrane (Vatsha et al., 2014). T

FIGURE 61(b): IR Spectra of UF Membrane (PN-3L) wi dditionjof 1! ‘ \g'
1.5
e o g\\

“itansmetance

i

K '] / v i C-N stretch
Y2 \ C. rgtch- *
ics
. .ﬁ, 3 C-N
) \ Hemt) stretch-
- % aromatic
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LS “"m\ 7

amines
(1073 cm’!
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EREIER s
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On the ot%%d', F'gL[e a’( s@rs the infrared spectrum of the PN-3L

membrane am&kurface changes @Cl was added. The band at 1732 cm™ is

attributed @ asymmetric stretching vibrations. Moreover, the sharp and strong

absomgtion gands at 1175 cm™ and 880 cm’! correspond to the C-F stretching alkyl
halide and C-C-C stretching vibration, respectively. The characteristics of two

absorption bands at 1276 cm™ and 1073 cm™ were attributed to C-N stretch aromatic
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amines and C-N stretch aliphatic amines, respectively. Besides, another strong peak
around 1402 cm™ was assigned to the aromatic stretching vibration of the C-C group.
Figure 61(c) shows the infrared spectrum of macromolecular @oo
additives used for membrane casting solution (PN-3G membrane). I$ FTIR
spectrum of the PN-3G membrane, the low peak at 3462 cm’™ repre%tiz stretching

of O-H, hence evidencing the presence of glycols. Besides, ew at 1672 cm’

corresponds to the stretching modes of the C=C double conv slon PEG.
Another peak at 1071 cm’' which is due to additional ir@
(from PEG 200) was observed and this confirms the pres8ace

membrane polymer matrix (Susanto and Ulbric t%z q\

a Q-
: NJ &
[ . ¥ é/ \ ! ("{/\
B (’) Pl B by, coimicm )| \ Af
96~ 8}25‘53‘*'; &\ ® (30 (1672 Cm?l)[G ! W / i)
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tity’ D A
g :% % I e
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\ (1181 cm)
w._

SRR R SNG TR § SRR R Jadi s
,,,,,,,,, e 300 000 00 2600 2400 2200 2000 1800 1600 1400 1206 1000
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4.3.5 TGA Studics

Figure 62 shows the TGA results generated on PVDF ultrafiltration membranes?
membrane without addition of additive was marked as PN-3 membrane V\%\ith
additives PVP, LiCl and PEG 200 added to the casting solution, the membraMes were
marked as PN-3P, PN-3L and PN-3G, respectively. The plot showsgthe pprcent mass
as a function of sample temperature for the prepared memb anWer a nitrogen

purge. It was observed that the thermal stability of P P _3%1)1\] £1e

membranes were slightly moditied by the presence of addifgs. N
‘DJ’ G

{1 =0 100 150
b S S S R
[¢] = 10

Th‘%%ults show that the PN-3 and PN-3P membranes undergo thermal

degr;@cginning at ~400 °C and with a total mass loss of 63 and 60 %
0’

respectively. The thermal stability of PVDF polymer membrane is improved by
adding of PVP additive. As it can be seen, the PN-3 and PN-3P membranes exhibited

two degradation stages located at ~400 °C and ~450 °C. The weight losses for the first
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and second stages were 5 % and 14 % for PN-3 membrane meanwhile 6 % and 18 %
for PN-3P membrane. In this sense, it has been reported that the first weight loss
during thermal degradation is due to the degradation of the hard segment

consequence of the relatively low thermal stability whereas the second we1g®

been associated to soft segment decomposition (Cervantes et al., 2009).

Yv

By adding PVP into the polymer casting solution, degradvtarts at Towres
temperature at 300.3 °C. This is because PVP played L ore sformer,
contributed to pores enlargement and increase in membr por sity, heigpe mad.Q"ﬁe

structure easier to degrade (Hatijah et al., 2011). The plots fPN Lan rane

\mem ne (PN-3

tho“embrane. It is

}fg*’ie (490 °C) was

S
; 1l t‘bta %1ght loss of PN-3L

did not have a similar changing tendency c %; tQ‘

membrane). which substantially improved tl@l stabi

seen also that the decomposition tempe of P ?‘

higher than that of the PN-3 memb s
ompgsltior both the compound and

I
also due to the organic compound ey poran ﬁ'a@nd Prakash, 2012).

& &
From the TG c@wf sterythat thﬁg(({dltlon of PEG 200 additive resulted
i increased thern %%“tytl pagfic a@e PN-3G membrane which is consisting

PEG 200 add,&howed nnprovem@dm thermal degradation where starting at a

higher temliu\? (353 °C) compared to the plain membrane. According to Ali et al.

(201 0\ hanced thermal stability was a result of the stronger interaction between

the polymer and PEG 200 in the membrane by forming hydrogen bonds.

membrane is 75.2 % which is du de

——
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During the first decomposition stage of the PN-3G membrane, initially 6 %
weight loss took place in the temperature range trom 30 to ~410 °C. The second stage
of thermal decomposition of PN-3G membrane started above 410 °C and terminated at
490 °C, therefore in this stage highest weight loss of about 62 % was observ@
Joss of weight may probably due to main thermal decomposition of add@ins
The final stage started from ~500 to 850 °C, represented the degrade brane to
ash. The TGA plots of membrane revealed that the degradatioMperature of
additive-membrances were much higher than that of plain PVD me nbrane (PN-
3). This showed that incorporation of additives into the PV emb an%ﬁgdﬂcantly
improved thermal properties ot the membranes (Zafar e 12). _i")

o'
Y. \,Y'
4.4 Addition of Different Surfactant (Smgtwctarw t rdsﬁ’ additive

o

In the previous studies. it was show tle 01 Qﬂ&lfferent additives
signiticantly affected the properties 1uctur the DF membranes. The
1 ctures contributed to the

changed in membrane propcmc anglts moiphol 1Fa

variation in  their scp tion €E. éﬁe PVDF/NMP/PVP  and

PVDF/NMP/PEG 200 n nb ntai@3 wt% for both PVP (as a pore

former additive) and T @er additive) in the membrane casting
d st usﬁl Jhe @ration performance of proteins. Hence,

solution showe
4 N |
both of membgancs*have favorable ¢hafacteristics to be used in the next UFstudies

with ac @Hc rent types of surfactants. However, the addition of surfactants

200 additive was discussed in Section 4.5.
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In order to optimize the membrane separation performance, the
PVDF/NMP/PVP membrane was added different types of surfactants which are
Sodium dodecyl sulfate (SDS), Triton X-100, and Tween 80 to the casting soluti
induce molecular orientation which in turn altered the separation performanc%\ese
membranes. The Table 15 shows the composition parameters of th*brane

fabrication conditions with addition of different types of surfactangs to Yhe polymer

casting solution. ‘
Nd.

TABLE 15: The PVDF/NMP/PVP membrafaformulatjons \‘3'
| .5
Additives of l'z'm

s .4
0
Memib :;?:::Lr Solvent (wt%) vt
embranes poly o
wite) VO py on
00
PN-3P 17 80

PN-3PW 17

c ; (
4.4.1 Pure Water Permeatio% ) 2 2 <Q°.
O

N4
The PWP of the memchablca;e 1}1! aéétﬁ!on of different types of surfactants

are shown in Figui-&ihe‘j’ p ?1e surﬁgnts of all fabricated membranes were

measured at six :‘E‘fc 1t pressures fron@.to 300 kPa. As displayed in Figure 63, the

S

PWP of all Nmbranes increased with the increasing operating pressure. Based on

PN-3PS 17 78 3 \T
PN-3PT 17 78 (') A .Q\ )
E% 3 0 v 2

the grapMggt was showed that all the PN-3PS, PN-3PT and PN-3PW membranes

containing surfactants SDS, Triton X-100 and Tween 80, respectively give the high

values of PWP compared to membrane without additional any of surfactant (PN-3P).
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FIGURE 63: PWP of PVDF/NMP/PVP Membranes with Different Types of

Surfactants
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us
3 )
The addition of SDS surfactant j casti 0 &?N%PS membrane)
? (]
rl

“
altered the membrane performance. A&

setRn FigurdQ3, the obtained results
. N -2p-1
demonstrated that PWP of PN—f‘ S N¢mbranginc e@346.42 to 577.37 Lm™h
r Q(

as increase the operating Pr‘SQ r of #a. The PN-3PS (SDS treated

\ (mghtion @m%pared to PN-3P membranes at
¢

similar pressure. How, %vlnl com

is the lowest at th‘v 1um6pﬁj’g p@re which is 577.37 Lm2h™". The PWP is

W, : .
the membrane t hology and properties. In fact, the alteration

st

==

|
ri‘g éﬂher surfactants, the PWP of PN-3PS
NS

closely influg

in PWP.i ted on the basis of the changes in the membrane morphology after

addit@)& The membrane morphology of PN-3PS membrane was discussed in

section 4.4.3.
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On the other hand, the eftect of Triton X-100 surfactant on the PWP is seen in
Figure 63 as the membrane was marked as PN-3PT. An increase of operating pressure
from 50 to 300 kPa signiticantly PWP of PN-3PT membrane increase from 288.68 to

742.33 Lm~h"'. This is due to the increase in effective driving force (g t

[0}

pressure) required tor water permeation. The addition of Triton X-100 as ;}Nac nt in

the casting solution slightly increases the value (Lm>h") up to V.bf ——

permeation. This is because the presence of Triton X-100 as secondeitive in the

casting solution causes the formation of large finger-like pore K sul] layer of the

membranes (refer to section 4.4.3). \d.
’ ¥
In addition. the eftect of Tween 80 surfactaw arious ’B‘f)erating

pressure which marked as PN-3PW is shown iG'jx e eenghat within the
range of 50-300 kPa, with increase in opergging pres P lf{%lsed fromm 805.66
to 811.92 Lm~h'. As observed in Figur . adilitio if T \3 80 to the casting

solution results in an increasc in P PN]G 7 merr@nes. For instance, when
Twger

=

ol 88} the casting solution, PWP
f &

of the membranc 1s 472.3‘&&1{', 'l‘h P inéspases by addition of 2 wt% of
&
Tween 80 to the Cilstiﬂt MOH n‘d\? "qs t&’@laximum value of 811.92 Lm™h™".

the membrane is prepared with tion o

Therefore, the additt weefl 8Os pur ’s&tént additive in the casting solution can

’
be responsible E&h perto nzu(cz)\gﬁch is higher water permeation of the

membrancs \vould increases the porosity of the membrane support layer. Hence,
‘(E‘(

this res I to higher pure water permeation (Amirilargani et al., 2009).
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4.4.2 Protein Scparation Performance

In UF membrane process, the membrane separation performance was measurqgl
I
terms of its productivity and rejection towards solute rejection. The permeat N d

proteins rejection for PN-3P, PN-3PS, PN-3PT and PN-3PW me e
& s are

illustrated in Figure 64 and Figure 65, respectively. Y.

FIGURE 64: Proteins Permeation Flux of UF Membranes wighWiff; rlnt Types of
0
Surfactants towards PVP Additive \dv,
| &
A
B

160
140 %’Y.
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=
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5
= 80 -
=
< 60 o
g
£ 40
= 20

It has been re&i
propertics and mo@ y (Ma tal., 2011). Figure 64 shows the effect of
N
surfactants SIS liton X-100 and Tw&al 80 in the membrane casting solution on the

permeat éng BSA and EA solution through the UF process. It is observed from
1ttt w

the ¢ ith addition of surfactants to the casting solution, the BSA permeate

flux decrease from 151.72 Lm™h™ to 126.74 Lm?h™, 122.99 Lm?h™", and 105.51 Lm’
2 . 5 . m
2" when SDS, Triton-X and Tween 80 added, respectively. This decreasing trend of

permeatc flux is similar to the EA protein.
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According to both figures, the addition of surfactants in the casting solution
significantly affected the permeate flux and rejection of each protein solution. It is
observed from the bar chart that the addition of surfactants to the casting sol?
significantly increased both BSA and EA protein rejections (Figure 65). The@ate

flux and rejection characteristics of the membrane strongly depend on th$ture of

the membrane as well as the properties of the feed solution. VY.
c 95, @tion of
. L

surfactants to the polymer casting solution increased tl$ion offpro ni towgas

the PVDF-PVP membranes. With addition of SDS, Trito 100 408l Tyfcen @m the

Based on the proteins separation profile as seen in

Ry,
polymer casting solution, the BSA protein rejectyon i reaaﬁ\x SS@N%P) to

86%., 88% and 90%, respectively. \%
‘% 0"}

a Q-
FIGURE 65: Proteins Rejection N es {gﬁ' Different Types of
Surfactants towards PVP Addit%z ? | 0,

-9
7y

EBSA
mEA

Protein Rejection (%)

PN-3P PN-3PS PN-3PT PN-3PW

Membranes
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While comparing these three surfactants (SDS, Triton X-100 and Tween 80)
on the permeation performance towards the PVDF-PVP membranes, membrane
prepared with SDS surfactant give the highest permeate flux which is 126.74 L™y
and 50.70 Lm~h"' for BSA and EA, respectively, and the lowest proteins%\on
(86% BSA and 69% EA). This results shows that the addition of SDS € es the
protein permeation flux. It can be attributed to the non-uniform d%g'on, severe
aggregation and precipitation of dope solution containing PV awes in aqueous
phase using SDS as surfactant even after ultrasonic, whic opstrvegy during

[
the experiment (Wu et al., 2013). In addition, Saedi et al. @Q12) alsgjrep eii tkqgﬁe
| . . A7
addition of surfactant SDS in the polymer casting solutioMycontrjpuyted d@ase in
the proteins selectivity as well the membrane surf% ct.q‘ g
\3 )
| . Sl M VN
The permeation flux of proteins kPa fi -@J membrane from

)

addition of Triton X-100 surfactant i ented wq_Fighre @s it can be seen, the
esence of Triton X-100 decregsed SA pernfgatio @‘x from 151.72 Lm2h™! to
) 'S
122.99 Lm>h"', decreased the EA ea.% Foke 5572 Lm2h" to 46.92 Lm h
I and increased membrane@it ,\@ctiVK f BSA and EA proteins rejection
e
increasing from 85% t(%\@an ﬁ%ﬁ’ t (73%, respectively. This result showed

>3

N

that PN-3PT mm%g:as aghdd f'ncr%o& in selectivity as the membrane structure

including SC]\ ayer and membra@éubstrate are modified by the addition of a

surfactant%asting solution.

Saedi et al. (2012) was suggested that the increase in selectivity could be

caused by the reduction of the number of skin defects or antiplasticization of the

polymer. This is due to the fact that skin formation is caused by surface tension forces,



146

and addition of Triton X-100 changes the surface tension of the casting solution. It is

possible that the closing of defects during skin formation occurred as a result of the

Ng

Besides, the effect of Tween 80 surfactant in the PVDF-PVP d&%ﬂting

presence surfactant which is Triton X-100.

solution on the protein permeation flux and solute rejection are illustnvqn Figures
64 and 65, respectively. As observed in Figure 64, addition of Tween 3/to the casting
solution results in the lowest protein permeation flux whic ] 5.5' Lm>h! and

39.29 Lm>h"' for BSA and EA, respectively. For example; en tthraﬁq_is

» N\
prepared without addition of Tween 80 (PN-3P), the ahd EAjpe ea‘e-@( are

20l 21 . 4 \’Y'
15172 Lm™h"' and 5572 Lm?h’, respectwelyys.i Daed, i proteins
permeation fluxes of PN-3PW membrane C%Nd Qt\p ent@ seieation, of
protein increased from 85% to 90% a h tc‘ }:ﬁ)r BSA and EA,

N
respectively. % [ A Q%C?
N RN
13 S
While comparing to th% urfac} ts :y!n‘&bVDF-PVP membranes, it is

&
shown that the membrar&Ncatecl dedif of Tween 80 surfactant to the

polymer casting SO]u“c%N thg bgs Y’Qﬂ due to high rejection of proteins at

favorable perme@ o; otej ]@{ In addition, by using Tween 80 as a
b 4

pore former s:aac t, a porous sté’{,mre of PVDF membranes that allow UF

LN
operation \med and exhibit an uncommon type of morphology being composed

of a thi m¥-porous top layer, followed by a short region of columnar voids and then

a thick brecontinuous porous support (refer to section 4.4.3).
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4.4.3 Membrane Morphology

Figure 66 shows SEM micrographs of the cross-section of PVDF/PVP me s

prepared with addition of different surfactant types to the polymer castifg‘ ?ﬂtion.

Figures 69(a). (b) and (c) depict the cross-section of SEM micrOgraphs of
PVDF/NMP/PVP membranes with addition of different surfactatﬁ S, Triton X-

100 and Tween 80 respectively. The PVDF/NMP/PVP membra?n‘\ out addition of
elnb e in this

surfactant (PVP content) marked as PN-3P was used a@d w

study and shown in Figure 59(a) and was discus in ‘secfon @3 3.'@" the

. O

membranes studied were demonstrated that so-called mefgid m hol\zgy which

T NV
was characterized by a dense top-layer, thick w Slﬁ\\ . Q&us omi
&
sub-layer. \% O
A
& A\? &

o S

The SEM zooming image % CrQgs-s i(')'ns@' membranes (PN-3PS)
N K\
S i0n

prepared with addition of SDS i aSti!:j/| 0 §hown in Figure 66(a). The

SEM images indicate that ad0i ok % é ¢ 0f SDS in the casting solution

N,

results in considerably er to

SDS also can incite qm 0
was increased %kﬁjy M

polymer cash olution. It was e\{%ﬁce that the existence of finger-like pores and

Cv:‘

d porous sub-layer membranes, and

T

Pn. &Qdiscussed before, the PWP of PN-3PS
©

57737 Lm®h”" when SDS added in the

high po \ sub-layer of PN-3PS membrane prepared can be responsible for high

pe nagee PWP of membranes.
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FIGURE 66 (a): Cross-Sectional Structure of PN-3PS (PVDF/NMP/PVP/SDS)

Sub-l'd\'cr Sku X588 S8mm INCS, UMT

Morcover. according to Rahi et \37 fuac” addition of SDS
: £ N

) AN

surfactant in the casting solution nagyNRave twe cffgets @ membrane formation

N :
i d@ of the solvent evaporation

n ﬁéuner chain due to formation of

am@ﬁlic structure (i.e comprising of

§
i), (vszﬂle the solvent (NMP) is hydrophilic
X LA S -
property. As a r‘%< layed ﬁ mY_ Ules 1s formed on the surface of the casting

film. This screases the rate lvent evaporation leading to slower growth of

il gécmr

On the other hand, NMP is hydrophilic and PVDF is hydrophobic. The SDS

-

processes as shown schematicglly gure,57;

rate and (i1) a diminish ogltcr tim%
polymer—surthctant con& D

9
hydrophilic head an ropfobic

ated polymer in the casting film.

nolecules and PVDF are likely to form a micelle-like complex in the solution. The
l < (¢
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formation of polymer-surfactant complex reduces the interaction between the polymer
chains. Both aforementioned phenomena result in a delay in the coagulation of
polymer in the presence of SDS (i.e instantaneous demixing). Consequently, the
growth of skin layer is diminished and formation of finger-like pores in the% rt is
improved. Besides, the SDS molecules corrupt the pores and become le@ leave
defects in the membrane structure. This indicates PN-3PS membw exhibit in

higher PWP and low protein rejection (86% BSA; 69% EA) as Nted in Secti
’ n Section
4.4.2. i
‘é N.
Ny

[nversion

. |
) r
Q- L
: ‘%lufuc angPTigdn )@O on the membrane morphology is seen in

The cft,
YO
Figure 66 l\ khown in the figiw? the SEM images of PN-3PT membrane with
wi

additi riton X-100 in the polymer casting solution exhibit the typical
asyniigglfc structure and fully developed finger-like pores in the sub-layer which

; r - are
larger than pores exists in the PN-3P membrane prepared without Triton X-100

Asymmctric structurc of PN-3PT membrane consi
ists of a dense to
p-layer, a porous
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sub-layer that is occupied by closed cell within polymer matrix and finger-like pores.

Besides, there is significant difference between cross-sectional morphology of PN-3P

<

FIGURE 66(b): Cross-Sectional Structure of PN-3PT (PVDF/NMP P/Q?ITON

and PN-3PT membranes.

X-100)

Spongy
structure

21
The prc@r Tx‘i{ b-ﬂ.' £$(u)rfactant additive in the polymer casting
solution caugﬁc ormation of lar%%er-like pores in the sub layer of membranes.
These croé\‘ionﬂl morphologies of the PN-3PT membrane justify the high PWP
andaprot®gs permeate flux in the presence of Triton X-100 due to the porous structure
of the membranes. Saedi et al. (2012) reported that in the presence of surfactant Triton

X-100 in the PVDF membrane casting solution, the electrostatic repulsion in the

polymer-surfactant is less than surfactant SDS, and therefore the polymer chain can



151

accommodate in a more packed structure. Consequently, the protein rejection of PN-

3PT membranc (88% BSA; 73% EA) was higher than PN-3PS membrane (86% BSA;

69% EA). C‘}Yn

In Figure 66 (c). the cross-sectional SEM zooming images of ﬂft&mbranes
prepared by immersing casting dopes containing Tween 80 as s@t’ additive is
demonstrated and marked as PN-3PW membrane. The SEM 'mew'mdicate that large
pores arc formed in the sub-layer of the PN-3PW membr e re@?ldition of
7 wt% of Tween 80 to the casting solution. The additiofgf Tweerf 80 s'ux%?f)tgﬁt to
the casting solution can incite the macrovoids formatior® \: \’Y:\

X~ 3
3, <

M P/TWEEN 80)

Finger-like
structure

Spongy

TNCE . UMT
1 structure
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As observed in the SEM images, seen in Figure 66(c), there are big
macrovoids in the sub-layer of PN-3PW membrane. Obviously, Tween 80 can
enhance the formation of macrovoids. Therefore, it was evidence that the exis i3

big macrovoids in the sub-layer of PN-3PW membrane prepared can be ‘é:;Psible

for highest performance PWP of membranes and proteins rejection whicﬁ&p to 90%

and 76% for BSA and EA respectively. Vi

This phenomenon can be explained by miscibili ween Jded urfactant

and the coagulant. The property of low solubility Tween J80 1y. hilic
A
a

s fgetdr ffr ch¥rging the

\ N

factant and

coagulant plays an important role in thewaon procty#’ of @Qf'ous pores. The
macrovoids and tinger-like pores in tl %13}/@1- C\bs @ or suppressed by
é o " V'S

addition of appropriate surfactants endingson tigeir IT@blllty with coagulants.

The addition of surfactants that h igh thiscifullty coagulants may be able to
'S
ser-1g

extend the formation of fing

e pQ{
addition of surfactants v&\ mis@ withgQagulants suppresses the macrovoids

\
| \ 4 ! c.,(-’
formation (Amirilar r% 1., 2009)x* & (J
X &
s
Gend the addition of @’1 amount of surfactant has strong effect on

momho@’VDF membrane. As depicted in Table 16, the addition of SDS to the

cashigg syution would decrease the length of finger-like and pores of the membranes.

surfactant additive in the NMP solvent was introduc

membrane morphology and performance. Theumiseibi

2
g

It is observed the existence of macrovoids at the sub-layer of the membrane. The
pVDF membranc prepared without addition of surfactant which is marked as PN-3P

membrane exhibit relatively large pores in the middle surface area and the formation
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of pores in the middle surface area of the membrane were approximately reduced as

surfactants were introduced to the casting solution.

For example, PN-3P membrane have 1.95 um and 1.49 pm as pore l@d
pore width, respectively therefore, both of these values were reduced tg&?; m and
0.46 pm respectively when Triton X-100 is added to the membranewmg solution.
Rahimpour et al. (2007) has similar results which demonstrated th t e pore size of
membrane prepared without surfactant is larger than the mer p01les prepared by
surfactant. The largest macrovoids formed in the sub f the 1 ;al was

appeared in the PN-3PW membrane containing T %as sugfa Ld&?\,es i

the polymer casting solution, which showed the € h a%/voxd (154

um). %V Q‘ 6
NS

TABLE 16: UF membranes structurd 1ll\w1t}; dqfer@urfactants towards
h 4

&acrovoid Pore Pore
Width Length Width

(nm) (nm) (um)
26.3 1.95 1.49
61.1 0.70 0.76
42.3 0.64 0.64

47.9 1.13 0.94
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4.4.4 FTIR Studies

The FTIR spectrum of PN-3P membrane 1s shown in Figure 61(a). As le!Ed
earlier, the spectrum of PN-3P membrane as presence of PVP and witho % on of
surfactant shows three characteristics sharp and strong bands around 1%’1, 1184
cm”' and 880 cm’' that are, respectively attributed to C-C aromatigstre®h in rings, C-

F stretch alkyl halide and C-C-C asymmetrical stretching v'br&ﬂ! (refer to section

4.3.4). The functional groups of PN-3PS membrane wi ition @&smfacmm
, ‘ ¥

towards PVP additive is shown in Figure 69(a). N
O
\: \)T

FIGURE 69(a): IR Spectra of UF Membr -335) ith A@non of SDS

&
towards PVP Additive \O) O

N A
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\ Wavenumber

e characteristics bands of PN-3PS membrane are quite similar to the PN-3P

%1ransmatance
0 <©

W &

[} 1
</

membrane in Figure 61(a) in section 4.3.4, including to a broad peak related to the O-
H stretching vibration (3426 cm’'), stretching vibration C=0O band (1660 cm™), C-C

aromatics stretch in rings (1403 cm™), C-F stretch of alkyl halide (1176 cm'l), C-N
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stretch of aliphatic amine (1073 cm’') and C-C-C asymmetric stretching (880 Cm-l) e
observed. However, the FTIR spectrum of the PN-3PS membrane after addition of
SDS reveals one extra peak at 1275 cm” comparing to PN-3P spectrum. The o d

peak is due to the presence of SDS, which attributed to the S=O stretchi@ation

resulting from vibration of sulfone group (SO, asymmetric vibrational) mi et al.,

2012). VT

Figure 69(b) shows the FTIR spectroscopy 0@ U@?e and. dts

mixture with the Triton X-100 surfactant in the er cafting Olluﬁa;g.The

Ky

absorption intensity was altered and the IR spectrum smallpshfied in thg-presence

Ry,
of Triton X-100 surfactant. z \ \ &

FIGURE 69(b): IR Spectra of UF Me%—le (waw’ o e
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This observation demonstrated that there are intermolecular interactions

between PVDF and the surfactant. In the presence of Triton x-100, there is no
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frequency of O-H group. The absence of O-H wave number caused by decreased in
bond order between oxygen from PVP and Triton x-100 resulting in a reduction in the
vibration energy and subsequently a reduction in the wave number. The overall
reduction of absorption intensity in the presence of the Triton X-100 surf&X:an
be explained by the fact that the surfactants increased the membraxmor ity and

subsequently caused a reduction in absorption (Saedi et al., 2012). wr peak was

observed in the presence of Triton X-100 at around 976 cm catmg of C=C
stretching vibration in its phenyl ring. The bands characte O stretching
vibration at 1673 cm’', sharp and strong bands at 1402 c C-{ aro ch in

ring), 1184 cm”' (C-F stretch of alkyl halide) an@ : szﬁ&etncal

stretching of PVDF) were detected in the PN- 3PT Yﬂu Y'

FTIR spectrum given in Figur %r en A‘%EQ membrane with

addition of Tween 80 as surfacta lPVP qdn 1xed together in the

Q

polymer casting solution. From (g€ s t d a , a strong absorption band

at 3415 cm’', due to the st% oft te 1 !11 roxyl group from H,O. This

indicates that there is s ntenfo r hyd en bmdmg among the Tween 80

molecules since Tw mtr d}lc ’r'e %ﬁylonal O-H groups per molecule.
¢
" 2
The p 935 cm’ corre‘:sgx'ds to CH; (methyl group) stretching vibration
N

in Twee he C=0 stretching vibrations of Tween 80 appears at 1656 cm™. In
addit ry small peak was observed at 1066 cm™ related to C-N aliphatic amines
stretc vibration. There are three strong and sharp peaks showed at 1402 cm”,

1184 cm”' and 880 cm”' which due to C-C aromatic stretch in rings, C-F stretch of

alkyl halide and C-C-C asymmetrical stretch of PVDF, respectively.
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FIGURE 69(c): IR Spectra of UF Membrane (PN-3PW) with Addition of Tween 80

towards PVP Additive
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4.4.5 TGA Studies \% \7 FY
o

X
4

q

The thermal analyses of the prepN embra e sl&% in Figure 70 for PVP-

S
membrane samples at differgnt aaition o, sur ciar@nich are SDS, Triton X-100
. s . S .
and Tween 80. Most of % A S rese@,lmllar behavior with one main
'tesme

weight loss step in th\ rat

¢
dehydration of ph dca ads/rb a er\égm 30 °C to ~ 200 °C and decomposition
0 ocho Qo °($)wever, it can be easily interpreted from the

NV
maining weight ‘&&? not level off even near to 900 °C. Therefore,

ofaf}yc to ~ 500 °C which including the

ther:: ility of gradual decomposition of surfactants and shifting to higher

re (Ramimoghadam et al., 2012).
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FIGURE 70: TGA Curves of PVDF-PVP Membranes with Addition of Different

Surfactants

% ]

xoo«j S

o

=

70 A

60

50

40

il

20:‘_,.44+H1-;++a—0m N Sl

o s 10 1 20 i
|

v ol
From the curves, the dccomposm% erature -36PN-3PT and PN-

3PW membranes is about 400-450 °© 1 1S ver s$ t 3’5@% membrane. On the

e
other hand, the result of PN- 3P\n ran 1s affos %'{hat the decomposition
temperature (~350 °C) was loxw?!h otler nger bra)%s For example, the PN-3PS
rst s1>\

membrane undergoes the fi 1l \% 3’ %2 % 1s described as removal of

bonded water and the s @@f Z@Vas observed between 430-450 °C,

|
due to the sunmgtan 1 Sy g et 9!’)(2010) reported that the SDS-modified

@,

*

N\ .
7n) particles plL:l ta :n m@ﬂd also start the decomposition between
tempuatu )0-600 °C. The 11@( temperature for surfactant degradation can be
attributg dtl\ cly high heating rate and the quality of the material (Samaele et al.,

>
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In addition, the highest total weight loss (77 %) was assigned for PN-3PT
membrane which is consisting of Triton X-100 as surfactants in the polymer casting
solution. As shown in Figure 70, from the weight loss was due to the burgigg and
decomposition of the molecules. As measured the temperature up to ~ ¥ the
Triton X-100 weight loss was estimated as ~61 % and ~16 % for Nmperature
above 500 °C. It was verified that the thermal degradation of PN'R’nembrane is
thermally stable up to temperature above 900 °C where after a itial lost weight

due to the water/solvent removal. Thus, its weight is ¢ by' increasing the

temperature up to 1000 °C (Merino, 2012). \d, S
s 4

The typical thermal degradation proﬁles folPN-3

regéc of weight loss.
@mbrane started from

350 to 500 °C with highest weig:,ht bo& 60 iwas erved. Then, from 500

to 900 °C, the weight loss is ab /o 1n ach turning point marked
I
the combustion of a new cm%nt int ﬁ(_)j?ﬁ € 400-450 °C and 480-530 °C

combustion zones W r@*uted, to the Tv@ 80 components in the polymer

solution (Ma et al.. / ’\
X
&
N\
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4.5 Addition of Different Surfactant (Single Surfactant) towards PEG 200

additive

In the previous Section 4.4, the effect of addition different surfactants to \; wt%
of PVP additive in total composition in the membrane castin lu;lon was
investigated. The changed in membrane composition, properties andwr?orphological

structures contributed to the variation in their separation perfo oY The addition of

different types of surfactants was produced results of diff eml)rane structures

t f\d
sWrfac Qo\v?pds:),

wt% of PEG 200 additive in total polymer com on in t mbr%n‘{o casting

F 4
solution was investigated in this section. \ Y.

In this study. the PVDF/NMP/REG 20 1%!# @ contained 80 wt%
N
of NMP and 3 wt % PEG 200 addiﬂ%he b dogg-Solutions were prepared

m
with addition of different surfa €s '& ﬁmize membrane separation
arati j

and characteristics. Therefore, the effect of addition

>

g

: [
performance towards prot&) . Tey g‘i sheet PVDF/NMP/PEG 200

membranes Were iﬂtrOK surfactiys of &S um dodecyl sulfate (SDS), Triton

: e
X-100, and Tween cmhe [astm s;lut nd marked as PN-3GS, PN-3GT and
PN-3GW respe &' P ?

b 4
AN &

\1dard flat sheet PVDF/NMP/PEG 200 membrane which is no addition

of .suriagtatit is marked as PN-3G membrane. The composition parameters of the

membrane fabrication conditions with addition of different types of surfactants to the

polymer casting solution are shown in Table 17. All the membranes were

characterized in terms of pure water permeation (PWP), proteins permeate flux and
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rejection of solutes. Both of these parameters (PWP and proteins separation tests)

were used to study the performance and separation ability of the membranes.

TABLE 17: The PVDF/NMP/PEG 200 membranes formulatlo‘s :

Atk p((;f‘t;:; (Wt%)  pEG200 sDs 1;(" gon T";ge“
PN-3G 17 80 3 - ? _
PN-3GS 17 78 3 2 | -
PN-3GT 17 78 3

PN-3GW 17 78 3 : [

4.5.1 Pure Water Permeation (PWP) VQ ’ \ Y.
(«

renf types of surfactants

Figure 71 represents the mﬂuen of addition_of *
V arj operating pressure in

on the PWP of the compacted membra e;ﬁure

6‘

the range of 50 to 300 kPa. As prese Ae ults indicated that all the
PW l-'was J

membranes showed the tren Slgnlﬁcantly with the rising

.‘
operatmg pressure appl @enméé This is due to the increase in

effective driving fo a em |pr @e) required for PWP. As discussed

4
arlier, the additi rfac nts jo phe ng solution was effectively improved the
(] s
membrane p %ce in terfs P\'\W' It was showed that all the PN-3GS, PN-3GT
e

nembranes containing surfactants SDS, Triton X-100 and Tween 80

give the high values of PWP compared to membrane without additional

respeOwe
y O Lurfactant (PN-3G). Similar results have been reported in the relevant
an

literatures that addition of surfactants to the polymer casting solutions may increase
i
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PWP of the membranes (Rahimpour et al., 2007; Amirilargani et al., 2009;

Mansourpanah ct al., 2011).

FIGURE 71: PWP of PVDF/NMP/PEG 200 Membrane with Addition oﬂ:l rent
Types of Surfactants :%
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Ky
. N .
hi Icobnanng surfactant SDS in the

figepown in Figure 71. The PWP of

The PWP of PN-3 lwane
casting solution at diffcrelt\omahi . p’é
PN-3GS membranc ingfc fr 4340 78\ m”h™ by increasing the operating

|

¢
pressure from 50t %( a. The &&ulls

N .
addition of SD% ighcdR Plan P&G membrane which increased from 57.74

Eia'a:ated that the PN-3GS membrane with

5
to 78.97 Lif eyt maximum oper pressure, 300 kPa. However, while comparing
0 .

to ot ctants, the PWP of PN-3GS is the lowest value at the maximum
o
@\resqurc compared to PN-3GT and PN-3GW membranes. The PWP of
op ;

ymmetric UF membranes is usually affected by the pore size of the skin layer and
as

the porosity of sub-layer. Therefore, the decreasing pore size and porosity can
g
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subsequently decrease the PWP. The membrane morphology of PN-3GS membrane

was discussed in section 4.5.3.

Besides, the effect of surfactant Triton X-100 on PWP at vanou& ating
pressure which marked as PN-3GT is shown in Figure 71. It was obsemat within
the range of 50-300 kPa, with increase in operating pressure, eased from

45.58 to 147.62 Lm’ *h"'. For example, when the membrane Nepared without

addition of Triton X-100 in the casting solution, PWP of th. embrane at 300
kPa is 57.74 Lm~h"'. The PWP increases by addition o %o O Tn to the

casting solution and reaches to a maximum valu 'f anges
lmposed on membrane structure and propemes r1t0 1()() is the

!-F

major reasons for PWP changes. At ﬁrst, t 1d ;n WP is highly

depends on membrane porosity and pa ular t \h\ o t op layer. The above
results of PWP are n agreement w1th rveﬂ n 1 S dxscussed at section

-a?é’
4.5.3. As the surfactant Tnton X todhe casting solution results

increased in top layer thlc% d co “1;?} tlz{/@reased the water permeation

(Omidvar et al., 2014). I %
N

\ ’ ' o)(./

& Htd

As can b@m igure J1)th @V P of PN-3GW membrane increase from
164.44 to 41&& h! wit mc{:

atlon of water is enhanced by an increase in the operating pressure. In

ad% PN-3GW membrane exhibits the highest PWP compared to other

es. As discussed earlier, the addition of Tween 80 as secondary surfactant

a@' applied operating pressures, since the driving

mem

additive to the polymer casting solution results in an increase in PWP of the prepared

membranes and reaches to a maximum value of 412.41 Lm™h™. The above finding is
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consistent with the study by Amirilargani et al. (2009) which examined that addition
of Tween 80 to the casting solution increases porosity of the membrane support layer

and thus, produced the higher PWP.

4.5.2 Protein Separation Performance 3 )

The variation of permeate flux and proteins rejection are 111ustrN1 Figure 72 and

Figure 73 respectively for PN-3G, PN- 3GS, PN-3GT an ranes when
the feed proteins solution are maintained at pH 7.2. Fro tood
that the permeate flux and solutes rejection of a m n 1s:sd lpéfa on the
structure of the membrane as well as the propeme h lut10 the other
hand, the permeate flux and rejection of pro U le be explained
ander the concept of pore narrower or de US r f.b@th hydrophobic and

electrostatlc1nteract10ns between th anﬂsurf? A d&a proteins molecule.

According to Fi gure% rend:c’( pr 1'1‘Qsﬁhmeate flux towards PEG 200-

roteif”permeate flux of PVP-additive

&k

rht, ition of different surfactants to the

a@%d the permeate flux and rejection of each

polymer casting SIUP
otein soluti mas evident that %g'ddmon of surfactants to the membranes with
pr ﬁ
3 } L
PEG ZO:ENditwe resulted in the increase of permeates flux but the percentage

- cach protein was decreased. The high rejection of proteins and
rej

mpa tively low permeate flux with addition of surfactants towards PEG 200
co

mbranes also be understood from the morphology of their cross-section (as
me

discussed in Section 4.5.3). The thin asymmetric layer probably explains for the
i
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improvement in the proteins rejection rate while the thick sponge-like sub-layer offers
resistance resulting in low permeates tlux and high rejection of solutes (Chakrabarty et

al., 2009). ¥
FIGURE 72: Proteins Permeation Flux of UF Membranes Containing DiTRgent Types

Yv

of Surfactants towards PEG 200 Additive

90 T
80 '
= 70 \d
w0 .
% 50 ’3
= 40 jBSAY.
% 30 E§y
E 2 4\

10

9

&
N \A

eat? ﬂp@own in Figure 72. It can be
ants

The effect of surfactgfits ofythe pel‘n
) ‘s ¢
seen that permeates flux %asc 1 N Qf‘,&'e added to the polymer casting

solution. When thcrcwl 1dit1&?‘ rfac o the polymer casting solution (PN-

‘ a ’ 7 (,)
3G membranc), \QB_ and E
1S ¢ Zuﬂ'h

rinedly flux are 2.74 Lm”h™ and 1.03 Lm>h"
respectively. Jh of@, Triton X-100 and Tween 80 as secondary

PN-3G PN-3\GS - PI:S-SG \Q\Tz (Sk
\ :'a n% S
; g

4

>4
ives into the dopc\‘aution, the BSA permeate flux increased up to

dit

surfactant
3.19 @.84 Lm>h". and 78.14 Lm™h"' respectively. This result showed that the
mem > presence of surfactants have higher permeate fluxes than PN-3G membrane
which is no surfactant inside the dope solution. In addition, this is supported by

Mansourpanah ¢t al. (2011) which revealed that the surfactants have a significant

effect on the membrance pertormance, properties and morphology.
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The proteins rejection capabilities were determined to investigated the
performance of membranes. In Figure 73, the BSA rejection value for PN-3G, PN-
3GS, PN-3GT and PN-3GW membranes were calculated as 85%, 80%, 72% aw%’
respectively. The role of surfactants in the casting solution on rejection o@ns Sl

also be noted from the figure. It is seen that for PN-3G (without addlti%urfactant),

the percentage rejection of both proteins were found to be highﬁwg.ch is 85% for

BSA and 78% for EA. v

Nd.
FIGURE 73: Proteins Rejection ot UF Membran$amu Dif ?lt &835 of
A

<
R

S
5 5«{\

Surfactants towards PEG 200 Additive

90
80
70 -
60

EmBSA
EEA

Protein Rejection (%)

}'ﬂ &3@ PN-3GW
i S

L

' dddl 10 Jhrt: ts which are SDS, Triton X-100 and Tween

It et
surfactant towardNPEG 200 the BSA rejection decreased to 80%,

80 as sccaw

72%:1 o, respectively. This may be because the addition of surfactants towards

PE additives is not too performed in the performance of proteins rejection
because PEG 200 (lower MW) is casier to transport with the solvent in the phase

separation process and results in the homogeneous skin layer and higher rejection (Ma

et al., 2011).
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4.5.3 Membrane Morphology

In order to obtain high performance membranes for specific applications, it isgssential
to manipulate the morphological structures of the membranes. Figure 7 g;and
©) depicts the cross- section of SEM micrographs of PVDF% /PEG 200
membranes with addition of different surfactants SDS, Triton X- lmd Tween 80,

respectively. The PVDF/NMP/PEG 200 membrane without a f surfactant (just

ddition of additive; PEG 200 content) marked as PN- as "Sf’d as standard
a

membrane in this surfactant study and shown in Figu )d} ' .3
4.3.3.
r Y

SN
s a erial with non-

ilj&l f the cast film and

solvent properties thus it increases thegmod r:iod{
1 . P e

agule(@n bath. This facilitates

&
me{?.hranes structure. MOI‘COVCI’

formation of macrovoids in the& ay[

ipitation process whic ;ﬂ r ifhme 1oh e cast film in the coagulation
prec

4

path and is occurred c&&l ﬁcmlhtéwween polymers (PVDF) and non-
stoppe

ce, this results in an increased the
solvent (water), i a oppe @1

brane th1 The e ;rl (einerged and responsible for the better
memor
tioh as

L 4
PN-3G membrane had highest BSA and EA
performanc %tems rej c}?ﬂé g
prote tlons which are 85% ahd 78%, respectively.
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Figurc 74(a) shows the SEM photograph of the membrane in the presence of
surfactant SDS (PN-3GS). It can be seen that the cross-section of morphological
structurc of PN-3GS membranc had an open finger-like structure andvovoids'
Besides, SDS is a hydrophilic surfactant can affect membrane @ology and
porosity of sub-layer in three manners. Firstly, enhancement in macrdWoids formation
and incrcasing the membrane porosity by increasing solyent-§on-solvent mixing

ffinity and increasing demixing rate via distribution ws molecules as free
a g

olecules in NMP and formation of free micellg 0 dlwhancement -

®
mnembrane structure (porosity and macrovoidsfformatioff) v ’jf@&;mem of
1 ¢ S b

= — 11 & _1 . t b
polymer-surfactant complexes. Thirdly, it was™Ngecreaged s E@"pom&y y

SN

ixing rate via increasing caagng n Osit Ydietal. 2012).
decreasing demixing rate via increasing casgng lutu‘ }@; , )

S F S

Finger-like
structure

Spongy
IMOS . UMT structure
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The cross-sectional SEM zooming images of the membranes prepared by
immersing casting dopes containing Triton  X-100 as surfactant additive is
demonstrated and marked as PN-3GT membrane is displayed in Figure  This
image showed that PN-3GT membrane had a finger-like structu% ng good
interconnection. The treated PN-3GT membrane with 2 wt% of Tr&—loo towards
PEG 200 additive presented more porosity compared to oth% branes. The PN-
3GT membrane showed opening gaps between fing r‘ITFUCtures. The gaps

indicated a lamellar structure when the membrane turgj e 'dL Bggides, the PN-
- e
3GT membrane showed individual randomly distribf§ged pores fn th 1)1(;1- @?er scale
A
Y' \" 5
FIGURE 74(b): Cross-Scctional @e of

(Table 18) (Tevi ctal., 2014).

43"

(PVDF/NMP/PEG

G

200/TRITON X-100)

Finger-like
structure

Spongy
structure
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The SEM micrographs of PVDF membrane filled with 2 wt% surfactants
(Tween 80) towards 3 wt®o additive (PEG 200) contents is shown in Figure 74(c) (PN-
3GW membranc). The figure shows PN-3GW membrane exhibit a typical?netric
structurc and fully developed pores. The pores formation is due @t rate of
precipitation resulting in a dense membrane with impact on PWP aﬁmeation flux.

Asymmetric structure of the PN-3GTW membrane comprise%x“: thin top-layer

and a porous sub-layer which is filled up by the closed Twithin polymer and

finger-like macrovoids. \d
®

Top skin layer Finger-like

structure

Spongy
structure

As there is Tween 80 presented in the dope polymer solution, it will favors

acrovoid formation. This is due to the factor of phase demixing rate which is useful
mi



173

for judging whether or not finger-like macrovoids. Generally as discussed ealier,

instantaneous demixing favors macrovoids formation whereas delayed demixing

disfavors it (Chang et al., 2014).

As represented in Table 18, the addition of surfactants‘&irds PEG 200

additive in one dope of casting solution were decreased the lend of macrovoid and

VThe largest size of

an‘l of surfactant. For

example, with addition of SDS, the length of magrovo® requce ’n?cl;?-.l um to

28.9 um. Other than that, it is observed PN-3G embrar}e as fhe bigéér finger-like
e N

structure (length, 90.0 um; width, 26.8 pm) ¥hich e to qigher PWP at the

maximum operating pressure (300 1@ ProsQa oféﬁger~like, macrovoid

structures and pores in the membr%are m \(@Ttu ;-\%f UF porous membrane
N\

which can produced higher PW% to fhe m ra‘Q oductivity.
~
\ $~
4 |
TABLE 18: UF memDTangs strucf wi]Q\/mth different surfactants towards

O

increased the size of pore in the sub-layer of the me

macrovoid appeared at PN-3G membrane which no

Q'.ger 1l l--4$'Vacr0void Macrovoid Pore Pore
Membr% likg © S Length Width  Length Width

A Length” Widdie™ © ) @m)  @m)  (um)
(um) (D

= 40.9 4.1 130.1 26.6 1.11 1.18

-3GS 30.3 6.4 28.9 13.2 1.19 1.25

3GT 90.0 26.8 99.8 73.0 1.25 1.29

N-3GW 253 4.5 115.3 68.2 1.35 1.44
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4.5.4 FTIR Studies

Three membranes will be discussed in this FTIR studies as well the surfz?ﬂ were
added to each of the membrane casting solution towards PEG 200 tive. The
PN-3GS, PN-3GT and PN-3GW membranes with addition of SDS%m X-100 and
Tween 80, respectively were studied. The obtained FTIR sp trme plain PVDF

with addition of PEG 200 additive was already pre:enw Figure 61 (c). As

discussed earlier (Section 4.3.4), in the FTIR spe o th@ac membrane

®
addition with PEG 200 and without surfactant, tw aks corffirm ’he&s‘ence of
A
€ a

PEG 200 around 1672 cm™ and 1071 cm™ w ignedgtq'th C=~C\’Yﬁouble bond

Y'

conversion of PEG 200) and C-O=C bow twaﬂ‘n 20é\ﬂacr0molecules,

respectively. \: ,

R X )
The FTIR spectra of PN em%jShO@ Figure 76(a) . In this case
of PN-3GS membrane wi Wn P’EG aS&)S as additive and surfactant
respectively, the absorption de C

200 at around 1672 @il ¢ pggk at Q$Cm'1 correspond to the C-O=C bonds

|
from PEG 200 mt%es. dro JOItciavere observed in all cases however, in this

~ D -1
spectrum O-if ggo®p appfals Pe IO&eak around 3438 cm™.
\A &’

most notable interaction described in the PN-3GS membrane in the

senfe of SDS is due to the difference in the stretching frequencies of the chemical
groups. The stretching frequency of S=O resulting from vibration of sulfone group
(SO») is observed at 1274 cm” when small amount of SDS is added to the polymer

casting solution. Further, the C-F stretching of alkyl halide is noticeable at 1174 cm’
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and C-C-C asymmetric vibrational stretching of pure PVDF is marked at 880 ¢cm™.

This shows that polymer PVDF also contributes in the molecular interaction of the

components solution. Y-

FIGURE 76(a): IR Spectra of UF Membrane (PN-3GS) with%ion of SDS

towards PEG 200 Additive Vz
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(e)

¢
% L AP,
casting solutiogmgakes O € hm@nfted from 3462 cm™ to 33.96 cm” from

narrow to iwand. {h ffarecé\ectrum of Triton X-100 show additional band

N
the' phenyl ring of the\i‘gldrophobic part of Triton X-100 which can be used

ascribed\
%ﬂiate from the other bands. One noticeable change in the spectrum is the

to 48l
in y of a weak band around 976 cm’ corresponding to the alkenes C=C stretching

in its phenyl ring of Triton X-100 molecule.
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Another characteristics feature of the above infrared spectrum of PN-3GT
membrane containing Triton X-100 is quite similar to the PN-3G membrane which is
does not have significant changes. The absorption peak in the infrared m of C-
C double aromatic stretch in ring is noted at 1650 cm™. The char ics of pure
PVDF is remain unchanged, still at the same frequencies (C-F str%hg alkyl halide at

1182 cm™ and C-C-C asymmetric vibrational at 880 cm™). B% the C-O=C bonds

from PEG molecules is attributed to 1609 em™, T '

\d

®
FIGURE 76(b): IR Spectra of UF Membrane (@) witl Ad ti’)@?ﬁton X-

3 N

100 towards PEG 200 Additive
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infrared spectrum (}the PN-3GW membrane was recorded in Figure

N
% displayed in the spectrum, it was contributing to strong absorption band in

7 :
gﬂ due to the hydroxyl groups from H,O. It was producing a broad band O-H

stretching in the presence of Tween 80 surfactant since Tween 80 introduce three

additional O-H groups per molecule. Besides, an increase in intensity of the hydroxyl
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stretching absorption in FTIR spectra verified the phenomena of the pure NMP and

N3

However, the adsorbed bands show weak absorbance at 16 N and 1070

water absorbing in the dry-wet phase inversion (Lv et al., 2014).

cm”' were due to the stretching vibration of C=O and C-O=C_bondy, respectively
interaction from Tween 80. The presence of these two % om the infrared

spectrum of PN-3GW prepared in the presence of Twee OWrmed the presence of

Ip

ra 'w1
orreQ,R;nds to C-C
@T

ively. The pure

active groups on the surface of the membrane. The o ree s}h jy strong bands
does not have significant changes compared to tl%G meghb -;@; adding
surfactant). The band around 1403 cm’!' an m &Visj

g’ Vi \, re

aromatic stretch in rings and C-C-C as

PVDF polymer shows a characteristiN

halide). ;(—)
FIGURE 76(c): IR Spec owen*o

towards PEG 200 Addigv
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4.5.5 TGA Studies

The thermogravimetric analysis (TGA) records the decrease in the WTOf the
sample as a function of the temperature. TGA curves provide additioF%Nces about

the interaction of polymer (PVDF), additive (PEG 200) and surfactant® (SDS, Triton

X-100 and Tween 80) in one dope preparation separa%‘us indicates the

dehydration and decomposition of the sample. In this m thw membrane samples

are heated up to 900 °C under N> and recorded the S1 1Wto the loss of

®
materials from the synthesized membranes. Generalyg the maferial V\’ith&;g bond

. ?Q)YZ).

to the particles can be desorbed at higher tempegatur®Bastgt

> &

FIGURE 77: TGA Curves of PVDF- Z:DMembra wit@ddition of Different

Surfactants % \T &\

—X

Figurc 77 shows the TGA analysis of membranes with different preparation
conditions. For all membrane samples, the total loss of mass increased with increasing

the reaction time and temperature during the synthesis process. The trend of
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decomposition of the prepared membranes does not showed significant changes. The

decomposition temperatures of all membranes are in the vicinity of 500 °C and above.
Y

All the PN-3G, PN-3GS, PN-3GT and PN-3GW membrane@\bserved in

three weight losses. In all cases, the initial weight loss is attributed to the loss of

surface-adsorbed water. The first loss about 5, 6 and 4 % fo&, PN-3GT and

PN-3GW membranes, respectively were related to the ew or water loss from

the surface of polymeric membranes. This loss ceurry Wen the room

]
temperature and ~400 °C. The second loss of 66, 6 64 °4 for W3§~§N-3GT

and PN-3GW membranes, respectively were o in,h\e'r of 4@.500 °C. The
Y'

second weight loss is due to the loss of i opnd bﬁ wedk eleewDstatic interaction
<§
from polymer chains. \ .ko

&, A N
o v é—;
Then, the third loss of 7\ aner PNXSGS, PN-3GT and PN-3GW
membranes, respectivelycere ppeare‘ b qer@-%o °C. The third phase of
decomposition is may Qe due¥o

t
]

—9

ti polymer main chain (Eren et al.,

.

ains(J@S as surfactant shows the lowest total

2015). As the PN-3GS Tgmb

. ‘ '
mass loss in th nalygis. nJa

ng?he free sulphonate groups are thermally
N
ibl¥ wedk th@il degradation of the polymeric membrane.

N
Howeve pigher thermal sm@ity of sulphonate group results when it forms a
co %\h counter-ions in the membrane. Several studies show that conducting
doped with SDS surfactant having long alkyl chains showed enhanced

thermal stability (Hazarika and Kumar, 2013).
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4.6 Combination of Surfactant (Dual-Surfactant) towards PVP additive

The aim of this part was to study the performance of combination surfacta wards

K

PVP-additive UF membrane at different operating conditions fo %groups of
surfactants (anionic; non-ionic) which are Sodium dodecyl sulfate (SDS), Triton X-
100, and Tween 80. The membranes were combined the S@nic)ﬁween 80
(non-ionic) and Triton X-100 (non-ionic)/Tween 80 onW) surfactants in the
polymer casting solutions were marked as PN-3PSW N- reggfectively.
]
NI
Q)
The combination of different type surfaﬁfts as p#o re%‘gs. of different

membrane structures and characteristics % pereﬁnta conéhration of PVP
additive and surfactants in the castingwal aine@t 3 wt% and 2 wt%
respectively. However, the additio h’fac i@ into two groups which
[} =

1t

IS
itsel PN h Tal& 9 shows the composition

is 1 wt % per group of surfe

N
parameters of the membrte 'catio:, condit @h addition and combination of
different groups of surfm\am W, NQ -a(fc@/e in the polymer casting solution.

Surfactants (wt%)

el Sol Triton Tween
Memduges fwts) M%) pyp  SDS X100 80
° (anionic)  (non- (non-

ionic) ionic)
3P 17 80 3 B - -
-3PSW 17 78 3 1 R 1

PN-3PTW 17 78 3 : 1 1
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4.6.1 Purc Water Permeation (PWP)

Ultrafiltration (UF) experiments were performed to explore the p@’lce of

PVDE/NMP/PVP additives membrane with addition of anionic/no % and non-

ionic/non-ionic surtactants. Figure 78 shows the pressure- depeqeent uxes of pure
du

water for the membranes prepared. All the modified membr

of PWP with increase the pressure up to 300 kPa. The ﬁ: e%'pwsents the effect of

ally increased

combinations surfactants in the casting solution witl ive off PWP for the
prepared membranes. It appears from the Flgl%What the co l}na of two
groups of surfactant in one dope solution inc the Wto polymer

4\

solution without surtactant (PN-3P).

_J

ifferent Groups of

*”é

FIGURE 78: PWP of Fabncate:cyg b eT

Surfactants towards PVP Addm\

900 -

——PN-3P ——PN-3PSW —e—PN-3PTW

100 150 200 250 300
Pressure (kPa)



184

As plotted in Figure 78 clearly show the combination of anionic/non-ionic
surfactants, PN-3PSW membrane exhibited a higher PWP compared to PN-3PTW and
PN-3P membranes. As increasing the operating pressure from 50 to 300 PaNghe PWP
of PN-3PSW membrane increase from 324.77 Lm~h" to 838.11 L f%\rom the
result obtained, PWP of the PN-3PSW membrane attained a maximim value of

838.11 Lm™h™ at 300 kPa. Therefore, the water flux variation explained as the

incorporation and electrostatic attraction of combinatj HWIC with non-ionic

surfactants enhanced the hydrophilicity of the memb wd fhe water
permeation to a certain extent. In the other hand, the r }h (%tmbrane
which combine both of non-ionic surfactants i OIK‘O ; (P.N,WPTW) was

5
i

H", whjch w@mr than PN-3P

found increased from 305.66 Lm~h™" to 57&0
Q 14902 Lk to0 472.39 L2k

membrane (without surfactant) which mN fro Y

_ This correlates with the combinaty 0 no n _lé%c surfactants have high
110g W

'
hydrophilicity compared to meml\

1tho u c anh
Moreover, the ¢ mbnglo 1‘

N
solution, PN-3PTW

l\)

e ———0

BN
on- @d surfactants in a polymer dope

§ compared to PN-3PSW membrane

5‘

/i:;?‘

which containingdiftegent f Mg 51 11 and non-ionic surfactants. For example,
at maximum raling ph é\ kPa, the value of PN-3PTW membrane is
57737 w wer than PN- 3Ps@ membrane by valuing PWP of 838.11 Lm2h"".

Thu be said that the differences in term on percentage is nearly 30%.

A¥ordfz to Xiarchos and Doulla (2006), when the non-ionic surfactants combine
towards hydrophobic polymer membrane and pore forming additive, the hydrophobic

forces were getting weaker thus significantly affect the membrane performance.
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4.6.2 Protein Scparation Performance

The permecability and sclectivity of porous ultrafiltration (UF) membr vere

characterized by protein scparation performance. Figures 79 and@}present

permeate flux and rejection of different MW of protein solutions‘&N%P, PN-

3PSW and PN-3PTW membranes. As presented in Figure 82,Ye~highest BSA
N

permeate flux was 235.51 Lm~h" are obtained for thévﬂPTW membrane

containing combination of non-ionic surfactants. The t per e‘lte x 1s due to

(e} ]

the formation of macrovoids in the sub-layer membrafge which if fas 'jat @Ching

out during immersion process. Besides, for the binajo 1 n—lowc/non-ionic

Y,
surfactants, interaction between hydrophoblw n a \on-@' sites of the
membrancs were observed which leadin@ophiliza Qi Of @Qmembrane surface

O %
S
NS

UF em@ﬁes Containing Combination

FIGURE 79: Proteins Permeatr X o'

' S
of Anionic and Non-lonic Surfagfants tos s ﬁ%dditive

7

and pores (Fernandez et al.. 2005).

PN-3P PN-3PSW PN-3PTW

Membranes
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As clearly seen from the Figure 79, it is showed that the BSA permeate fluxes
were higher than EA permeate fluxes. This is considering to molecular weight of
proteins permeation fluxes EA shows the lowest flux in the separation pe nce
test compared to BSA protein. The order of permeate flux was found to @ > EA.
These trends were due to the order of molecular weight of BSA andAhich are 69
kDa and 45 kDa. respectively. In the other hand, the lowest B Am:ate flux was
151.72 Lm~h"' for the PN-3P membrane (without surfactan € lowest value of
permeate flux is may be due to immiscible phase b f llend omposmon
without surfactant, which predominates due to ilar trfctnqvorces
between its blend components. During the ﬁltrat10 ess, ge vj)teW°1€culeS
can be deposited on the membrane surface wh1 czg\s ab Yarop in flux.
Additionally, protein molecules can be m the ce (@‘to stirring, which
resulted in equilibrium between depos an SW 3( %09)

&

e .

Apart from the permea ) t’e sagute r(%\stlon of the membrane also
l

depend on the properties oftEe f} s

EA proteins solutlon e ut tudy permeatlon performance behaviors

of the prepared me S f%g of‘a)lomc/nomomc and non-ionic/non-ionic

._.

1hfrmn experiments with the BSA and

@,

surfactants to“%%l) aid b.)‘}n th@(’mposmon on the protein rejection is shown

Y—
in Figure SQ \(,}’

Othe protein rejection of BSA and EA are illustrated in Figure 80 for all the

/

modified membranes when the feed solution is maintained at pH 7.2, since a change in
pH may increase the adsorptive fouling of the membranes. In addition, if the pH of the

proteins solution changes, intermolecular forces between protein molecules and
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membrancs  will predominate  and  affect the efficiency of membranes
(Arthanarceswaran ¢t al., 2004). Based on the proteins rejection results, the
combinations of ionic and non-ionic surfactants in one dope polymer sol were
enhanced the solutc BSA and EA rejection. The PN-3P membrane g just
P VP additive and no any combination surfactant recorded the lowest*ns rejection
(85% BSA: 66% EA) among the PN-3PSW and PN-3PTW membxﬂle presence
of PVP in the casting solution has contributed to the enlargel‘lv microvoids in the

membrane structure (Nurul et al., 2013). l

:c}"‘*

FIGURE 80: Proteins Rejection of UFS Mem S CO}ta 1T COlQbmatlon of

Anionic and Non-lonic Surfactants towards PV P ditiv

V
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F h result obtained, the PN-3PSW membrane exhibited higher rejection
up t nd 79% for BSA and EA respectively, compared with other membranes.
The rejection is maximum with combination of ionic/non-ionic surfactants in the
composition is due to the pore size of skin layer becomes smaller as there is strong

interaction between two difterent groups of surfactant. Higher rejection of BSA
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protein may be due to larger solute size of BSA compared with EA. In the other hand,
the PN-3PTW membrane which combines non-ionic/non-ionic surfactants showed the

BSA rejection 90%, lower than PN-3PSW membrane which combines ioni -jonic
surfactants, may be because of homogeneity between the surfactants lctSOIYmer

solution. This will resulted in the formation of pores in membrane!*iscussed in

SEM analysis Y-

\Y
. o

N
.
The zooming and cross sectional morphologies of %en}b vt%}!qséd using on

PVP as additives, combination (anionic/non¥onic) M (nongi§fTic/non-ionic)

surfactants towards PVP additives in a @Nymer utfhn \6{ shown in Figure
59(a) (refer to section 4.3.3), 81(a) are 81( )% el 'éu images showed the
E \

4.6.3 Membrane Morphology

membranes were having asymmetri ure fonsi 18g O ense top layer, a porous

sub layer and a portion of spon% strictire af the §0m layer of the membrane.
l
The skin layer acts as a sep% aye

yer gid t szlg layer provides the mechanical
x o SO
strength. The sub layer& 0 hd'e mnger-li %ﬂvmes beneath the top surface layer
N
as well as macrovoies tue. o | (')(J
O

\
(Qk A
The S& mages of N-3PS§' and PN-3PTW membranes in Figures 81(a)

L

and 8I1( ectively showed the existence of macrovoids in the presence of
combMgll anionic/non-ionic  and  non-ionic/non-ionic  surfactants in the

PVDF/NMP/PVP blend membrane. Both of these membranes had asymmetric
structure consisting of a fine porous selective barrier and a much thicker porous sub-

layer. A dense spongy structure also formed beneath the skin layer and porous sub-
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layer of PVDFEF membranc. The casting solutions provided from hydrophobic polymers

produced sponge-like structures due to delayed phase separation occurred during

phasc inversion process (Ghasem et al., 2012).

FIGURE 81(a): Cross-Sectional Structure of PN-3PSW (PVDF/NMﬁNP/SDS/

TWEEN 80) Y'
z ) : '

Spongy
Sub_] llyCI' X400 SOum [MOS- UMT Stl'UCtUI'e

N
N .50 O
= B W
A dense t&ybr andfa p sgb(:rayer that is occupied by closed cell within
% ‘v’
ar po

:
polymer matr5Il a finger-like rts,g' well as interactions of anionic/non-ionic and

non-ioni xonic surfactants were shown clearly in Figures 81(a) and 81(b),
. Obviously, large pores are formed in the sub-layer of the membranes and
therefore, it can be explained by miscibility between the added ionic, non-ionic
surfactants and the coagulant. The miscibility between surfactant and coagulant plays

an important role in the formation process of various sizes of pores. The macrovoids
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and finger-like pores in the sub-layer can be induced or suppressed by addition of

appropriate surfactants, depending on their miscibility with coagulants (Amirilargani

et al., 2009). Y'

FIGURE 81(b): Cross-Scctional Structure of PN-3PTW (PVDF/N /TRITON

X-100/TWEEN 80)

Spongy
structure

! 3
N
\ . | ()
% .9
Q- &
The ad% surgadtansS thatRve high miscibility with coagulants may be

£ o

able to cxtc& formation of fin ’cng'ﬂ(e pores and macrovoids. It was found out that

the combh?’ of small amounts ionic surfactant (i.e SDS) and non-ionic surfactants
0

and finger-like pores in the sub-layer of the membranes. With this little addition of

and Triton X) to the casting solution increases formation of macrovoids

surfactants to the casting solutions, the thickness of the prepared membranes

significantly increases and hence, probably enhanced the PWP and proteins rejection.
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For example. for PN-3PSW membrane (Figure 81(a)) as the addition of ionic/non-
ionic surfactants to the polymer casting solution, there is strong interaction between
two different groups of surfactants thus the structure of the PN-3PSW membrane
become more rigid, compact and regular composition. Therefore, the m z'itself
can producing highest PWP, lowest proteins permeate flux A ve better
performance compared to PN-3PTW membrane (combination lwniC/mn—ionic

surfactants) to obtain highest proteins rejection which are 93°€N9% for BSA and

EA respectively. é '
\di Y-

\
The morphological structures observed tha%mstenc 0 ac{-%é;?ds at the
’
sub layer to the bottom of the all membranes. ItWﬁ \&\t t ths W\’ bination of

different groups of surfactants had delno@g 1 argé 1n size of finger-

like structures, macrovoid and pores i the e 7 /520 demonstrated that
, >

the measurements of the membran rtic wit fergiPcombination surfactants

towards PVP additive in the %br ~TtyS olged that the combination of

jonic/non-ionic surfactants %ge pol erﬁg@ (PN-3PSW membrane) would

increase the macrovoid&w-wiqth\[.e deaéa the pores length-width.

z-

N
e
(—? ‘P2 .9
TABLE 20: UFQB rangp strjict rzi\ ails with different combination surfactants
el 4 »
tow@ PVP additive

Ne)

. g

Flr}ger- Fn.lger- Macrovoid Macrovoid Pore Pore
anes like like

L | )
Length Width  -cn&th Width  Length Width

pum) m m m
(um)  (um) ( (um) (qm)  (um)
PN-3P 795  18.0 323 26.3 195  1.49
PN-3PSW 783 235 72.0 73.9 049  0.50

PN-3PTW 353 103 163.3 40.8 140 1.0
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Because of the small pore properties, the membrane can give highest proteins
rejection as discussed on previous section. As well from the data, the combination of
non-ionic/non-ionic surfactants (PN-3PTW membrane), the ﬁnger—likevmture
become shorter and irregular sponge macrovoids become larger in siz \bottom
layer. This largest macrovoids (163.3 um length; 40.8 um Width)%nre formed
give better proteins permeation flux. The existence of % ike, macrovoid

structures and pores in the membrane are significan clwﬂeristics of porous

membrane. Moreover, the UF membranes are categori P ro%rane based

L d
on their porous structure and high PWP related?the mgmbr. ?p‘fé.ctivjty
<&
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4.6.4 FTIR Studies

The vibration modes of chemical bonds are characterized by the absorptio nds of
d PN-

infrared spectroscopy. The chemical structures of PN-3PSW (SDS/Twe
3PTW (Triton X-100/Tween 80) membranes with different combina(% surfactants
in PVP as additive are characterized with the help of Fourier?r;form infrared
(FTIR) spectroscopy. The effect of PVP on the PVDF embrane (PN-3P

membrane) was clearly discussed in Figure 61(a) in section¥ S l

' . 9
¥y
The influence of the combination of two s ants (am ni JQ. ¢) on the

é(\YGf PN-3PSW

-3P membrane as

molecular orientation has been observed in Fi e 83

V

well C=0 stretching was shlfted fr 165 t

membrane did not showed significant d
'k:&he characteristic of
N

carbonyl group (C=0), which ¢ Y been found to increase

e
'8
membrane hydrophilicity (Pusge \‘ 10) owever, the C-C aromatic
l
stretch in rings (characterl ure I:. DE 1‘5 22/ tamed at frequency 1402 cm’

because the PN- 3PSW ne 1‘ alsOyused thesame PVDF polymer.

Ny
\ l (J
’ (j"
rf; ct$1n the PN-3PSW membrane solution, the

As ther e i?

characteristic s ethyl group ap‘;lred at 2922 cm’'. Besides, another significant

peak c%ﬁom PN-3P membrane is marked at 1275 cm™ which correspond to

.

S=0 hing frequency from vibration of sulfone group (SO,). This peak is
confirming that the PN-3PSW membrane presenting of surfactant SDS in the solution.

As the anionic/nonionic surfactants are combining, the ionic head of the SDS

surfactant are hydrated and are associated with their counter ions. The effect of ionic
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surfactants would depend on the degree of dissociation of the surfactant aggregates

and competition between Na® for available sites at the surface of the surfactant

aggregates (Das et al.. 2013). v

FIGURE 83(a): IR Spectra of UF Membrane (PN-3PSW) with%oination of

SDS/Tween 80 towards PVP Additive Vz
1005 wrgs Nt ot o S, o ‘:,\,/M,sxn,‘v—*‘V\,:-\,r*.i‘.A.va'm,,.._f._.-»’\_&m N"'\W\\ ./'
SO V 1“T ’\\ \' ;{_\ nt \

9 .
CH; stretching
(2871 cm™")

-7 CH. methyl group C=0 carbonyl stgétch
(2922 cm") (1664 cm™)

a7~

%~ P 4

A
i

|C-N stretch-
wl | aliphatic

14 amines
all (1073 em™!)

%\ ransmdtance
9
¥

: asymmetrical
\ stretching
(879 ecm")

. Fr he spectrum, several results can be

@ion peaks at 2925 cm™, 1656 cm™ and
t'ohin@ld of the CH3 methyl group, C=0 carbonyl
(\ iphatic amines, I@cyctively. Since all the membranes used the same
PVDF %:r. thus the FTIR results shows almost the same bands of functional
gréugs DF that appeared. Sharp and strong absorptions have been detected at the
wavelength 877 cm’' which can be assigned to the alkyl halides stretching vibrations
of C-F bond in the PVDF chains. However, the combination of nonionic/nonionic

surfactants towards PVP additive does not give any peak of O-H stretching in the
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spectrum. Generally. the water molecules are mainly located as “interstitial” water

bounded to the surfactant polar head group and thus, position of O-H band reveals the

jnteractions (Mchta et al.. 2007). ‘

FIGURE 83(b): IR Spectra of UF Membrane (PN-3PTW) with‘&bination of

Triton X-100/Tween 80 towards PVP Additive i
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4.6.5

Thermal degradatif%\v 12,2 yxlth('a'ﬂdition of anionic/non-ionic (PN-3PSW
- emibrane) % nic/p vﬁc (p@PTW membrane) surfactants was shown in
Figure 84.  the prepared me@E;es occurred in three steps between 80 to 900
oC. Si@VDF is a highly thermo stable polymer it exhibited three weight loss
stags. first step indicated the loss of bound water and traces of solvent up to a
temperature of ~ 400 °C, which the mass loss of 16 and 10 % for PN-3PSW and PN-
3PTW membranes, respectively. The next step loss in weight was observed beyond

this temperature suggested that beyond 400°C up to 450 °C. The second gradual
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degradation was assigned to the loss of surfactants groups. The mass loss of PN-

3PSW and PN-3PTW membranes at this second stage decomposition were 51 and 47

and Non-lonic¢ Surfactants

from the curvgs, 3 PNr3 Syf @
Y-

having highgr Wereentage ot mass lq§'(160 o) during the first stage of decomposition

S

Compare(: ?\NJPTW membrane which containing non-ionic/nonionic surfactants
(1Q%)- WS 1s due to combination of ionic/non-ionic surfactants hold on to water most
tenaciously compared to PN-3PTW membrane containing the non-ionic/non-ionic
surfactants. Hence, it can lose water more easily as produced higher mass loss in the

first stage decomposition (Prasad et al., 2005).
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4.7 Combination of Surfactant (Dual-Surfactant) towards PEG 200 additive

In this section, flat sheet PVDF membranes were prepared using different addition of

anionic and non-ionic surfactants towards PEG 200 (as a pore reducer ad%’ ezin one

dope polymer solution and makes NMP as solvent. The ionic surfagﬁ&t ed in the

study is Sodium dodecyl sulfate (SDS) while the non-ionic surws used were
In addition, a basic approach to membrane-suMggtanj in igan, also

\
presented. The membranes were combined the Sl@)nic)/ w 86?' n-ionic)
4

s tow%’s PEG 200
-3Gxﬁnd PN-3GTW

.s}LrQactant is marked as

Triton X-100, and Tween 80.

and Triton X-100 (non-ionic)/Tween 80 (non-iOgfc) s

additive in the polymer casting solutions @k

wt% and 3 wt% respectively. %lhl s ition parameters of all the
Mo

Q

membranes prepared with C% ion 0; ' ps of surfactants towards PEG

200- pore reducer additi&wle I@

200 membranes formulations

YAdditives
S wt%)
Total Solven\t Triton

Mem \ polymer o i Tween 80
é wt%) M) ppgaee  SPS - X-100 T o

(anionic) .(no.n- ionic)
ionic)
-3P 17 80 3 = - R

PN-3PSW 17 78 3 1 ) ,
PN-3PTW 17 78 3 ) i |

Surfactants (wt%)
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4.7.1 Pure Water Permeation (PWP)

The effect of ionic/non-ionic and non-ionic/non-ionic surfactants towards %200
additive on the PWP performance is illustrated in Figure 85. From the g all the
membrancs have increasing PWP with increase the operating pressuxﬂ%n 50 to 300
kPa. As expected as well as according to Fernandez et al. (2005) th{PWP for all the
membranc increases lincarly with operating pressure. All the peuments tollow
the same trend because it is due to the increase in effectiv d)rce equu(,d for

PWP. Bascd on the experimental results, the comRinatio® o dlf nt‘g@rps of

Af

surfactants can cnhanced the PWP as well show hat PN 36T an(@N 3GSW

membranes give higher PWP compared to PN-3G Iz

Az.q

S

FIGURE 85: PWP of Fabricated FS met ~Different Groups of

Surfactants towards PEG 200 Add]% L]

250

/~..__.

——PN-3G
——PN-3GSW
—e—PN-3GTW

Pressure (kPa)



200

The PWP of PVDF/NMP/PEG 200 which is marked as PN-3G membrane was
increased from 6.17 Lm~h™' to 57.74 Lm~h™. On the other hand, the PWP of PN-3G

membrane was the lowest PWP (57.74 Lm’ h 1) at the maximum operatmwws

which is 300 kPa. The addition of PEG 200 only to the casting solution@}sed the
water permeation because without adding surfactant which can enha‘r%w PWP. In
the casting solution, PEG 200 was used as pore reducing agent toxr.ove the solute
permeation properties of membrane. Therefore, this additiv?ﬂlehow can lead to

better solute permeation in the membrane performance g L e,' 2004).

‘¥
| S
As presented in Figure 85, it was observed tig memprane N-3§FW, which

N
was prepared with combination non- 1omc/n@'su‘ a\ts ilgl.ope polymer

solution, exhibit a very highest PWP of I %m'zh'l W the@raﬁng pressure at

300 kPa was used. When addition of b wt% ?(- @d Tween 80 as non-
)
jonic surfactants to the dope form n, the WP PN-@TW membrane increased

gradually from 63.52 Lm~h to 6 Lip~h! e s@ﬁcant improvement of PWP
l
might be attributed to the e@cd usf: dﬁjofo while the combination of both

non-ionic surfactants t d1c the formation of large surface pores
when Triton X- 100 adé@ as non-ionic surfactants to the polymer
dopes. Accord ln;b a (@02) the growing interest in polymeric non-
jonic surfa has attractive pr es as the PN-3GTW membranes have a strong

drivmg fOl\?lth this tendency to collects the productivity (water permeation).

S

In addition, while comparing PN-3GSW and PN-3GTW membranes, it was
showed that PN-3GSW (combination of anionic/non-ionic surfactant) give a lower

PWP compared to PN-3GTW (combination of non-ionic/non-ionic surfactant). As
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increasing the operating pressure from 50 to 300 kPa, the PWP of PN-3GSW

membrane increase from 47.76 Lm~h" to 155.58 Lm™>h™", Generally, a mixture of two

oppositely charged anionic and non-ionic surfactants shows a strongly 1 tion
behavior, as demonstrated by a strong tendency to phase separation %c\rer, this

behavior was vice-versa when the PEG 200 was added as a p0re$er additive

(Lindman, 2002). \3

\Y%

4.7.2 Protein Separation Performance \d
*

,% 1S
The effects of combination anionic/non-ionic and noWionicfhQn-ighic %Rfactants on

proteins permeate flux and rejections are sh 1 ignﬁes and éﬁespectively. It

can be seen from Figure 86 that the z@ of both ic/@onic (PN-3GSW

. \1 A
membrane) and non-ionic/non-ion %\1-3 e) surfactants were
] )
E

o
A einy. Frc@e graph, it shows PN-3G
\

embrane has the lowest B a A pefmea® flu -ehch are 2.74 Lm>h™' and 1.03
" 'S
et

Lm~h" respectively com@ theq& es. This is because the PEG 200

additive used in the ca&sol m@porz@cer agent will effect on diminished

|
the pore size and ths%\ectlfrezlu te lbgﬁbrane porosity (Nurul et al., 2013).

Frs

rA)re, based on Fig&u: 86, PN-3GTW membrane, which containing

S

combi f non-ionic/non-ionic surfactants show the highest BSA and EA

enhanced the permeate flux of B

pegaeat@flux which value are 120.84 Lm?h" and 23.01 Lm>h’ respectively. As
discussed in the previous section (Section 4.6.2), according to Fernandez et al. (2005),
the combination of non-ionic/non-ionic surfactants in a dope polymer solution, a

different behavior was observed. The interaction between hydrophobic chain and the
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non-polar sites of the membranes were observed which leading to hydrophilization of

the membrane surface and pores. Thus because it can produce highest permeate flux

compared to the other membranes. Y'

FIGURE 80: Proteins Permeation Flux of UFS Membranes Containing Wombination

of Anionic and Non-lonic Surfactants towards PEG 200 AdditiV\,z

130
120 -
110
100
90
NV
70
60

Permeate Flux(L.m2h")

X~ =
N
Besides that, studies on rejﬁ ﬁ@jns such as BSA and EA through

the prepared mcmbran& m
proteins through th‘%\op fhe

% L
combination offtont 10n—'p|vc‘))\l-3GéVV membrane) and non-ionic/non-ionic (PN-

3GTW m.&lc) surfactants @ased the proteins rejection. Based on the

experil >sult in Figure 87, PN-3G (without surfactant) shows the highest BSA

angh EAYwjcction which are 85% and 78% respectively. This is because addition of
PEG 200 to the polymer casting solution affects the membrane pores and thus
decrease the pore size of the PN-3G membrane. Hence the solutes of high molecular

weight cannot pass through the smaller pore size of the membrane during UF protein



203

experiments. Theretore, PN-3G membrane exhibited lowest permeate flux and highest

proteins rejection.

FIGURE 37: Proteins Rejection of UFS Membranes Containing C&;ion of

Anionic and Non-lonic Surfactants towards PEG 200 Additive A
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The Figure shows\SA A alation performance of
PVDF/NMP/PEG 200 with 2;011’1( anj llc 10mc and non-ionic/non-ionic
surfactants. As shown 11 1gUr ltl plotems rejection for PN-3GSW
membrane were 83 Sﬁ"qcn&) which are higher than PN-3GTW
membrane. Th S 11 str t the combination of anionic/non-ionic

polyme sol&l@ay directly interact with hydrophobic regions

surfactants in:%

3

in the sugMg of the membrane. However, PN-3GTW membrane showed the lower

This is relates to the combination of both non-ionic surfactants which is

>ctions (BSA=78% and EA=67%) than PN-3GSW membrane.

commonly used throughout the proteins filtration to inhibit proteins aggregation due
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to agitation or shaking. Hence, the protein molecules difficult to compete for
hydrophobic surfaces such as air—water interfaces, thereby preventing proteins from

unfolding at these hydrophobic polymeric membrane interfaces. Because ?@

properties of proteins with combination of both non-ionic surfactants d the

proteins rejection meanwhile highest permeate fluxes (Kamerzell et al ‘*)

<&

4.7.3 Membrane Morphology X

The zooming and cross-sectional morphology of w‘p aret

using PEG 200 as additive and no combination oféant to th !még casting

4

solution (PN-3G membrane) is shown and alread}WS Thm\ gure @6) (refer to
section 4.3.3). Figure 88(a) presented the c@tio oéE ma@~s of membranes

% T Qstmg solution. This

A

hal finge 11ke macrovoids structure

with addition of anionic/non-ionic surf;

image showed that the PN-3GSW mem

tha nts )@:ther anionic or non-ionic

<

having good interconnection. The fa
were able to speed-up pha (mg a d'K’G‘acrovolds structure has been

reported by many author impollr 5y 201 g@{ Loh et al.,2012 and Chang et al.,
s

2014). Besides, wi \@t 0
t mbrane cross section. Similar result can

already be observ. cupymo
'
be found for %’atlon ot¥po e@' Sulfone membranes from dopes containing

different of surfactants such a\DS Triton X-100 and CTAB (Rahimpour et al.,

&
Wy L)@% of surfactant, macrovoids would
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FIGURE 83(a): Cross-Scctional  Structure of PN-3GSW (PVDF/NMP/PEG

200/SDS/TWELEN 80)

Top skin layer e S S i ; 3 -
‘ tructure

Sub-layer

S )
In Figure 88(b). the cross- w al

\
immersion casting dope u‘ltﬂ diffefent oinb.i ymon of non-ionic surfactants:
Triton X-100 and T\\’L&Ib dcm') §
jonic surfactants predagce Mn tht

solvable mutuallQ-J Sl e&ﬂstantly upon their contact at immersion.
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Such rapid 1 ns e ceri@gmly promote fast phase demixing which is
&

confirme 1 the' decreased PleClp\cﬂlon times for immersion. According to Chang et

al. ( after adding 1 wt % of Tween 80 in the dope, the pores start to appear on

the rface of the membrane. As shown in the Figure 88(b), the pores observed are

actually penetrated through the skin layer and connect with the pores in the cross

section. For the use of surfactants, Triton X-100 and Tween 80 as non-ionic
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surfactants would be expected to show no electrostatic interaction and instead may
interact with polymer solely by hydrophobic bonding (Khalid et al., 2011). As
depicted in Table 22, the highest finger-like length and width are 86.0 an wm

respectively. which related to highest PWP and proteins permeate flux. %\

FIGURYE 88(b): Cross-Sectional Structure of PN-3GT%§DF/NMF/PEG

200/TRITON X-100/TWEEN 80)

Top skin layer

%@e’r-uke
ructure
S

A

Spongy
Sub-layer <F 5 N structure

7
¢ ;' )
- v
%A J 4 4\
TABLE ZZ:SF embrane structu@:letails with different combination surfactants

&
toward®s PEG 200 additive

§ Finger- Finger-

smbranes like like

Macrovoid Macrovoid Pore Pore

Length Width Length Width Length Width

(um) (um) ) (nm) (um)  (um)
PN-3G 40.9 4.1 130.1 26.6 1.11 1.18
PN-3GSW 67.2 16.8 139.3 77.4 1.17 1.03

PN-3GTW 86.0 19.0 138.1 58.4 1.19 1.08
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4.7.4 FTIR Studies

The FTIR spectrum of PN-3G membrane with addition of PEG 200 in th er

casting solution is shown in Figure 61(c). This membrane was discuﬁh lier in
Section 4.3.4. The main absorption band appears at 1672 c¢m’ co?&)nds to the
stretching modes of the C=C double bond conversion of PEG (om , 2014). The

functional groups of PN-3GSW membrane with combinati anionic/non-ionic

surfactants towards PEG 200 additive is shown in Figur i @racteﬁstics
bands were observed, including strong and sharp geaks Yelatgd 6 a@fhatlcs
stretch in rings (1403 cm’ ", C-F stretch of alk&e }11 5%m )?.nd C-C-C
asymmetric stretching (880 cm’ . As the PN-3 Wq\ \bsaneggnce of SDS
surfactant, the stretching frequency of S@tmg T égof sulfone group
(SO2) is observed at 1274 cm’! c 7 &5\

N

o ,

R

AQ"

FIGURE 90(a): IR Spectra 0 ’Ij (PN§SW) with Combination of
BN

SDS/Tween 80 towards PE dditi 2 CQ
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b q
5 a. S
€ "’
g N p
‘ i C-C stretch in C-N stretch-
rings-aromatics aliphatic
1403 cm™ amines
ey S0; 111073 em)
asymmetric
vibrational
(1274 cm") Vol
- c-Cc-C
. asyminetrical
G s"lagl-alky.,l halide , stretching
= (v (880 cm™)

R
3200 W0 2800 S0 20

e MR
200 1800 e a0 1000

Wavenumber



209

Based on the result, generally modified and unmodified membranes have similar
infrared absorption bands at the 1403 cm™ and 880 cm™. The similarity of the infrared

spectra over this range confirmed that the membranes had the same basic e of

P VDF after modification (Weit et al., 2012). c\

The Figure 90(b) shows the infrared spectrum of URn.embrane with

combination of non-ionic/non-ionic surfactant towards 00 additive. The

combination of these surfactants does not showed sign@a S in ghe spectrum
- .
and just quite similar to the other membranes. ! , X

w 1
e CH, methy! | \
23 ey
= ( \ C=C double bond f
» conversion PEG | / w'
> % { 0 (1664 cm™) i v

Cr

“Slransmittance

a3- |
i
an- ‘e T C-N stretc| L‘.
f aliphatic
ag- <</ amines
C-N (1073 em
a0- C-C stretch in stretch-
rings-aromatics aromatic
89~ (1402 cm™) amines ’
b 1
e (1276 cm'y c-C-C
asymmetrica
87~ C-F stretch-alkyl halide stretching
(1179 cm™) (880 em)

. M.
3300 3 . 2 2 2200 2000 1800 1600 1400 1200 1000
\ Wavenumber

FTIR spectrum shows CHj; (methyl group) stretching vibration at 2922
cm’'. Besides, two weak bands at 1276 cm™ and 1073 cm’™. They could be assigned to
the C-N aromatic amines and C-N aliphatic amines stretch vibration, respectively. The

bending vibrations at 1179 cm’! (C-F stretch) and 880 ¢cm™ (C-C-C stretch) supported
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the interaction of PVDF polymer molecules in the PN-3GTW membrane. Similarly

the spectral peak observed at 880 em™ is assigned to CH, wagging vibration and CF,

bending vibration of the vinylidene groups. These characteristics abso

The thermal stability of the PVDF-PEG 200 membran p es' prepared in the

s®stigfed b
G

TGA as shown in Figure 91. It is obvious that the ve sin}'l trends weisht loss of
Ry,

TG curves. As test temperature rises, the wei%hgo'ss‘\xare é@ed it fhres

sections. Firstly, the weight loss under 3& d sec the&ght loss transition

begins ~400 °C to ~480 °C. Then, it @ssiblﬂq?o @sus mass decrease on
N
account molecular chain after SOO%nallq it i subs&?&?ally completed at above

750 °C. %\
N
'3 7y
Figure 91 Tepﬂﬁ&he culves Wel@OSS versus temperature showing the
N
behavior of PN-3®3TW NG%?’FW membranes. The first significant

O
weight loss oc&l&fead} bt.}:l ra between 30 and 350 °C. Then, the main

mass loss, &'ch corresponds to m@lymer degradation starts at about ~400 °C.

eaks

corresponded to those of PVDF membrane.

4.7.5 TGA Studies

presence of anionic/non-ionic and non-ionic/non-iQuic sWrfaclant

A]thoug;}ll urves look like the same shape, PN-3GTW membrane (consisting of

non-1 on-ionic surfactants) seems to be slightly more stable if compared to PN-
3GSW membrane (consisting of anionic/non-ionic surfactants). The PN-3GTW
membrane starts to decompose at lower temperature compared to other membranes.

The reason is because the lower decomposition temperature of the non-ionic
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surfactants. Also the mass loss of PN-3GTW membrane prepared in the presence of
non-ionic surfactants amount about 3 % in the temperature region below 350 °C,

indicating almost no change in the affinity of the membrane towards idity

(Omastova ct al.. 2003). c\

FIGURE 91: TGA Curves of PVDF-PEG 200 Membranes WitEZCombinution of

Anionic and Non-loni¢ Surfactants

ey, !

As seen in the curves pla ented& -‘gé)N membrane starts decompose at
high temperature than&} m

high temperature e fod ﬁ)o&ﬁﬁn of sulphate head group (negatively
\
charged) of an%k;s. Pefo sitio&\of sulphate head group at higher temperature
Y-
suggested Aonger interaction.@ﬁlphate group with the blending polymer (Patel

et al., @\/]orc particularly, membrane PN-3G show highest total mass loss in

thggmalYegradation which is value 76 % compared to other membranes. In other

bragf. FO]\ s case of PN-3GSW membrane, the
1

words, membranes PN-3GSW and PN-3GTW have lower total mass losses which are
63 % and 58 %, respectively. Higher percentage of total weight loss for PN-3G

membrane may be attributed to the decomposition of without surfactant.
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